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Introduction

The emerging field of vibration-based energy harvesting has
been studied extensively by numerous research groups over
the past two decades. The goal in this research field is to con-
vert ambient vibrations into electricity and thereby enable
self-powered electronic components to minimize the mainte-
nance costs for battery replacement in wireless sensor net-
works and other wireless devices, as well as to eliminate the
chemical waste of conventional batteries. Among the various
methods of vibration-to-electric energy conversion,[1] span-
ning from electromagnetic induction to the use of dielectric
elastomers, piezoelectric transduction has been the most
heavily researched approach over the past decades.[1–6] The
most basic advantages of piezoelectric materials are their
ease of application and the mature fabrication techniques[3]

available at different geometric scales ranging from macro-
scale devices to nanowires.

In the existing literature of piezoelectric energy harvesting,
linear and nonlinear beams and plates with piezoelectric
layers have been the main focus of the mainstream re-
search.[7–19] Numerous articles have reported the develop-
ment of analytical and numerical electromechanical models
of cantilevered energy harvesters for the optimal mechanical
and electrical conditions[9,11,20–22] with the assumption that the
vibration input to the harvester is of deterministic type, often
as simple as harmonic excitation at resonance.[7,12,23, 24] How-
ever, in most applications, ambient vibrations are manifested
in non-deterministic forms. When compared with the amount
of published research on piezoelectric energy harvesters with
deterministic harmonic input, the existing efforts on piezo-

electric energy harvesting from broadband and band-limited
random vibrations are very limited.

Other than the early studies by McInnes et al.[25] about ex-
ploitation of nonlinear stochastic resonance in energy har-
vesting and by Scruggs[26] about stochastic control for energy
harvesting networks, Halvorsen[27] and Adhikari et al.[28] have
presented lumped-parameter (single-degree-of-freedom)
models for standard second-order linear vibration energy
harvesters under broadband random excitation. They derived
closed-form expressions for the harvested power and the op-
timal electrical loading conditions.[27,28] Based on lumped-pa-
rameter modeling, Daqaq[29] and Barton et al.[30] studied elec-
tromagnetic energy harvesting using Duffing oscillators
under random excitation using analytical and experimental
methods. Through similar efforts, Litak et al.[31] and Ali
et al.[32] presented numerical simulation and approximate an-
alytical models for broadband random excitation of a bista-
ble piezomagnetoelastic energy harvester.[10] Random excita-
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tion of bistable inductive energy harvesting was studied by
Daqaq[33] using theoretical methods. Zhao and Erturk[34] ac-
counted for higher vibration modes of the harvester in
broadband random excitation using a distributed-parameter
electromechanical modeling framework and presented ana-
lytical and numerical solutions with experimental validations.
In another work,[35] the same authors also explored random
excitation of first-order energy harvesters, specifically a pie-
zoelectric stack under compressive axial loading, along with
analytical and numerical solutions validated by experiments.
Aridogan et al.[36] explored random excitation of a 2D struc-
ture (mainly a thin Kirchhoff plate with clamped edges) that
hosts multiple structurally integrated piezoelectric patches as
energy harvesters.

