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Abstract

A multi-modal piezoelectric vibration energy harvester is designed in this article. It consists of a cantilevered
base beam and some upper and lower layer beams with rigid masses bonded between the beams as spacers.
For a four-layer harvester subjected to random base excitations, relocating the mass positions leads to the
generation of up to four close resonance frequencies over the frequency range from 10 Hz to 100 Hz with
relative large power output. The harvesters are connected with a resistance decade box and the frequency
response functions of the voltage and power on resistive loads are determined. The experimental results are
validated with the simulation results using the finite element method. On a certain level of power output, the
experimental results show that the multi-modal harvesters can generate a frequency band that is more than
two times greater than the frequency band produced by a cantilevered beam harvester.

Keywords: Piezoelectric; Vibration; Energy harvesting; Broadband; Multi-modal

1. Introduction

For the development of structural healthy monitoring strategies, there is a current need to harvest small-scale
ambient energy for the self-powered, batteryless wireless sensor nodes [1]. Harwvesting the vibration energy
from resonance has drawn much attention since it has good potential to provide adequate power.
Piezoelectric materials are used to convert mechanical strain energy into electrical energy [2-5]. For the
cantilevered harvester, normally the fundamental mode is used. The remaining higher modes are not only far
away from the first mode, they also generate much lower power outputs. To overcome the limitations of
cantilevered harvesters, multimodal harvesters, which generate multiple vibration modes with relatively large
power output in a broader frequency band, are developed to improve the broadband performance.

The harvesters with array of beams structure can achieve close multiple resonances [6-9]. They normally
consist of several individual beam structures, which are physically decoupled whereas several piezoelectric
components bonded on the cantilevered beams are electrically connected. The advantage for this is that the
fundamental modes of individual beams can be tuned easily to generate close resonance frequencies and
nearly same level of power outputs. However, when one cantilevered beam is working under its resonance
frequency, the remaining beams are barely active. This could significantly affect the power density of the
harvesters if too many beams are used. Besides, since a large part of the piezoelectric layer bonded on these
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passive beams only undergoes small strains, the electromechanical coupling of the harvester is decreased.

The dual-mass harvesters are widely reported multi-modal harvesters [10-13]. It normally consists of two
parts of massspring or mass-beam structures. The interaction of the two parts can generate the first two
transverse vibration modes with close resonance frequencies. However, the dual-mass harvester only
generates two close modes, which still have limited broadband performance. Apart from the dual-mass
harvesters, there are some other multi-modal designs that have been reported in existing literature, such as
L-shaped [14], Zigzag-shaped [15, 16], M-shaped [17] and H-shaped [18] harvesters. In fact, using coupled
multi-modal structures to gererate relative large power output around every mode and effectively broaden
the bandwidth is a tough task. In many investigations, although the resonance frequencies of the harvesters
are enough close, one or more vibration modes can be dominant. This significantly affects the broadband
performance since the performance of the remaining modes is reduced. This is clearly due to the lack of
proper design.

In this paper, a multi-modal harvester, which can generate up to four close resonance frequencies over the
frequency range from 10 Hz to 100 Hz with relative large power output, is designed and experimentally
tested. The harvester consisting of a base cantilevered beam that is connected to some upper and lower layer
beams by spacers. Rigid masses are attached to each layer to tune the resonance frequencies of the harvester
and these masses also serves as the spacers. By varying the positions of the masses, the harvester can
generate close resonance frequencies and considerable power output in the multiple modes. This paper is
organised into seven sections. Sec. 2 is a brief introduction on harvester modelling using a general distributed
electromechanical parameter model with the utilization of the Finite element analysis (FEA) technique. Sec.
3 is on multi-modal harvester design and development. Sec. 4 is on configurational optimisation strategy of
multi-layer harvesters. Sec. 5 is on the introduction of experimental test setup. Sec. 6 is on experimental
study of the performance of multi-modal harvesters. The last section presents the conclusions of this paper.

