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This paper exploits an adaptive piezo-lens to improve the harvested power (energy) from

traveling waves. The piezo-lens comprises a host plate and piezoelectric patches bonded on

the plate surfaces. The piezoelectric patches are shunted with negative capacitance (NC)

circuits. The spatial variation of the refractive index inside the piezo-lens domain is

designed to fulfill a hyperbolic secant function by tuning the NC values. This design allows

the piezo-lens to continuously bend the incident waves toward a designed focal point,

resulting in an energy concentration zone with a high level of energy density. This energy

concentration effect may be exploited to improve the harvested power from waves. In

addition, the piezo-lens is tunable - the waves can be focused at different locations by

designing the NC values. This tunability may make the harvesting systems incorporating

a piezo-lens be adaptable to environment changes. The above expected practical interests

of the piezo-lens for wave energy harvesting are discussed and verified in the paper. Fully

coupled numerical models are developed to predict the dynamical responses of the piezo-

electric systems.

1. Introduction

Small electronic devices are increasingly employed in many applications in the aerospace, transport and civil engineering

fields. Such devices typically require continuous low power supply [1]. This fact motivates massive researches dedicated to

the transformation of ambient energy into electricity. Due to the ubiquitous presence of vibration in structures, extensive

efforts have been made to harvest vibration energy through piezoelectric, electromagnetic and electrostatic transducers

[2]. In practical applications, vibration levels can be low [3] and the vibration energy is typically distributed over a broad

frequency band, consequently a lot of these researches were dedicated to obtain higher harvesting efficiency and to extend

the operating frequency band of the harvesting system. Examples include (i) tuning the harvesting system through passive or

active methods to match the operating frequency with the environment [3,4]; (ii) exploiting nonlinear mechanical mecha-

nisms to widen the operating frequency band [5] or nonlinear circuits to improve the extracted power from the transducers

[6–14]; (iii) using phononic crystals [15], metamaterials [16] or acoustic black holes [17] to increase energy densities near

the harvesters.

Harvesting vibration energy in structures is well studied, however limited effort has been devoted to harvest energy from

traveling waves. Harvesting traveling wave energy is important when built-up structures are involved. In a built-up
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structure, the mechanical power transmits from one component to another in the form of traveling waves especially at

higher frequency bands [18,19]. Due to the wave propagation, the mechanical energy is distributed in the whole structure

with quite low energy densities everywhere. Therefore, the level of the harvested energy from waves could be very low.

In recent years, several innovative harvesting systems have been developed to increase harvested energy from traveling

waves. The fundamental idea is to steer waves to increase the energy densities at particular positions and harvest there.

Therefore, these systems not only include transducers with connected circuits, but also include structures used to enhance

the energy density. The first examples use an elliptical acoustic mirror [20,21] or a parabolic acoustic mirror [22] to focus

propagating waves near a specific point. The others are mainly based on metamaterials. Examples include using a defect

in an artificial periodic array to localize energy at specific frequencies or building an acoustic funnel formed by arrays of

acoustic scatters to guide waves into a narrow channel [22]; exploiting a gradient-index phononic crystal lens to focus waves

[23]. However, all these systems are based on unadaptable wave steering methods, they have no ability to adjust themselves

to the environment.

Different from the aforementioned methods to steer waves, recently an adaptive piezo-lens is proposed to focus waves

[24]. The piezo-lens is designed based on a gradient index medium concept [25]. It is obtained by periodically bonding piezo-

electric patches on the surfaces of a host plate. These patches are shunted with negative capacitance (NC) circuits. The NC

values are delicately designed to obtain a hyperbolic secant profile of the effective refractive index inside the piezo-lens.

Results show that the piezo-lens can focus flexural waves near a designed point in a broad frequency band, and the

piezo-lens has the ability to focus waves at different locations by just tuning the NC values. All these qualities make the

piezo-lens a potential candidate to develop advanced harvesting systems for waves.

In this paper, a novel system is proposed for improving energy harvesting from traveling waves. This system is composed

of a piezo-lens to focus waves and a harvester to yield energy from the focused waves. An analytical relationship which con-

nects the effective refractive index of piezoelectric system to the shunting NC value is developed to design the piezo-lens.