An overview of thousands of publications in the field of
piezoelectric energy harvesting would reveal that the most
common piezoelectric energy harvester configuration re-
mains to be a cantilever with piezoelectric laminates under-
going base excitation. How to optimize the geometry and
electrical loading conditions for such harvesters has been
well studied. In terms of material selection, some researchers
explored single-crystal piezoelectric materials due to their
larger electromechanical coupling (as compared to that of
piezoelectric ceramics, e.g., lead zirconate titanate, PZT), for
performance enhancement under harmonic excitation as a
simple deterministic excitation form.[37–40] The early work by
Erturk et al.[37] on the use of lead magnesium niobate-baed
PMN-PZT in a unimorph harvester in bending mode was fol-
lowed by a shear-mode PMN-PT (PT: lead titanate) harvest-
er by Ren et al.[38] More recently, Yang and Zu[39] and Yang
et al.[40] explored PZT-PT and PMN-PT for energy harvesting
under harmonic excitation. Although ambient vibrations are
often non-deterministic, there has been no effort to guide
the choice of the optimal piezoelectric material for energy
harvesting from the most typical random excitation scenarios.
The current work is an attempt to that end for random-vibra-
tion energy-harvesting performance comparison of various
piezoelectric ceramics and single crystals. In the following,
we consider two types of random excitations of cantilevered
bimorph piezoelectric energy harvesters: (1) band-limited
low-frequency off-resonance (below the fundamental reso-
nance frequency of the harvester) and (2) wideband (cover-
ing the harvester resonance) random excitations. For these
excitations, random electrical power generation performance
results are analyzed for bimorph energy harvesters made
from soft piezoelectric materials PZT-5H and PZT-5A, hard
piezoelectric materials PZT-4 and PZT-8, soft piezoelectric
single crystals PMN-PT and PMN-PZT, and the relatively
hard manganese-doped single crystal PMN-PZT-Mn. First,
the approach used in this work is demonstrated using an ex-
perimental case study for a PZT-5H cantilevered energy har-
vester. Band-limited off-resonance and wideband base exci-
tations are demonstrated and the qualitative differences are
summarized. After this case study, which also serves as an
experimental validation of the approach used herein, random
electrical power generation performance comparisons of var-
ious piezoelectric ceramics and single crystals are conducted.

The critical material parameters that determine the electrical
power generation performance are unveiled for both off-res-
onance low-frequency and wideband random-vibration
energy-harvesting scenarios.

Results and Discussion

Theoretical background

Figure 1 shows the schematic of a cantilevered bimorph pie-
zoelectric energy harvester excited by a dynamic base
motion input that represents ambient vibration (in the form
of base acceleration aB(t)). The piezoelectric layers are con-
nected in series, as shown in Figure 1; alternatively they

could be combined in parallel[5,7] for larger current but lower
voltage. The wires from conductive electrodes covering the
outer surfaces of the oppositely poled piezoelectric layers are
connected to a resistive electrical load (Rl in Figure 1). The
typical energy-harvester configuration considered here lever-
ages transverse vibrations of the thin harvester structure for
the lowest and most flexible vibrational mode. Therefore, the
classical Euler–Bernoulli beam-theory-based energy-harvest-
er formulation is suitable. The analytical model by Erturk
and Inman[5,7] is used in this work. The mathematical formu-
lation details for broadband random-vibration energy-har-
vesting implementation of this model were discussed else-
where.[34] Briefly, in response to random base acceleration,
the two outputs of interest in Figure 1 are the voltage gener-
ated across the electrical load, v(t), and the transverse tip vi-
bration response of the cantilever, w(L,t). Unlike the broad-
band random-vibration energy-harvesting scenario explored
previously,[34] which covers the resonance frequencies of the
harvester, in many cases, relatively low-frequency random vi-
brations excite the harvester at off-resonance frequencies.
Consequently, in this work, a general band-limited formula-
tion is used and is later employed for comparison of various
materials in random power generation.

The expected value of the electrical power output (i.e., the
mean electrical power, or the average electrical power)
E[P(t)] of the harvester in Figure 1 is

E P tð Þ½ A ¼
Z(w
@(w

S0

Rl
a wð Þj j2dw ð1Þ

Figure 1. Cantilevered bimorph piezoelectric energy harvester under base exci-
tation: series connection of oppositely poled piezoelectric layers; the resul-
tant terminals are then connected to the electrical load.
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where a(w) is the complex frequency response function
(FRF) of the harvester that relates the voltage output to
base acceleration, S0 is the power spectral density (PSD) of
the base acceleration (ambient vibration input) over the fre-
quency (w) range of (0, w̄ (positive side of the PSD), which
defines the bandwidth of the ambient vibration energy.

The mean-square tip vibration response of the harvester
can be calculated using

E½ _w2 L; tð Þ ¼
Z(w
@(w

S0 bðw;LÞj jdw ð2Þ

where b(w, L) is the FRF that relates the transverse tip vi-
bration response of the harvester (in the form of velocity[34]

in order to be consistent with LDV measurements in the ex-
periments) to harmonic base acceleration input.