2. Vibration energy harvesting model

The modal analysis technique can be used to represent the steady-state linear vibration response of a
harvester model that is subjected to continuous harmonic excitation. The displacement of the transverse
vibration relative to the moving base of the harvester at time t is:

Uyt (®) = ) ety (© 0
r=1

where ¢, is the mass-normalised eigenfunction and 7,-(t) is the corresponding modal coordinates of the ™"
mode. The equations governing the vibration modal response and electrical behaviour of the harvester model
with a resistive load are given as:
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where n,(t) is the corresponding modal coordinates of the r" mode, v is the generated voltage, ¢, is the
damping ratio, w,is angular resonance frequency, y, is the modal electromechanical coupling term, F. is
the modal mechanical forcing term, C, is the piezoelectric capacitance and R; is the resistive load. The
steady state solution of Eq.2 is:
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In fact, the derivations of the eigenfuction ¢, coupling term y,, and E. can be tough and tedious when the
configuration of the harvester is not uniform. Therefore, FEA software like ABAQUS and ANSYS are
widely used at this stage to derive those parameters. For the short-circuit condition (v = 0) of the harvester
with a harmonic base excitation Y,w?e/®t at each resonance frequency, the absolute displacement relative
to the moving base can be derived from the FEA results. Then, for the r™ mode, the forcing function E.
determined from Eq. 4 in the frequency domain is given as follows:

E = erﬁrel\/ Tn/mrlwzwr ()

where m,,, is the generalized modal mass. By replacing v(t)/R; with i(t) in Eq.3, the complex current
i, under the short-circuit condition can be derived from the FEA results and it is given by:
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Then, with the known i,, the modal coupling term y, can be determined. The voltage across R; can be

(6)
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The complex power in the frequency domain is v(]a))( ) and the awverage power output is |v|?%/2R,;

(ignore electric losses). In this paper, the damping ratio {,- of each mode is experimentally derived.

3. Designof multi-modal harvesters

In this section, the configurations of the multi-modal harvesters designed for the experimental test are
illustrated initially. A multi-modal harvester consists of a longer cantilevered base (see Fig. 1(a)), some
shorter upper/lower layers (see Fig. 1(b)) and masses bonded between each pair of adjacent beams. Fig. 1(c)
shows the simulation model of the twolayer two-mass harvester 2L2M-P05 developed by the commercial
FEA software ABAQUS. As Fig. 1 shows, the effective length of the cantilevered base is 101 mm, and the
remaining part is clamped. A plate of the piezoelectric ceramic PZT is bonded near the clamped end of the
base layer. There is a 1 mm gap between the PZT and the clamped end. All upper/lower layers and the
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masses have the same dimensions. The thickness and width of the masses are 12 mm and 9 mm, respectively.
The weight of each mass is 18.8 grams. Other properties of the harvester are given in Table 1.

In the experiment, for the convenience of fixing and moving the masses, there are ten groups of through
holes on the upper/ lower layers and six groups of through holes on the base layer. Each mass also has two
through holes and screws and nuts are used to bond the mass. In the simulation, the masses, screws and nuts
are simplified into uniform masses of the magnitudes, which are equivalent to the total mass of the spacers
and screws and nuts. There are ten possible mass positions and the sketch for numbering of mass positions is
illustrated in Fig. 2. The positions of the masses from the free tip to the clamped end of the base layer are
identified as Pabc-de, where a, b and ¢ represent the positions of masses M., M., and M.; on the upper half
and d and e represent the positions of masses M, and M., on the lower half by numbers from 0 to 9. For
example, the two-layer two-mass harvester 2L2M given in Fig. 1(c) has the mass position P05 and the
four-layer five-mass harvester 4L5M given in Fig. 4 has the mass position P391-09.
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Figure 1: Sketches of (a) base layer (unit: mm) and (b) upper/lower layer (unit: mm) of the multi-layer
harvesters, and (c) the simulation model of the two-layer two-mass harvester 2L.2M-P05.