Fully coupled finite element models of the piezoelectric systems are developed to predict the dynamic responses. With these

tools, we will study the focusing effects and adaptive capability of the piezo-lens, and how can these qualities be exploited to

improve the harvesting performances.

2. Piezo-lens for wave focusing

The concept and designing process of the piezo-lens are introduced in this section. The piezo-lens is obtained by period-

ically bonding piezoelectric patches on the surfaces of a host aluminum plate in a collocated fashion, as depicted in Fig. 1(a).

The host plate is lying in the x� y plane and occupying the spatial region �hb=2 6 z 6 hb=2. The piezo-lens zone could be

divided into a 14-by-6 array of piezoelectric cell, the patches in each of these cells are shunted with a NC circuit, as shown

in Fig. 2.

To focus flexural waves, the refractive indexes of flexural wave inside the piezo-lens zone are designed to fulfill a hyper-

bolic secant function:

nðyÞ ¼ n0 � sechðaðy� bÞÞ ð1Þ

in which, n0 represents the refractive index of the background plate, a is the gradient coefficient and b represents the y coor-

dinate of the symmetry axis of the refractive index profile, as illustrated in Fig. 1(b). Due to this design, waves incident into

the lens from the Ox direction will be focused at a focal point at the y ¼ b line, with a focal length f ¼ p=2ameasuring from

the left boundary of the lens [25]. It should be noted that the piezo-lens is primarily designed for waves from the Ox direc-

Fig. 1. (a) The harvesting system with piezo-lens and (b) the gradient variation profile of the refractive index nðyÞ.
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tion, and when the waves are incident into the lens from an oblique direction, they will be focused away from the designed

focal point [24].

As the effective refractive index of the piezoelectric cell depicted in Fig. 2 can be modified by tuning the shunting NC value

[24], its variation inside the piezo-lens is approximately realized in a piecewise form by designing the NC values of cells at

different positions. According to Eq. (1), the refractive index only varies in the y direction. Thus, in a piezo-lens, the shunting

NC values are equal in a same row (the x direction) but will be different in a same column (the y direction). To determine the

required shunting NC value in each row, an analytical relationship between the effective refractive index of the cell and the

NC value is developed.

The relationship is obtained in four steps. In the first step, the effective Young’s modulus and effective Poisson’s ratio of

the piezoelectric patches shunted with NC are represented as functions of the NC value:

Ep ¼ Esh
p

Cneg þ CT
p

Cneg þ CT
p 1� k

2
31

� �

lp ¼ lsh
p

Cneg þ CT
p 1þ k

2
31=l

sh
p

� �

Cneg þ CT
p 1� k

2
31

� �

ð2Þ

here, Esh
p and lsh

p are the Young’s modulus and the Poisson’s ratio of the short-circuit piezoelectric material, respectively; k31

is the coupling factor; CT
p is the free intrinsic capacitance (namely the capacitance when the patch is under constant stress);

Cneg is the applied NC value.

In the second step, the effective parameters of the shunted piezoelectric sandwich structure highlighted by the dashed

lines in Fig. 2 are determined according to the classical laminated plate theory [26]. The effective area density and effective

flexural rigidity of the piezoelectric sandwich structure are expressed as:

qA ¼ qbhb þ 2qphp

DA ¼ Db þ
2Ep

3ð1� l2
pÞ

hb

2
þ hp

� �3

�
hb

2

� �3
" #

ð3Þ

here, Db ¼
Ebh

3
b

12 1�l2
bð Þ
is the flexural rigidity of the host plate and Eb;lb denote the Young’s modulus and the Poisson’s ratio of the

host plate respectively; qb and qp are the densities of the host plate and the piezoelectric patches respectively.

In the third step, the effective area density and effective flexural rigidity of the entire shunted piezoelectric cell are

derived, they are expressed as [27]:

qeff ¼ vqA þ ð1� vÞqbhb

Deff ¼
DADb

vDA þ ð1� vÞDb

ð4Þ

here, v ¼ ðlp=lbÞ
2
is the ratio of the surface area covered by a piezoelectric patch to the surface area of a unit cell.