Experimental case study for a PZT-5H bimorph

We demonstrate the approach used in this work and the im-
plementation of the aforementioned electromechanical mod-
eling and analysis framework for a typical cantilevered piezo-
electric energy harvester made from PZT-5H, which is a rela-
tively soft piezoelectric ceramic. The experimental setup and
the details for the PZT-5H bimorph piezoelectric energy har-
vester are given in the Experimental Section. The fundamen-
tal bending mode resonance frequency of the harvester in
short-circuit condition is around 374 Hz (see Figure 12).
Therefore, the random base acceleration given in Figure 2a,
which has a frequency content roughly up to 300 Hz (Fig-
ure 2b), provides a representative off-resonance random ex-
citation scenario for this cantilever. The electromechanical
response of the harvester to this excitation is shown in
Figure 3 for a 100 kW load resistance.

Off-resonance low-frequency random vibration experi-
ments were performed for a broad range of electrical load
resistance values. The mean electrical power delivered to the
load is shown in Figure 4a. This was calculated based on the
analytical voltage FRF (see Figure 12a) using Equation (1).
The mean-square vibration response was also simulated
based on Equation (2) using the analytical vibration FRF
(see Figure 12b) and compared with the experimental data
in Figure 4b. The experiments for each resistive load were
conducted for five different random time series, as shown.
The analytical model predictions and experimental results
agree very well for both the electrical and the mechanical re-
sponses of the harvester. It is worth noting that because the

Figure 2. a) Time history of experimental off-resonance random acceleration
data with approximately 0–300 Hz bandwidth and b) the PSD.

Figure 3. a) Experimental voltage response and b) vibration response of the
PZT-5H bimorph energy harvester for a 100 kW load resistance across the
electrodes for the off-resonance random excitation shown in Figure 2a.

Figure 4.Model simulation and experimental data for the a) mean electrical
power and b) mean-square vibration response of the PZT-5H bimorph energy
harvester. Experimental data for each resistive load is obtained for five band-
limited (0–300 Hz) off-resonance random time series.
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bandwidth of the random vibration does not cover the reso-
nance region, the vibration response is quite insensitive to
changing electrical load resistance, i.e., the electrical domain
is weakly coupled to the mechanical domain in the off-reso-
nance random excitation scenario.

Recall that the vibration input in Figure 2a was deliberate-
ly created below the fundamental resonance frequency of the
harvester as a demonstration of off-resonance random excita-
tion and to confirm the ability of the framework to predict
the band-limited electromechanical response. Next, random
base excitation with a wider bandwidth is considered for the
same sample, covering 0–1000 Hz. The excitation in Fig-
ure 5a covers the fundamental resonance frequency (around
374 Hz) of the PZT-5H bimorph energy harvester, as can be
seen from its PSD (compare Figure 5b with Figure 12).
Therefore, in this wide bandwidth case, the resonance re-
sponse characteristics of the harvester contribute to the re-
sponse. Figure 6 shows the random voltage response across a
100 kW load and the associated vibration response of the har-
vester at its tip as a function of time.

Experiments were then conducted for the same set of re-
sistive electrical loads as in the previous case to obtain the
mean electrical power output and mean-square vibration re-
sponse as shown in Figure 7. It is not surprising that the max-
imum power in Figure 7a is much larger (by an order of
magnitude) than that in Figure 4a because the bandwidth of
the random excitation in Figure 5 covers the resonance of
the PZT-5H harvester. Note that there is a qualitative differ-
ence between the vibration response of the harvester in Fig-
ure 7b, as compared to Figure 4b. Because the resonance be-
havior is very sensitive to load resistance (Figure 12b inset),
in case of wideband random excitation with frequency con-
tent covering the resonance, the optimal electrical load re-
sistance that yields the maximum electrical power output cre-

ates significant vibration attenuation in the harvester due to
strong coupling.

Results of performance comparison

Having demonstrated the approach for a specific case study
on PZT-5H and after experimentally validating the electro-
mechanical framework, we next studied the power genera-
tion performance comparison for the following piezoelectric
materials: PZT-5H, PZT-5A, PZT-4, PZT-8, PMN-PT, PMN-
PZT, and PMN-PZT-Mn. The material properties of the pie-

Figure 5. a) Time history of experimental wideband random acceleration data
with approximately 0–1000 Hz bandwidth, covering the fundamental reso-
nance frequency of the harvester and b) the PSD.