Table 1: Properties of the multi-layer harvester

Parameters Properties
Thickness of piezoelectric layer 0. 7mm
Length of piezoelectric layer 34mm
Density of piezoelectric layer 7800kg/m’
Clamped dielectric constant &3, 1.1133x10°F/m
Piezoelectric layer Young’s modulus | 60.7x10°N/m?
Piezoelectric constant ds, -210x10"*C/N
Transverse coupling factor ka; 0.38

Density of base/upper/lower layers | 7930kg/m®
Young’s modulus of base layer 200x10°N/m’
Damping ratio Measured
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Figure 2: Sketch for numbering of mass positions (not the actual dimensions of the masses); four-layer

five-mass model 4L5MP391-09; two upper layers and one lower layer are located on both sides of the base
layer and the locations of masses on the upper half (M., M4, M.3) is 391 and the lower half (M_;, M.,) is 09.

4. Configurational optimisation strategy

A modal approach was developed in a previous study where the two criteria of mass ratio and
Electromechanical coupling coefficient (EMCC) were used to evaluate the modal mechanical and
electromechanical performance of harvesters, respectively [13]. Mass ratio is defined as the percentage ratio
of the effective mass to the total mass, which depends on the modal participation factor g and represents how
much mass of each mode effectively participates in the overall motion and the contribution of each mode to
the maximum power output [3]. Mass ratio is introduced as N, = y?m,./M where N, denotes the mass ratio
for the " mode, y , m and M are the modal participation factor, generalized modal mass and total mass,
respectively. In fact, the natural frequencies and mass ratios can be determined directly by the FEA modal
analysis. Since a multi-resonance harvester with good broadband performance requires close natural
frequencies and relative large power output in each mode, an optimization strategy is developed to select the
configurations with close resonances and favourable values of mass ratio initially. A structural screening
process is developed using the mass ratio and frequency ratio as two filters to determine the configuration
with optimal or near-optimal modal mechanical broadband performance (see Fig. 3), which obviates the need
for full steady-state analysis in the first place.

Configurations with
optimized mechanical
performance

}

Determine the EMCC
and power output FRFs

Mass ratios
screening

Extract natural
frequencies and mass
ratios

l

Define screening
criteria

requenc
ratios
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Figure 3: Flow chart of the structural screening process for configurational optimization of multi-resonance
harvesters.

A previous studied structural screening result of the two-layer two-mass model 2L2M is given in Fig. 4 [13].

The shaded area is the selected mass positions of optimal or near-optimal configurations that meet the
5



screening criteria frequency ratio f2/f1 < 2 and mass ratio N > 0.2 in each mode. It should be noted that the
screening result is based on the analysis presented in previous work using the original configurations. The
original configurations are slightly different than the configurations used in this article. The base and upper/
lower layers of the original configuration have the same length 200 mm but they do not have through holes.
The thickness and width of the masses are both 10 mm, and the thickness and length of PZT layer are 0.5
mm and 25 mm, respectively (M.; = 6 is unavailable in this article). In fact, experimental and simulated
results provided in this article based on the modified configuration with through holes still follow the
screening results based on the original configuration. More details about validating the structural screening
results using experimental data will be discussed in the Secs. 6.1 and 6.2.

Frequency ratio<2 and mass ratio>0.2

8 9

Figure 4: Result of structural screening for two-layer model (for the original configuration with no through
hole in previous work [13]); the shaded area is the selected configurations meet the screening criteria f2/f1<2,
and N; and N,>0.2.

5. Experimental test setup and procedure

In this section, the experimental setup of the multi-modal harvesters is demonstrated. Fig. 5 shows the
components and devices used in the experiment. Fig. 6 shows the flow chart of the experimental setup. The
LMS TEST LAB 7A software and LMS SCADAS Ill data acquisition system are used to collect and process
the experimental data. A built-in source panel in the software generate a random signal (band-limited white
noise) to the power amplifier, which is the power supply of the electromagnetic shaker. Fig. 7 shows the
measured random base excitation. The excitation level is controlled to preserve the linearity of the harvester
dynamics. The clamped end of the base layer of the harvester is clamped between two stainless steel plates,
which are mounted on the shaker. The mass of these plates helps to reduce the fundamental resonance
frequency of the shaker. A piece of PZT plate (PIC151) is bonded on the base layer and connected to the
resistance decade box. A PCB ICP accelerometer (sensitivity 99 mV/g) is mounted on the base right above
the clamped part of the harvester to measure the base excitation. The accelerometer is connected to a signal
conditioner. A M5L/4 laser sensor (sensitivity 5.17 V/mm, resolution 1 um) is used to measure the
displacement of the harvester. The measured voltage data from the decade box, signal conditioner and the
laser sensor are collected by the LMS data acquisition system. Since LMS system has 1 MQ impedance and