In the last step, the effective refractive index of flexural wave incident from the background plate into the shunted piezo-

electric cell is obtained:

neff ¼
qeffDb

qbhbDeff

� �1=4

ð5Þ

Fig. 2. Top and side view of one unit shunted piezoelectric cell.
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With the relationship in Eq. (5), a piezo-lens is designed in three steps. Firstly, the parameters a and b in the refractive

index function in Eq. (1) are chosen to design the location of the focal point. Then, the required refractive index for each row

of piezoelectric cell in the lens zone is obtained by substituting the central y coordinate of each row into Eq. (1). Lastly, the

required refractive index for each row is fulfilled by choosing the NC value according to Eq. (5).

3. Prospect of exploiting piezo-lens in wave energy harvesting

It is demonstrated in [24] that the piezo-lens can concentrate energy inside a limited zone around the designed focal

point and the location of this energy concentration zone can be adjusted by tuning the NC values. These two qualities can

be of great practical interest for wave energy harvesting. In particular, the pre-designed location of the zone with a high level

of energy density identifies the optimal locations for harvesting. Besides, even though the piezo-lens is initially designed to

focus waves from the Ox direction, and when the incident direction is changed, waves will be focused away from the

designed focal point [24], where the transducer for harvesting is placed; but by exploiting the tunability of the piezo-

lens, the location of the energy concentration zone may could be adjusted back to the desired site.

To explore the concept of using piezo-lens in wave energy harvesting, a system incorporating a piezo-lens and a harvester

(namely, a harvesting device) is proposed, as illustrated in Fig. 1(a). The harvester is composed of a piezoelectric patch

bonded on the upper surface of the plate near the lens (the exact location will be specified in Section 5) and a connected

resistor, as illustrated in Fig. 3. In the figure, the piezoelectric patch is equivalently represented by a current source IeqðtÞ

and a capacitance Ch with the value equal to the blocked intrinsic capacitance (i.e. the capacitance when the patch is under

constant strain condition) [12]. Since the output VhðtÞ of the harvester in Fig. 3 is an AC voltage but most of the real-life elec-

tronic devices require DC input, this AC device has limited practical value. However, the amplitude of the dissipated power

by the resistor could be used as a metric to estimate the potential power that could be converted and harvested via the piezo-

electric transducer. Thus, the AC device is useful in evaluating the performances of harvesting systems especially with com-

plicated mechanical parts and is used in many studies [15,17,20–22,28]. Under harmonic excitations, the amplitudes of the

output voltage and harvested power (namely the dissipated power by the resistor) are:

eV h ¼ �jxeQ hR; P ¼ eV 2
h=R ð6Þ

eQ h is the amplitude of charge flowing to the piezoelectric patch.

4. Numerical model

To study the performances of the piezo-lens and the harvesting system, fully coupled finite element (FE) models of piezo-

electric systems are developed. The FE models contain a host structure, multiple piezoelectric patches and circuits connected

to the patches. Their are obtained in two steps: first, the models for the linear piezoelectric systems are obtained; then, the

shunts are connected to the models through particular electrical boundary conditions.

In the FE models, the structures are discretized by 3D quadratic Lagrange elements. Each of the nodes corresponding to

the piezoelectric patches has three mechanical degrees of freedom (DOFs) and an electrical potential DOF. The equilibrium

equations for the discretized fully coupled piezoelectric system are:

Mdd
€dþ Kdddþ KdVV ¼ F

� KT
dVdþ KVVV ¼ Q

ð7Þ

here, d and V represent the structural and potential DOFs, respectively; F and Q are the mechanical forces and charges

respectively.

The equations in (7) are rewritten under following considerations: (i) the potential DOFs in the piezoelectric patches can

be partitioned into DOFs inside the patches, DOFs on the free electrodes of the patches and DOFs on the bonding surfaces; (ii)

the potential DOFs on the bonding surfaces are grounded, thus the corresponding equations and columns are directly

removed; (iii) there is no charge source inside the piezoelectric patches; (iv) in the system, the piezoelectric patches are con-

Fig. 3. An AC device.
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nected with different circuits - the patches constituting the piezo-lens are connected with NC circuits and the patch for har-

vesting is connected with resistor, therefore, the DOFs on the free electrodes are further separated into DOFs corresponding

to the patches in the piezo-lens and DOFs of the patch for harvesting; (v) as the DOFs on one electrode have identical poten-

tials, the potential DOFs on the free electrode of each piezoelectric patch are reduced such that only one master potential

DOF remains on the free electrode per patch. Consequently, the governing equations can be rewritten as below:

Mdd 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

2
6664

3
7775

€d
€V i

€V L

€Vh

8
>>>><
>>>>:

9
>>>>=
>>>>;

þ

Kdd Kdi KdL Kdh

�KT
di Kii KiL Kih

�KT
dL KT

iL KLL 0

�KT
dh KT

ih 0 Khh

2
66664

3
77775

d

V i

VL

Vh

8
>>><
>>>:

9
>>>=
>>>;

¼

F

0

Q L

Q h

8
>>><
>>>:

9
>>>=
>>>;

ð8Þ

here, V i are the DOFs inside the patches; VL;Vh are the master DOFs on the free electrodes of the patches in the lens and the

patch for harvesting, respectively; Q L;Qh are the charges flowing to the patches in the lens and patch for harvesting respec-

tively. More details about above process could be found in [29].

Under harmonic excitations, Eqs. (8) are simplified as:

�x2Mdd þ Kdd Kdi KdL Kdh

�KT
di Kii KiL Kih

�KT
dL KT

iL KLL 0

�KT
dh KT

ih 0 Khh

2
66664

3
77775

~d
eV i

eV L

eV h

8
>>>><
>>>>:

9
>>>>=
>>>>;

¼

eF
0
eQ L

eQ h

8
>>>><
>>>>:

9
>>>>=
>>>>;

ð9Þ

the symbol ~ð:Þ denotes the complex amplitude in the frequency domain.

In the simulations, perfectly matched layer boundaries are used to avoid reflections at the ends of the host plate [30]. The

NC circuits are connected into the piezoelectric cells by considering following electrical boundary condition:

eQ L ¼ �Cneg
eV L ð10Þ

The AC device in Fig. 3 is introduced into the model through the first relation in Eq. (6).

5. Numerical results

In the numerical studies, the dimensions of the piezo-lens are 0:24 m� 0:58 m, as depicted in Fig. 1(a). The geometry

parameters of the piezoelectric cells and piezoelectric patch for harvesting are given in Table 1, meanings of the symbols

used in Table 1 are given in Fig. 2. The Young’s modulus, Poisson’s ratio and density of the aluminum plate are

Eb ¼ 70 GPa , lb ¼ 0:3 and qb ¼ 2700 kg=m3 , respectively. The material parameters for the PZTs are listed in Table 2. Line

harmonic transverse forces are used to generate plane waves. Note that, in the simulations, without further information,

the waves are incident into the piezo-lens from the Ox direction.

5.1. Focusing effects and adaptive capability of piezo-lens

In Section 3, we made the expectation that the piezo-lens has great practical interests for wave energy harvesting. In this

subsection, performances of the piezo-lens are presented and discussed in details to support this prediction. In order to study

the effects of the piezo-lens on waves, the total mechanical energy flux I on the cross-section of the host plate is used to

indicate the wave paths, it is expressed as:

I ¼
1

2
x �

Z hb
2

�
hb
2

reð�r �w�Þdz ð11Þ

here, r and w are the stress and displacement tensors; ð�Þ� represents conjugate value and reð�Þ means only the real part is

retained.

In addition, the kinetic energy density Ek in the host plate is used to evaluate the spatial distribution of the energy after

the lens, it is obtained as:

Ek ¼
1

4
x2qbw

�T �w ð12Þ

The kinetic energy is connected with the velocities which could be directly measured in the experiments, thus using it rather

than the strain energy could facilitate the comparison between the numerical and future experimental results.

To numerically demonstrate the focusing effect, the parameters of the piezo-lens are designed as a ¼ p=0:6 and b ¼ 0.

With these parameters, the flexural waves incident from the Ox direction will be theoretically focused at a point on the cen-

tral axis of the lens (namely the y ¼ 0 line) with a distance of 0:06 m from the right boundary of the lens. Fig. 4 shows the

mechanical energy flux and kinetic energy distribution after the lens at 2000 Hz. The arrows in Fig. 4(a) and (b) indicate the

propagating directions of the waves. From the comparison, it can be observed that the waves are bended by the piezo-lens
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toward the designed focal point. Consequently, the energy is concentrated around the focal point. The energy concentration

zone, highlighted by a circle with solid line in Fig. 4(c), is used to estimate where most of the energy is concentrated, this

zone is defined as:

Ekðx; yÞ

maxðEkðx; yÞÞ
P 0:8 ð13Þ

Fig. 4. Mechanical energy flux and kinetic energy distribution after the lens at 2000 Hz. The black cross represents the designed focal point, the circle with

solid line indicates the energy concentration zone.