Figure 6. a) Experimental voltage response and b) vibration response of the
PZT-5H bimorph energy harvester for a 100 kW load resistance across the
electrodes for the wideband random excitation shown in Figure 5a.

Figure 7.Model simulation and experimental data for the a) mean electrical
power and b) mean-square vibration response of the PZT-5H bimorph energy
harvester. Experimental data for each resistive load is obtained for five wide-
band (0–1000 Hz) wideband random time series covering the fundamental
resonance frequency of the harvester.
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zoelectric ceramics are given in Table 1 and those of the
single crystals are shown in Table 2. The properties of PMN-
PT (with 33% PT) are from the article by Cao et al.[41] and
those of PMN-PZT and PMN-PZT-Mn are from work by
Zhang et al.;[42] the properties of the ceramics PZT-5H, PZT-
5A, PZT-4, and PZT-8 are widely available in the relevant
literature[5] and on the internet. The last two rows in the
table show the relevant electromechanical coupling factor
(k2

31) of the respective piezoelectric material as well as the
coupling factor weighted by the mechanical quality factor
(Qm).

PZT-5H, PZT-5A, PZT-4, and PZT-8 are piezoelectric ce-
ramics that are listed in the order from the softest (PZT-5H)
to the hardest (PZT-8) ceramics. In simplest terms, a soft pie-
zoelectric ceramic (e.g., PZT-5H) has a larger piezoelectric
strain constant (d31) and a smaller mechanical quality factor,
whereas a hard piezoelectric ceramic (e.g. PZT-8) offers a
smaller piezoelectric constant and a larger mechanical quali-
ty factor.

PMN-PT, PMN-PZT, and PMN-PZT-Mn are the single
crystal piezoelectric materials explored in this work. In this
group, PMN-PT and PMN-PZT are soft single crystals with
large piezoelectric strain constants and small mechanical
quality factors compared to PMN-PZT-Mn, which is a Mn-
modified [42] and relatively hard single crystal in this context.

The goal in this section is to compare the electrical power
generation performance results of bimorph energy harvesters
made from these materials under band-limited off-resonance
random excitation and wideband random excitation cases.
The accuracy of the modeling framework used to this end
was demonstrated in the previous section for a PZT-5H

energy harvester. The same bimorph dimensions are assumed
in this comparison (see Table 3 for the dimensions). For a
fair comparison, it was assumed that the entire mechanical
loss of each bimorph was due to its mechanical quality
factor. Therefore, the dissipative effects of external damping,
fabrication (bonding etc.), and clamping were assumed to be
identical (and negligible) so that the active materials could
be compared under the same conditions by considering their
internal mechanical loss only. Therefore, the modal damping
ratios were calculated using the quality factors.

First, the analytical FRFs were generated (this is not
shown here—similar to Figure 12) for each of the 7 harvest-
ers (for 7 materials) over the frequency range of interest and
for a range of load resistance values. Next, the mean electri-
cal power output and mean-square vibration response of
each harvester were obtained under off-resonance band-lim-
ited and wideband Gaussian random excitations. Because
each harvester has a different fundamental resonance fre-
quency, due to the differences between the material proper-
ties in Tables 1 and 2—in particular the elastic constants, the
frequency bands in the integrals of Equations (1) and (2)
were determined as follows: For the off-resonance excitation
case, the frequency band covers from quasistatic to half of
the fundamental short-circuit resonance frequency for each
harvester. For the wideband excitation of each harvester, the
frequency bandwidth is from quasistatic to twice the funda-
mental short-circuit resonance frequency (hence well cover-
ing the resonance behavior in the latter case). Figures 8 and
9 summarize the results for band-limited off-resonance

Table 1. Elastic, piezoelectric, and dielectric properties of the soft and
hard piezoelectric ceramics. e0=8.85 pFm@1 is the vacuum permittivity.