it is connected to the resistive load in parallel. Therefore, the actual resistive load on the harvester is less than
the selected resistance of the decade box. The actual resistive load is determined as /R oa = 1/Rreox +
1/RLMS-

Figure 5: Experimental setup. A: the longer cantilevered base with bonded PZT layer. B: the upper/lower
layer. C: (1) electromechanical shaker, (2) base to clamp the harvester, (3) resistance decade box, (4) power
amplifier and (5) signal conditioner. D: (1) the four-layer five-mass harvester 4L5M-P391-09 and its PZT

layer, (2) mass, screws and nuts, (3) ICP accelerometer mounted on the base and (4) damping foil. E: (1)
LMS TEST LAB on PC and (2) LMS SCADAS Il data acquisition system. F: (1) M5L/4 laser sensor head

and (2) sensor monitor and power supply.

. |
Signal Resistance M5L/4 Laser
conditioner decade box sensor
(C5) (C3) (F1)
LMS TEST [~ LMS SCADASIII ICP Base Multi-layer
LAB on PC PQA-II Amplifier accelerometer Harvester
(E1) |« (E2) (D3) (b1)
Base
(C2)
Power Eelectromagnetic
amplifier (C4) shaker (C1)

Figure 6: Flow chart of the experimental setup (C1, C2... F1lin brackets are shown in Figure 3).
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Figure 7: Measured base acceleration for random base excitation (white noise)

6. Experimental validation of the pe rformance of multi-modal harvesters

6.1 Two-layer harvester performance

In this section, the experimental study of the two-layer harvester is presented. Fig. 8 shows the simulated and
experimental power output FRFs with 100 kQ resistive load for two-layer mode | 2L2M when the position of
M., bonded on the base is 0. It should be noted that the presented power output FRFs are normalised power
for acceleration per 1 m/s2. There is a good agreement between the simulated and experimental results for
the trend of the FRFs when the mass positions are changed. For the experimental results, there are some
noises around the anti-resonance frequencies and the damping is slightly greater than the simulated results.
The reason could be because the random excitation causes some leakage in the signal processing and the
amplitude is underestimated. Besides, the damping could be frequency-dependent between the two modes in
the experiment. However, the errors around the anti-resonance frequencies could barely affect the
configurational optimization using FEA since only performance around resonance frequencies are considered
for energy harvesting.

The power FRFs show that when the position of M., is varied from 6 to 9, the first two modes becomes
in-phase, which the anti-resonance area is moved before the first mode, and the first mode only generate
much lower power output than the second mode. When the position of M., is altered from 5 to 1, the
resonance frequency f1 of mode 1 is slightly decreased and the resonance frequency f2 of mode 2 is
considerably increased. Since the harvesters with better broadband performance have closer resonance
frequencies and relative ly large power output in each mode, by assuming the frequency ratio f2/ f1 is smaller
than 1.7 and the power output of each mode is greater than 0.1 mW for these harvesters, the configurations
with mass position P05, P04 and P03 can meet the criteria.

Fig. 9 shows the experimental power output FRF for some typical positions of M+2 when the positions of
M+1 is fixed at 1 and 2. Since the effective length of the base layer is decreased, the resonance frequencies
of the first two modes are both increased. The preferred mass positions using the same criteria (f2/f1 < 1.7
and power output > 0.1 mW) are P15, P16, P26 and P27. Therefore, the selected configurations from the
experimental results actually have a good agreement with the previously mentioned screening results based
on the original configurations (see Fig. 4).
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Figure 8: Comparison of the simulated and experimental power FRF with 100KQ resistive load for two-layer
model 2L2M and M.;=0. (a) and (c): simulated; (b) and (d) experimental.
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Figs. 10(a) and (b) show the measured voltage FRFs near the two resonance frequencies of model 2L2M-P05
with different resistive loads from 10 kQ to 909 kQ. When the resistance is increased, the voltage is
increased, and the resonance frequency is shifted due to the back coupling effect. The voltage only increases
slightly when the resistance is larger than 500 kQ. Figs. 11(a) and (b) show the average power output FRFS
around the first two modes of model 2L2M-P05 determined using the measured voltage data. Figs. 11(c) and
(d) show the average power output FRFs around the first two modes of model 2L2M-PO1.