Table 2

Material parameters of PZT26.

Symbol Value Property

SE11 ¼ SE22; S
E
33 1:30� 10�11;1:96� 10�11 (Pa�1) Compliance matrix under constant electric field

SE12; S
E
13 ¼ SE23 �4:35� 10�12;�7:05� 10�12 (Pa�1)

SE44 ¼ SE55; S
E
66 3:32� 10�11;3:47� 10�11 (Pa�1)

d31 ¼ d32 �1:28� 10�10 (C/N) Piezoelectric matrix

d33 3:28� 10�10 (C/N)

d24 ¼ d15 3:27� 10�10 (C/N)

q 7700 (kg=m3) Density

er11 ¼ er22; e
r
33 1190e0;1330e0 Dielectric permittivity under constant stress

Table 1

Geometry parameters.

lb hb lp hp

Piezoelectric cell 0.04 m 0.005 m 0.035 m 0.001 m

Piezoelectric patch for harvesting n n 0.05 m 0.001 m
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in which, Ekðx; yÞ is the kinetic energy density after the lens. In the context of wave propagation here, high level of kinetic

energy density inside the energy concentration zone also means high level of strain energy density [31]. Therefore, harvest-

ing inside the energy concentration zone using piezoelectric transducers may yield more power (energy).

According to the authors’ previous work [24], the above demonstrated energy concentration effect can be observed in a

large frequency band, and this frequency band is dominated by the geometry parameters of the lens and cell. With the geom-

etry parameters given in Fig. 1(a) and Table 1, the piezo-lens is effective from around 100 Hz to 8000 Hz. Fig. 5 shows the

energy concentration zones at different frequencies inside the effective frequency band when the parameters are

a ¼ p=0:6 and b ¼ 0. It can be seen that at most of the frequencies, the energy is concentrated around the designed focal

point. Thus the pre-designed focal point may be an optimal location to put the harvester in order to obtain boosted power

in a large frequency band. However it should also be noted that at higher frequencies (e.g. 7000 Hz), the energy concentra-

tion zone will shift to the right hand side of the designed focal point. This phenomenon is probably induced by the fact that

the wavelength is more comparable to the cell’s length at higher frequencies. Specifically, at smaller wavelengths, the vari-

ation of refractive index inside the piezo-lens will be less smooth since it is realized in a piecewise form; besides, the homog-

enized model used in Section 2 will be less accurate [27]. The influences of this shifting phenomenon on the harvesting

performance will be addressed in Section 5.2.

Except the energy concentration effect, another remarkable merit of the piezo-lens is its tunability. The spatial variation

of the refractive index inside the piezo-lens zone is realized by designing the NC values of the cells at different locations. As

the theoretical focal point of the lens is determined by the refractive index profile in the lens, thus by tuning the NC values,

different variations of the refractive index could be realized to focus waves at different locations. This adaptability is verified

in [24]: by tuning the NC values, the energy can be concentrated at different locations along the x or y directions. It should be

noted that as the distance from the focal point to the right boundary or to the central axis of the lens increases, the energy

will be less concentrated. Therefore in order to obtain better energy concentration effect, the focal point should be tuned on

the central axis and be close to the lens boundary.

The adaptability of the piezo-lens may be exploited to deal with the environment changes. When the piezo-lens is used in

the harvesting system depicted in Fig. 1(a), it is primarily designed to focus waves from the Ox direction, the harvester is

probably located on the central axis and near the focal point. However, in practice the directions of the incident waves

may be changed - the waves may no longer incident from the Ox direction, but from an oblique direction. Due to this mod-

ification, the waves are focused away from the originally designed location, as illustrated in Fig. 6(a). Since the harvester is

initially located near the designed focal point, the deviation of the energy concentration zone will probably result in signif-

icant reduction of the harvested power. The tunability of the piezo-lens could be used to handle this kind of circumstances.