PZT-5H PZT-5A PZT-4 PZT-8

d31 [pmV@1] @274 @171 @123 @97
sT33 [pm

2N@1] 16.5 16.4 12.3 11.5
eT33/e0 3400 1700 1300 1000
1 [kgm@3] 7500 7750 7500 7600
Qm 65 75 500 1000
k2
31 ¼ d2

31

2
sE11e

T
33 0.151 0.119 0.107 0.0924

k2
31Qm 9.83 8.89 53.5 92.4

Table 2. Elastic, piezoelectric, and dielectric properties of the soft and
hard piezoelectric single crystals.

PMN-PT PMN-PZT PMN-PZT-Mn

d31 [pmV@1] @1330 @718 @513
sE11 [pm

2N@1] 69.0 62.0 42.6
eT33/e0 8200 4850 3410
1 [kgm@3] 8060 7900 7900
Qm 75 100 1050
k2
31 ¼ d2

31

2
sE11e

T
33 0.353 0.194 0.205

k2
31Qm 26.5 19.4 214.9

Figure 8. Performance comparison for band-limited off-resonance random ex-
citation of soft and hard piezoelectric ceramics and single crystals : a) mean
electrical power and b) mean-square vibration response normalized using the
base acceleration PSD. The bandwidth of PSD covers from quasistatic to half
of the fundamental resonance frequency of each harvester.
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random excitation and wideband random excitation. Because
the system is assumed to be linear, the results (vertical axes)
in these figures were normalized by the base acceleration
PSD for a comparison.

According to Figure 8a, for low-frequency, off-resonance
random excitation, PMN-PT generates the largest power
output, and it is followed by PMN-PZT, PMN-PZT-Mn,
PZT-5H, PZT-5A, PZT-4, and PZT-8, with the order of the
maximum electrical power output. Therefore, it is observed
that soft single crystals (e.g., PMN-PT and PMN-PZT) out-
perform their relatively hard counterparts (in this case only
the Mn-doped PMN-PZT, that is, PMN-PZT-Mn[42]). Similar-
ly, soft piezoelectric ceramics (e.g., PZT-5H and PZT-5A)
outperform their hard counterparts (e.g., PZT-4 and PZT-8)
in terms of power output under off-resonance random excita-
tion. In addition, single crystals outperform ceramics; the
maximum power output of PMN-PT bimorph is about
2.5 times larger than that of PZT-5H bimorph.

For relatively wideband random excitation covering the
fundamental resonance of each bimorph (see Figure 9a),
hard single crystals produce larger power as compared to
their soft counterparts (such that PMN-PZT-Mn generates
the overall maximum power). Similarly, hard piezoelectric
ceramics offer larger power output compared to soft ceram-
ics. Therefore, the order of the piezoelectric materials that
produce the maximum power is switched in favor of hard
ones such as PMN-PZT-Mn and PZT-8. This is reasonable

because the resonance behavior is covered in the excitation
bandwidth and is very sensitive to the amount of dissipation.
The materials with higher quality factors (hence lower loss)
yield larger power outputs. Furthermore, in Figure 9a, the bi-
morphs made from hard materials maintain their large re-
sponse over a broader load resistance. PMN-PZT-Mn has the
largest flat region around the optimal resistance, whereas
PZT-5H has the narrowest. This characteristic can be useful
in applications that involve uncertainty in load resistance. It
is particularly important to note that, while the fundamental
resonance frequency is covered in the excitation bandwidth
for each bimorph, the performance difference between the
materials is not by an order of magnitude (unlike the deter-
ministic scenario of harmonic excitation at resonance[5]). Not
surprisingly, each of the 7 harvesters is much more efficient
for wideband random excitation covering the resonance
(when compared to off-resonance), as noted from the two
orders of magnitude difference between the power levels in
Figures 8a and 9a.