In general, when the resistive load is increased from 100 kQ to 150 k€, the harvester generates near-optimal
power output in each mode. Since the optimal resistive load is mainly affected by the piezoelectric
capacitance and the angular resonance frequency, for different configurations, the modes with close
resonance frequencies should have similar ranges of the near-optimal resistance. Therefore, a 100 kQ
resistive load is used in all experimental tests in this article for the convenience of performance comparison.
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Figure 10. Experimental voltage FRFs around the first two modes for different resistive loads
(e.g. R10K = 10 kQ resistance) for model 2L2M-P05: (a) mode 1; (b) mode 2.
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Figure 11. Experimental power FRFs around the first two modes for different resistive loads for two-layer
harvester with mass position P05 and PO1: (a) P05 mode 1; (b) PO5 mode 2; (c) P01 mode 1; (d) PO1 mode 2.
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Fig. 12 illustrates the two measurement points on model 2L2M using the laser sensor. Point 1 is to measure
the free tip displacement of the base layer (at the clamped end of the upper layer). Point 2 is to measure the
free tip displacement of the upper layer. Based on the FEA modal analysis, the maximum displacement of the
first modes can be derived from either point 1 or point 2. Fig. 13 shows the measured displacement FRFs
around the first two modes of model 2L2M with typical mass positions. The displacement FRFs are
measured under short-circuit condition, which means the two electrodes on the top and bottom of the PZT
layer are directly connected. When the position of M+2 is less than 6, point 1 indicates the maximum
displacement in mode 1. When the position of M+2 is greater than 6, point 1 indicates the maximum
displacement in mode 2. For mass position P06, point 2 always indicates the maximum displacement. When
the mass position is varied from P06 to P07, according to the base layer’s displacement FRFs, the

anti-resonance between the two modes is eliminated, and it is similar to the corresponding power FRF
results.

lMeasure point 1 . Measure point Zl

Figure 12: Sketch of the displacement measurement points 1 and 2 on the 2L2M model for the laser sensor.
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Figure 13: Experimental displacement FRF of two-layer model 2L2M under short-circuit condition. FRF1.:
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Fig. 14 shows some comparisons between the experimental and simulated data of model 2L2M. Fig. 14(a) is
the modal participation factor y ; and the experimental results are derived from the amplitudes of the
displacement FRFs at each resonance frequency. Fig. 14(b) is the ratio of two short-circuit resonance
frequencies f2/f1. There are good agreements between the simulated and experimental results for both y and
f2/f1. Table 2 shows the simulated modal mass m, modal participation factor y and mass ratio N. Because y is
a quadratic function of N, when v is too small in the first mode for the configuration with mass position from
P06 to P09, N, is significantly small. For the mass positions P04 to P01, although the modal mass of mode 2
is small, N, is still large enough due to the larger v, . Fig. 14(c) shows the EMCC; the experimental results
are derived from the short-circuit and open-circuit displacement FRFs. There are larger errors between the
simulated and experimental EMCC than the structural data. The errors could be generated by several reasons
such as the difference of piezoelectric properties due to the manufacturer, the conductive adhesive used to
bond the PZT, the manner of measurement and assembly errors.
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Figure 14: Comparison between the simulated and experimental results for (a) the modal participation factor;
(b) frequency ratio, and (c) electromechanical coupling coefficient EMCC