When the waves are incident from an oblique direction, the present focal point corresponding to the oblique waves has the

same x coordinate but different y coordinate with the designed one, as illustrated in Fig. 6(a) (more details can be found in

Section 4.4.1 in [24]). Recalling that the y location of the focal point is connected with the parameter b. Thus in order to

adjust the present focal point back to the desired location (namely the originally designed focal point on the central axis),

the value of b need to be redesigned to tune the y location of the present focal point. For example, when the waves are inci-

dent from the left bottom direction as illustrated in Fig. 6(a), the present focal point is ‘above’ the desired one (indicated by

the cross in the figure). Thus, the value of b need to be decreased to move the present focal point ‘down’ to the central axis, as

illustrated in figures from 6(b)–(d).

5.2. Wave energy harvesting using piezo-lens

The above subsection fully discussed the expected practical interests of piezo-lens for wave energy harvesting. In sum-

mary, the results above lead to two major expectations: (i) the designed focal point may be a good choice to place the har-

vester to obtain boosted power in a wide frequency band; (ii) the tunability of the piezo-lens could be exploited to cope with

the change of wave incident direction. These expectations are verified here.

According to the discussions in Section 5.1, the focal point should be designed on the central axis and near the lens

boundary to obtain more concentrated energy zone. Thus, the piezo-lens’s parameters are chosen as a ¼ p=0:6 and b ¼ 0.

Fig. 5. Energy concentration zones at different frequencies.
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To demonstrate the first expectation, the harvested power at different frequencies for different load resistances is shown in

Fig. 7 when the harvester is mounted at the focal point. In the figure, the maximum harvested power in the case without lens

is normalized to unity; only the results at the frequencies from 1000 Hz to 7000 Hz are shown, because the piezo-lens has

better performance within this frequency band, as will be seen hereinafter. From Fig. 7, it can be seen that the harvested

power is substantially boosted over a wide frequency range when the piezo-lens is applied. To more precisely estimate

how many times the power could be improved, a gain ratio is defined as the ratio of the harvested power with piezo-lens

to that without lens. Fig. 8(a) shows the gain ratios at different cases. One can point out that the gain ratio is nearly inde-

pendent of the resistance. Due to this independence, the gain ratios at different frequency could be studied by setting the

resistance as a constant value, as depicted in Fig. 8(b). It can be observed that from 1000 Hz to 7000 Hz, the harvested power

is more than doubled; particularly at some frequencies, the power is improved over 400% of the one corresponding to the

case without lens; below 1000 Hz and above 7000 Hz, the harvested power is barely enhanced or even decreased, this is

because the piezo-lens has poor focusing performances at the frequencies close to the lower and upper limits of the effective

frequency band [24].

Fig. 6. Adjusting the location of the energy concentration zone when waves are incident from the left bottom direction with an angle equal to 20� . Circles

with solid line represent the energy concentration zones; crosses indicate the originally designed focal points.

Fig. 7. Harvested power versus resistance and frequency.
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The results above show that harvesting at the focal point can obtain boosted power in a wide frequency band. However as

the frequency increases, the energy concentration zone will become longer in the x direction and shift to the right hand side

along the central axis of the lens, as shown in Fig. 5, thus harvesting at different sites may lead to diverse harvesting perfor-

mances, i.e. the focal point may not be the most suitable place to put the harvester. Accordingly, it is important to study the

harvesting performances at different locations.

The waves on both sides of the central axis of the piezo-lens are bended toward the axis, due to the symmetry of the lens,

these waves meet each other on the central axis with the same phase, thus in the energy concentration zone, locations on the

central axis have the highest energy density. Besides, if the harvester is located too far from the focal point (namely is outside

Fig. 8. (a) Gain ratio of harvested power versus frequency and resistance; (b) gain ratio of harvested power versus frequency when R ¼ 1000 X.

Fig. 9. Harvesting at different positions, the point indicates the designed focal point.
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all the energy concentration zones), the harvesting performance apparently will be poor. Based on these understandings, this

part is focused on studying the axial location effect of the harvester. In the studies, three different locations are chosen to put

the harvester, as illustrated in Fig. 9. In case 1, the harvester is at the focal point; in case 3, the harvester is outside most of

the energy concentration zones but still within the zones corresponding to frequencies larger than 5000 Hz; the harvester in

case 2 is placed between the aforementioned two locations. The harvested power and gain ratios of these three cases are

compared in Fig. 10, the harvested power of case 1 at each frequency is normalized to unity. As expected, from 1000 Hz

to 5000 Hz, case 1 has better performance than case 2 and 3; on contrary, at frequencies above 5000 Hz, case 2 and 3 have

better performances. However except at 7000 Hz, the relative differences between the harvested power of these three cases

are less than 30%, they are small compared with the gain ratios, which are typically larger than 2 as can be seen in Fig. 10(b).