As far as the vibration response of each harvester is con-
cerned, for low-frequency off-resonance excitation, just like
the experimental case study for PZT-5H (Figure 4b), the
effect of changing load resistance is negligible, as observed
from a careful investigation of the vertical axis in Figure 8b.
Even for PMN-PT, the vibration response was altered by less
than 0.2% for the electrical load of the maximum power.
However, for wideband random excitation covering the
resonance frequency (as observed in Figure 7b), the electri-
cal load neighborhood that yields the maximum power
output results in significant vibration attenuation in the har-
vester (Figure 9b). Most notably, PMN-PZT-Mn and PZT-8
yield substantial random vibration attenuation for the
optimal electrical load (compared to the short-circuit condi-
tion).

The overall results for off-resonance low-frequency
random excitation (with a bandwidth that does not cover the
fundamental resonance frequency of the harvester) and wi-
deband random excitation (covering the fundamental reso-
nance frequency of the harvester) reveals that the critical pa-
rameters are the last two rows in Tables 1 and 2. These re-
spective figures of merit are summarized in Figure 10. When
the electromechanical coupling factor values are compared
as shown in Figure 10a, the results are in good agreement
with the order of the maximum power results in Figure 8a
for off-resonance random excitation. Therefore, soft piezo-
electric materials, ideally soft single crystals should be pre-
ferred for such off-resonance excitation scenarios. On the
other hand, a version of the electromechanical coupling
factor weighted by the mechanical quality factor, as dis-
played in Figure 10b, successfully captures the trend in
power generation performance results for wideband random
excitation in Figure 9a. Therefore, when the random excita-
tion frequency spectrum covers the fundamental resonance
frequency of the harvester, the mechanical quality factor be-
comes critical, and a hard piezoelectric ceramic or single
crystal should be preferred, instead of a soft one.

Figure 9. Performance comparison for wideband random excitation of soft
and hard piezoelectric ceramics and single crystals, covering the fundamental
resonance frequency of each harvester: a) mean electrical power and
b) mean-square vibration response normalized by the base acceleration PSD.
The bandwidth of PSD covers from quasistatic to twice the fundamental reso-
nance frequency of each harvester.
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Conclusion

The choice of the optimal piezoelectric material in energy
harvesting depends on the ambient vibration characteristics.
In most cases, the vibration energy that is available to har-
vest is manifested in non-deterministic forms. This work re-
ports performance comparisons of various soft and hard pie-
zoelectric ceramics and single crystals for electrical power
generation under band-limited off-resonance and wideband
random-vibration energy-harvesting scenarios. The frequency
bandwidth of the former excitation is below the fundamental
resonance of the harvester while that of the latter covers the
resonance. For these excitations, random electrical power
generation performance results were analyzed for bimorph
energy harvesters made from soft piezoelectric materials
PZT-5H and PZT-5A, hard piezoelectric materials PZT-4
and PZT-8, soft piezoelectric single crystals PMN-PT and
PMN-PZT, and the relatively hard (Mn-doped) single crystal
PMN-PZT-Mn.

For low-frequency off-resonance excitation of these canti-
levered harvesters, soft piezoelectric ceramics (e.g., PZT-5H
and PZT-5A) outperform their hard counterparts (e.g., PZT-
4 and PZT-8), and similarly soft single crystals (e.g., PMN-
PT and PMN-PZT) outperform the relatively hard ones (e.g.,
Mn-doped PMN-PZT-Mn). For such off-resonance random
vibrations, PMN-PT appears to be the most suitable choice
among the materials studied. In case of wideband random
excitation with a bandwidth covering the fundamental reso-
nance of the harvester, hard piezoelectric ceramics offer
larger power output compared to soft ceramics, and likewise
hard single crystals produce larger power compared to their
soft counterparts. It is noteworthy that unlike the off-reso-
nance scenario, a hard piezoelectric ceramic (e.g., PZT-8)

can easily outperform a soft single crystal (e.g., PMN-PT) for
wideband random vibration energy harvesting.