Table 2: Simulated modal parameters of two-layer model 2L2M

My My
MOdeI ! 2 )/1 ]/2 Nl N2

@ (9
P09 239 338 0529 1.327 85% 75.1%

PO8 195 37.2 0443 1298 48% 79.0%
PO7 169 46.7 0.179 1.190 0.7% 83.4%
PO6 187 253 0.378 1592 34% 80.9%
P05 298 121 0.779 2.006 22.8% 61.6%
P04 295 85 1.025 2065 39.0% 45.6%
P03 311 69 1083 2086 46.1% 38.1%
P02 342 6.1 1.079 2103 50.3% 33.9%
POl 384 56 1037 2122 52.2% 31.9%
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In conclusion, according to the experimental results, when the mass positions are varied from P01 to P05,
the first mode is largely affected by the base layer. The varied position of M., on the upper layer largely
affects f2 (see Fig. 8(a)), and the base layer generates larger displacements in mode 1 (see Figs. 13(a)-(c)).
Because the amplitude of displacement FRF directly affects the strain generated near the clamped end, which
is covered by the PZT layer, mode 1 has larger EMCC than mode 2 (see Fig. 14(c)). Similarly, for the mass
positions varied from P07 to P09, the second mode is largely affected by the base layer. The varied positions
of M., on the upper layer largely affects f1, and the base layer generates larger displacements in mode 2, and
mode 2 has large EMCC than mode 1. For mass position P06, the strong interaction between the base and

upper layer in both modes generates the smallest frequency ratio (see Fig. 14(b)), close amplitude of base
layer displacement and close EMCC.

There are also other factors that can affect the performance of the two-layer harvester. For example, Fig. 15
shows the experimental power output FRFs of the two-layer model with mass position P09 but different
magnitudes of mass M.,. The original value of each mass is 18.8 g. When the value of M., equals 0 g, the
mode | has only mass M.,. By changing the value of M+2, similar responses can be observed as altering mass

positions. When the value of M., is from 0 to 4.6 g, the acceptable performance for both two modes can be
found.
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20 30 40 50 60 70 80 90
Frequency (Hz)

Figure 15: Experimental power FRF with 100K resistive load for two-layer model P09 with different
weights M..,.

6.2 Multi-layer performance

In this section, the power outputs FRFs of multi-layer configurations are presented. Since there are too many
possible configurations, few typical configurations are tested and analyzed. Fig. 16 shows the experimental
and simulated power FRFs of some typical one-sided three-layer model 3L3M, which consists of three
masses (M., M., and M.z3), two upper layers (L.; and L.,). Fig. 17 shows the experimental and simulated
power FRFs of some typical two-sided three-layer model 3L4M, which consists of four masses (M., M.,
M_; and M_,) and one upper layer (L.;) and one lower layer (L.;).

According to the experimental power output FRFs given in Figs. 16 and 17, if it is assumed that the criteria
are: power output in each mode is larger than 0.1 mW and the ratios of adjacent resonance frequencies are
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smaller than 2, then the mass position P292 for model 3L3M and the mass positions P04-39, P05-39 and
P06-39 for model 3L4M can meet the criteria. A good agreement can be found between the simulated and
experimental FRFs for resonance and off-resonance conditions. The amplitudes of power outputs in some
modes are slightly overestimated in simulation.
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Figure 16. Experimental and simulated power FRF with 100 kQ resistive load for one-sided three-layer
model 3L3M with typical mass positions: (a) Experimental; (b) simulated.
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Figure 17. Experimental and simulated power FRF with 100 kQ resistive load for two-sided three-layer
model 3L4M with typical mass positions: (a) Experimental; (b) simulated.

In fact, the good agreements between the simulated and experimental results in both Secs. 6.1 and 6.2 also
prove that the multi-layer configurations with good broadband performances can be determined by the
optimization strategy, which using the ratios of adjacent natural frequencies and mass ratios as two filters to
screen the configurations with close resonance frequencies and optimal or near-optimal mechanical
performance in multiple modes. Since the natural frequencies and mass ratios can be determined directly by
the FEA modal analysis, the optimization strategy obviates the need for full steady-state analysis at the early
stage. In other words, the configuration cannot have good broadband performance if the modes are far away
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from each other and mass ratios in some modes are too small. For the multi-modal harvester designs with a
lot of possible configurations, using this strategy to identify the configurations with acceptable mechanical
broadband performance can significantly reduce the difficulty of analysis and time cost. Once the preferred
configurations are chosen, the EMCC of each mode and the full analysis can be taken.