That is to say, harvesting at any of these three locations can yield considerably boosted power in a large frequency band, in

other words, even thought the energy concentration zone is shifting with the increasing of frequency, the harvesting is

insensitive to the location as long as the harvester is placed on the central axis and is not too far from the focal point. Based

on this conclusion and recalling that the focal point is a pre-designed location, it is reasonable to say that the designed focal

point is the most suitable place for harvesting.

The second expectation, namely the tunable capability, is verified by the studies presented in this paragraph. In the above

researches, the piezo-lens’ parameters were initially designed as a ¼ p=0:6; b ¼ 0, and the harvester was mounted at the

focal point. It is demonstrated that when the waves are incident from the Ox direction, the piezo-lens can considerably

improve the harvested power. Nevertheless, when the directions of waves are changed, the piezo-lens with the parameters

Fig. 10. Comparison of (a) harvested power and (b) gain ratio between different cases when R ¼ 1000 X.

Fig. 11. Gain ratios of harvested power at different frequencies with the original ða ¼ 0:6=p; b ¼ 0Þ and redesigned ða ¼ 0:6=p; b ¼ �0:1Þ piezo-lenses.

Waves are incident from the left bottom direction with an angle equal to 20� and R ¼ 1000 X.
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a ¼ p=0:6 and b ¼ 0 will focus the waves to the other location instead of the designed focal point (see Fig. 6(a)). Since the

harvester is located at the initially designed focal point, and is not inside the current energy concentration zones, the har-

vested power is significantly reduced, as can be observed in Fig. 11. However, due to the adaptability of the piezo-lens, the

energy concentration zone could be adjusted back to the location where the harvester is mounted by redesigning the piezo-

lens. Thus the harvester could again yield improved power in a large frequency band.

Since the NC circuits in the piezo-lens contain active elements and resistive parts, it is also important to discuss the

energy balance of the harvesting system. In the steady state cases, the time-averaged power consumed by the active ele-

ments is null. Besides, the dissipated power of the circuit could be tuned to be very small [32]. Meanwhile, we can also

use more efficient harvester to improve the harvested power. Thus the harvested power is possible to be significantly larger

than the dissipated power.

6. Conclusions

A piezo-lens is explored to improve the harvested power from traveling waves. The piezo-lens is composed of an array of

piezoelectric cell shunted with NC circuit. The spatial variation of the refractive index inside the lens zone is designed to ful-

fill a hyperbolic secant function by tuning the NC values of cells at different locations. With this design, the piezo-lens will

bend the incident waves toward a designed focal point, consequently forming a zone with concentrated energy. This energy

concentration effect is observed in a large frequency band, from about 100 Hz to 8000 Hz. Due to this broadband energy con-

centration effect, when a harvester is placed at the designed focal point, the harvested power is considerably improved

within the effective frequency band of the lens. It is also observed that as the frequency increases, the energy concentration

zone will shift to the right hand side of the designed focal point. However, even though there is this shifting phenomenon, it

is demonstrated that the designed focal point is still the most suitable place for harvesting. Except the energy concentration

effect, the piezo-lens is also adaptable. By tuning the NC values of the cells composing the piezo-lens, the energy can be

focused at different locations. The focal point is recommended to be tuned on the central axis of the lens and near the lens

boundary to obtain better energy concentration effect. In addition, the tunability can be exploited to handle the change of

wave incident direction. The piezo-lens is initially designed to focus waves from the Ox direction. In practice, the waves’

direction may be changed. Under these circumstances, the energy is concentrated away from the designed focal point, at

where the harvester is placed. Consequently, the harvested power is significantly reduced. However, by tuning the piezo-

lens, the energy concentration zone can be adjusted back to the desired location to improve the harvested power. In the next

step of this program, experiments will be done to validate the results in this paper and to fully analyze the energy balance of

the harvesting system.
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