Experimental Section

As shown in Figure 11, a brass-reinforced PZT-5H piezoelectric
bimorph (T226-H4-103X by Piezo Systems Inc.) was tested
through base excitation experiments for demonstration of the ap-
proach used in this work and to validate the electromechanical
modeling framework used in the simulation case studies. The bi-

morph cantilever was composed of two PZT-5H layers (with thin
nickel electrodes covering the transverse faces) bracketing a
brass layer. The geometric and material properties of the PZT-
5H bimorph cantilever are listed in Table 3. The electrode leads
of the bimorph were connected in series (as depicted in Figure 1)
and their resultant was connected to a resistor box. The velocity
at the tip of the bimorph was measured by using a Polytec OFV
505 Laser Doppler Vibrometer (LDV) and Polytec OFV-5000
controller. The data in the energy harvesting experiments was
analyzed using a Spectral Dynamics SigLab data acquisition
device. The data acquisition device received the base accelera-
tion from a Kistler accelerometer after processing through a Kis-
tler signal conditioner. The accelerometer was attached on the
top surface of the aluminum clamp and the clamp was mounted
onto the armature of an electromechanical shaker (close-up view
in Figure 11). The clamp behaved as a rigid body in the frequen-
cy range of interest, therefore the accelerometer measured the
base acceleration. The excitation was applied to the B&K elec-

Figure 11. Experimental setup for frequency response function measurements
and random vibration tests, and a close-up top view of the PZT-5H energy
harvester used for the case study and model validation.

Table 3. Geometric and material properties of the PZT-5H bimorph canti-
lever used in the experimental case study (from Piezo Systems, Inc.).

Piezoceramic [PZT-5H] Substrate [brass]

Overhang length [mm] 27.6 27.6
Width [mm] 3.2 3.2
Thickness [mm] 0.258 (each) 0.115
Mass density [kgm@3] 7500 9000
Elastic modulus [GPa] 60.6 105
Piezoelectric constant [Cm@2] @16.6 –
Permittivity constant [nFm@1] 25.55 –

Figure 10. Relevant material parameters to choose the optimal piezoelectric
material for two typical random vibration energy harvesting scenarios: a) off-
resonance band-limited low-frequency excitation with a bandwidth below the
fundamental resonance frequency of the harvester and b) wideband excitation
covering the fundamental resonance frequency of the harvester.
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tromechanical shaker through an HP power amplifier/supply for
base excitation over a broad range of frequencies.

Experiments were conducted via low-amplitude chirp-type base
excitation to obtain the linear electroelastic FRFs of the PZT-5H
piezoelectric energy harvester. The voltage and the tip velocity
FRFs of the PZT-5H bimorph are shown in Figure 12. The volt-
age FRF is ja(w) j in Equation (1), while the tip velocity FRF is j
b(w) j . The tests were conducted for a set of resistors and a
broad range of frequencies that cover the first two bending vi-
bration modes. The electrical load resistance values used in the
tests ranged from short- to open-circuit conditions of the harvest-
er. The excellent agreement between the experimental results
and analytical model validated the electromechanical framework
used for modeling the FRFs, which were then used for random
vibration analysis via Equations (1) and (2).
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Figure 12. Experimental and analytical electromechanical frequency response
functions for a wide range of electrical load resistance values: a) voltage per
base acceleration FRFs and b) tip velocity per base acceleration FRFs. Solid
lines are model simulations and dashed lines are experimental data.

Energy Technol. 2018, 6, 935 – 942 T 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 942

