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1 | INTRODUCTION

Since the discovery of piezoelectric materials, researchers, and scientists have carried out extensive research to under-
stand the origin and implication of the piezoelectric effect.!* Research community has shown great interest in these
materials due to their inherent ability to convert mechanical strain into electric potential and vice versa.>8 Thereby, these
materials have seen a huge application in the field of sensors, filters, accelerators, and so on. In particular, till date, the
piezoelectric materials have been widely employed for sensing, actuation, and energy harvesting applications.®!®> Though
significant research has been carried out in this field still the performance of piezoelectric materials is often limited by
several factors'®2! and there is always a need to enhance it for sensing, actuation, and energy harvesting applications.
From literature review, it is found that for aforementioned applications, piezoelectric materials are attached to a can-
tilever beam acting as a host structure.??2* In most of the studies, the mode of operation for piezoelectric materials has
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been reported to be transverse (ds;) mode due to ease of fabrication.”?>2¢ However, in addition to transverse mode other
modes such as longitudinal (ds;) and shear (d;5) have also been explored with a motivation to enhance the output parame-
ters. Calio et al?” have conducted a comprehensive study to understand the effect of these three different operating modes.
It is evident that poling direction in transverse (ds;) and longitudinal (ds;) modes are same while the strains are induced
in two different directions. On the other side, in shear (d;5) mode, poling process is carried out along the length of piezo-
electric materials. Due to significant difference in values of piezoelectric coefficients, contrasting difference in output
parameters is found during operation.

In spite of extensive research has been carried out to explore the different modes of operation, prime focus of the
researchers has been captured by the longitudinal piezoelectric strain coefficient. Surprisingly, numerical values for trans-
verse mode have not been reported for several materials despite of being the most commonly mode employed for sensing,
actuation, and energy harvesting applications. As per our literature survey, the maximum values of transverse, longitu-
dinal and shear piezoelectric coupling coefficients have been reported to be —320, 697, and 407 pC/N, respectively, for
polycrystalline materials.?®3° Therefore, it is clear that the value of transverse coefficient is comparably less than other two
modes. To this end, optimum piezoelectric properties have been reportedly to be achieved by changing the crystallographic
composition, orientation, and through domain engineering.!

Several strategies ranging from material and design modification to addition of external circuits have been adopted
by the researchers to enhance the performance of the piezoelectric materials. Recently, much attention has been given to
the construction of the phase boundaries driven by the composition modifications.?>*? In one of the researches, Zheng
et al3® claimed that the longitudinal piezoelectric strain coefficient of (K,Na)NbO; based ceramics could be enhanced
by constructing a new phase boundary (rhombohedral-tetragonal). They established that the higher tetragonal phase
fraction can warrant a higher piezoelectric strain coefficient. The strategy of doping the piezoelectric materials with ions
has also captured a lot of interest of scientific community. Some studies propound that the piezoelectric performance and
temperature stability can be drastically enhanced by chemical doping and interface modifications.?*3> Another much
explored technique to boost the performance is the interfacing of the piezoelectric devices with the power processing
circuits. Several researchers have reported that the power from the piezoelectric elements can be enhanced up to 900%
using power processing circuits such as synchronized switch harvesting.36-38 However, the polarization of the piezoelectric
material has attracted the attention from researcher in the recent years, as a probable way to tailor and/or enhance the
performance of these materials. Yang et al*° employed the combination of domain engineering and defect engineering by
strategically controlling the poling process. The dynamic simulation of domain formation during poling was simulated.
The effect of polarization electric field in a porous piezoelectric material on the piezoelectric and dielectric properties was
investigated by Martinez-Ayuso et al.** Utilizing the electrical and mechanical domain engineering, Wu et al*! realized ds¢
coefficient in bismuth scandium-lead titanate ceramics, operating in face shear mode. A quantitative domain engineering
method was established for precisely designing the domains in a piezoelectric material for enhanced performance.

In the light of the above literature review, it can be concluded that several strategies have been explored so far to
enhance the performance of the piezoelectric materials. However, to the best of the authors’ knowledge there is no study
dealing with the concept of graded poling. Subsequently, it will be demonstrated that at the bottom of the graded poling
is the variation of piezoelectric strain coefficients with the poling angle. Recently, some of the researchers have demon-
strated the effect of orientation of polarization vector on the sensing, actuation, and energy harvesting of the piezoelectric
materials.*>** In this direction, this study extends the idea of poling tuning by varying the direction of poling vector
throughout the piezoelectric element. This is one of the unique strategies to enhance the piezoelectric performance by
utilizing all three modes simultaneously. It is to be noted that the piezoelectric materials attached to host structures oper-
ating in transverse mode produce sensing voltage and power only because of bending stresses developed in the structure.
These host structures are the evil necessity for operation in transverse mode as they drastically reduce the power density
of the piezoelectric harvesters. In addition, these configurations make use only of bending stresses while the shear stresses
developed in the structure do not make any significant contribution. On contrary, shear mode-based harvesters rely only
on the shear stresses induced which are mainly confined only near the mid-plane region of cantilever configuration sub-
jected to bending. Thus, it gives the motivation to capture all the stresses developed in the material for improvement in
the performance of the piezoelectric materials. Therefore, for the first time the concept of graded poling has been intro-
duced theoretically in literature. Using this concept, authors aim to utilize the bending compressive and tensile stresses at
the top and bottom of the cantilever-based structures and shear stresses in the mid-section. In addition, no host structure
has been taken into the consideration and a comparison has been drawn in between three modes, namely: transverse,
shear, and graded modes in terms of sensing, actuation, and harvesting capabilities.
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FIGURE 1 Schematic
representation of the poling
direction in A, transverse, B,
shear, and C, graded mode
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FIGURE 2 Schematic representation of
piezoelectric poling, A, along third direction and