Fig. 18 shows the experimental power output FRFs for three different positions of the four-layer harvesters.
For mass positions P191-09 and P291-09, the fourth mode is inactive. The configuration with mass position
P391-09 can gererate four close resonance frequencies with acceptable performance in each mode. Besides,
there are also very small peaks after the third and fourth modes of these power FRFs. They are probably due
to the rotational effect produced by the shaker. Actually, if too many layers are used, the performance of a
multimodal harvester can be degraded, and this will be discussed with further details in the following

section.
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Figure 18: Experimental power FRF with 100KQ resistive load for one-sided three-layer model 4L5M

6.3 Bandwidth of multi-modal harvesters

Fig. 19 shows the comparison of power output between some typical multi-modal harvesters and a single
layer harvester 1L1M with mass position M+1 = 0 (a cantilevered beam harvester with a tip mass). Since the
multi-modal harvesters can generate close resonance frequencies and relatively large power output in each
mode, the effective bandwidth of the power output FRF has been increased in comparison with a single layer
harvester. Fig. 18 shows the bandwidth comparison between the single layer and multi-layer models. In Fig.
20(a), the effective bandwidth is for the minimal power output 10-5 W per m/s2, which correspond to
minimal voltage 1.41 V for 100 kQ resistive load. In Fig. 20(b), the bandwidth is for the power output larger
than 5*10-6 W, which correspond to voltages larger than 1 V due to the 100 kQ resistive load. The results
show that the two-layer harvester can generate more than 1.5 times wider bandwidth and the three-layer
harvesters can have more than 2 times the bandwidth of the 1L1M harvester.

However, the four-layer harvester 4L5M-P391-09 generates narrower bandwidth than the three-layer
harvesters do. This is due to several reasons. First, the configuration of the four-layer harvester has not been
optimized using the configuration optimisation strategy. Besides, the reduced electromechanical coupling
significantly affects the power output. This is probably due to the fact that the PZT layer is only bonded near
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the clamped end of the base layer, which does not have the largest strain distribution for a four-layer
harvester. Table 3 shows the experimental EMCC of these multi-modal harvesters. The single layer harvester
has the largest EMCC in the fundamental mode. The EMCC of the two-layer harvester in the first two modes
are slightly reduced compared to the single layer harvester. The EMCC of the three-layer harvesters are
significantly reduced in some modes but are still acceptable. The four-layer harvester generates the lowest
EMCC in modes 2 and 4.
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Figure 19: Comparison of experimental power FRF with 100K< resistive load.
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Figure 20: Experimental bandwidth comparison between the single layer and multi-layer models with 100K
Q resistive load; (a) bandwidth for 1*10° W*s*/m? (1.41 VV*s*/m); (b) bandwidth for 5*10° W*s*/m’ (1
V*s?/m).

Table 3: Experimental EMCC of multi-layer harvesters in different modes
Model k1 k2 k3 k4
1LIM PO 0.210
2L.2M P05 0.204 | 0.173
3L3M P292 0.143 | 0.154 | 0.178
3L4M P39-05 |0.199 | 0.156 | 0.123
4L.5M P391-09 | 0.162 | 0.114 | 0.158 | 0.094
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7. Conclusions

In this article, experimental studies for the multi-modal harvesters are presented. By altering the mass
positions, the fourlayer harvesters are able to generate up to four close resonance frequencies with relative ly
large power output. The experimental results are compared with the FEA results. The comparison shows that
using FEA software can successfully predict the structural and electromechanical performance of the
multi-modal harvesters. The experimental results also show that the three-layer harvesters can generate more
than two times wider bandwidth in comparison with the single layer cantilevered beam harvester. However,
the four-layer harvester generates narrower bandwidth than the three-layer harvesters do due to the
significant decrease of EMCC.
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