https://doi.org/10.1088/0964-1726/16/3/R01
https://doi.org/10.1088/0964-1726/17/4/043001
https://doi.org/10.1088/0964-1726/17/4/043001
https://doi.org/10.1063/1.2918987
https://doi.org/10.1039/C3EE42454E
https://doi.org/10.1039/C3EE42454E
https://doi.org/10.1039/C3EE42454E
https://doi.org/10.1039/C3EE42454E
https://doi.org/10.1088/0964-1726/18/2/025009
https://doi.org/10.1177/1045389X09341200
https://doi.org/10.1177/1045389X09341200
https://doi.org/10.1177/1045389X09341200
https://doi.org/10.1177/1045389X09341200
https://doi.org/10.1063/1.3159815
https://doi.org/10.1063/1.3457330
https://doi.org/10.1063/1.3486519
https://doi.org/10.1063/1.3486519
https://doi.org/10.1063/1.4803445
https://doi.org/10.1063/1.4803445
https://doi.org/10.1007/s11071-014-1770-x
https://doi.org/10.1007/s11071-014-1770-x
https://doi.org/10.1007/s11071-014-1770-x
https://doi.org/10.1088/0964-1726/23/4/045039
https://doi.org/10.1088/0964-1726/23/4/045039
https://doi.org/10.1088/0964-1726/24/2/025028
https://doi.org/10.1016/j.enconman.2015.12.061
https://doi.org/10.1016/j.enconman.2015.12.061
https://doi.org/10.1016/j.enconman.2015.12.061
https://doi.org/10.1016/j.apenergy.2014.07.077
https://doi.org/10.1016/j.apenergy.2014.07.077
https://doi.org/10.1016/j.apenergy.2014.07.077
https://doi.org/10.1016/j.apenergy.2014.07.077
https://doi.org/10.1063/1.4932947
https://doi.org/10.1063/1.4932947
https://doi.org/10.1109/TPEL.2003.809379
https://doi.org/10.1109/TPEL.2003.809379
https://doi.org/10.1109/TPEL.2003.809379
https://doi.org/10.1109/TPEL.2003.809379
https://doi.org/10.1088/0964-1726/15/6/001
https://doi.org/10.1088/0964-1726/15/6/001
https://doi.org/10.1088/0964-1726/15/6/001
https://doi.org/10.1016/j.jsv.2008.07.029
https://doi.org/10.1016/j.jsv.2008.07.029
https://doi.org/10.1016/j.jsv.2008.07.029
https://doi.org/10.1080/10584580590964574
https://doi.org/10.1080/10584580590964574
https://doi.org/10.1080/10584580590964574
https://doi.org/10.1080/10584580590964574
https://doi.org/10.1177/1045389X08101565
https://doi.org/10.1177/1045389X08101565
https://doi.org/10.1177/1045389X08101565
https://doi.org/10.1016/j.jsv.2008.07.017
https://doi.org/10.1016/j.jsv.2008.07.017
https://doi.org/10.1016/j.jsv.2008.07.017
https://doi.org/10.1016/j.jsv.2008.07.017
https://doi.org/10.1016/j.jsv.2008.09.001
https://doi.org/10.1016/j.jsv.2008.09.001
https://doi.org/10.1016/j.jsv.2008.09.001
https://doi.org/10.1088/0964-1726/18/11/115005
https://doi.org/10.1088/0964-1726/18/11/115005
https://doi.org/10.1016/j.jsv.2010.04.002
https://doi.org/10.1016/j.jsv.2010.04.002
https://doi.org/10.1016/j.jsv.2010.04.002
https://doi.org/10.1115/1.4000809
https://doi.org/10.1115/1.4000809
https://doi.org/10.1063/1.3436553
https://doi.org/10.1063/1.3560523
https://doi.org/10.1063/1.3560523
https://doi.org/10.1016/j.jsv.2010.12.005
https://doi.org/10.1016/j.jsv.2010.12.005
https://doi.org/10.1016/j.jsv.2010.12.005
https://doi.org/10.1088/0964-1726/22/1/015002
https://doi.org/10.1016/j.sna.2014.04.019
https://doi.org/10.1016/j.sna.2014.04.019
https://doi.org/10.1016/j.sna.2014.04.019
https://doi.org/10.1177/1045389X16635846
https://doi.org/10.1177/1045389X16635846
https://doi.org/10.1177/1045389X16635846
https://doi.org/10.1177/1045389X16635846
https://doi.org/10.1063/1.3040011
https://doi.org/10.1063/1.3327330
https://doi.org/10.1016/j.enconman.2016.05.085
https://doi.org/10.1016/j.enconman.2016.05.085
https://doi.org/10.1016/j.enconman.2016.05.085
https://doi.org/10.1016/j.sna.2017.09.024
https://doi.org/10.1016/j.sna.2017.09.024
https://doi.org/10.1016/j.sna.2017.09.024
https://doi.org/10.1063/1.1712020
https://doi.org/10.1063/1.1712020
https://doi.org/10.1063/1.1712020
https://doi.org/10.1063/1.1712020
https://doi.org/10.1063/1.2992081
https://doi.org/10.1063/1.2992081