B, along an arbitrary angle 6

2 | METHODOLOGY

In the present study, we make a comparative study between three different modes in terms of output parameters: sensing
voltage, strain, and power harvested. The poling directions have been presented in Figure 1 where Figure 1A-C depict
the poling in transverse, shear, and graded mode, respectively. To quantify the effects of graded poling first it becomes
imperative to understand the effect of poling orientation on piezoelectric coupling coefficients and dielectric constants.
Typically, the piezoelectric materials are poled along third direction as shown in Figure 2A. However, in subsequent
sections, it has been assumed that the polarization vector has been rotated by angle 6 counter-clockwise about z-axis
(third axis) (presented in Figure 2B).

The detailed derivation of the effect of poling angle on the properties has been presented in Appendix I. Upon rotation,
it has been found out that the piezoelectric coupling coefficients can be written as:

@il at @t o0 ol o
eff _ ff {f
[d*={o0o o0 o0 d, o0 di|

eff eff eff eff
d31 d32 d33 0 d35 0
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TABLE 1 Material properties of PZT (compliance coefficients S; pm?/N, piezoelectric coupling coefficients d;; pm/V, relative
permittivity at constant stress e;, and density p kg/m?3)

Su S12 S13 S33 Sas Ses dsy dis ds; 81Tl 5;3 P
16.4 =5.7 =7.2 18.8 47.5 44.3 =171 584 374 1730 1700 7750

Out of several coupling coefficients, coefficients relevant to this particular study are given as:

d = cos(6)[dscos?0 + d33sin’0 — dissin®d], )
dS = cos(0)[ds3c08%0 + dysin’0 + dyssin6], 3)
dgfsf = —sin(0)[—d33(1 + cos 20) + d31(1 + cos 20) + d;5 cos 20]. @)

These are the effective coupling coefficients at a given particular poling angle. For a piezoelectric material poled along
the length (operating in shear mode) piezoelectric coupling coefficient matrix is given as:

dy3 dy dy 0 0 O
M. =0 0 0 0 0 ds|
0 0 0 0 ds 0

However, present study considers the gradation of poling angle from bottom to top surface in a linear fashion as

depicted in Figure 1C. Considering the variation of poling angle from 0° to 180°, poling orientation at any height & can
be given as:

0="n 6
7 (6)

where H is the height of the piezoelectric sample.
Therefore, relevant effective piezoelectric coefficients for a linearly graded poled piezoelectric material are given as:

ds = cos (%h) [dslcos2 <%h> + ds;sin® (%h) ~ dyssin® (I%h)] ’ @
a5l = cos (1) [dsscos® (k) + dursin® (k) + dissin® (22 )| ®
T = —sin (§h> [_d33 (1 + cos (2%11)) +d3 (1 + cos (2%%1)) + dys cos <2§h>] . )

To emphasize and compare the effect of graded poling, we have considered the most commonly used piezoelectric
material Pb[Zr,Ti; «]O3; (PZT) in this study. The material parameters of PZT are given in Table 1. A piezoelectric element
of dimensions 20 cm X 5 cm X 5 mm was taken for the simulation purposes. In addition, to predict the sensing voltage and
energy harvested a tip load of 1N was applied while a potential difference of 100V was applied along the thickness to
compute the actuation behavior of the piezoelectric in all three modes.

In present study, finite element method (FEM), one of the most common and effective numerical techniques has been
used to simulate the response of piezoelectric element. Plethora of literature is available where FEM has been studied to
compute the static and dynamic response of piezoelectric materials.*4” Using Hamilton’s principle, the coupled equation
of motion for piezoelectrics is given as Reference 48:

My {it} + [Cuul{it} + [Kuu{u} + [Kupl{@} = {F}, (10)

[Kwu]{u} + [K(p(p]{(p} = {Q}, (11)
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FIGURE 3 \Variation of A, transverse (dgflf) and B, shear (dgfsf) piezoelectric coupling coefficients along the thickness of piezoelectric

element operating in transverse mode
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FIGURE 4 \Variation of A, transverse (dgﬁf) and B, shear (d‘;fsf) piezoelectric coupling coefficients along the thickness of piezoelectric
element operating in shear mode

where K, is mechanical stiffness matrix, Ky, is the direct piezoelectric coupling matrix, K, is the dielectric stiffness
matrix, K, the inverse piezoelectric coupling matrix, u the element nodal displacement vector, ¢ the electric potential
vector, F the external force vector, and Q the external electric charge.

Piezoelectric materials act as a sensor when subjected to mechanical stress. It is assumed that no external charge is
given to the system which results in the sensing voltage which is given as:

(@) = —[Kpp] ' [Kpul {1} (12)
Likewise, during actuation, the displacement field can be computed using the relationship:

{u} = —[Kpul [Kppl{ o). (13)
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FIGURE 5 \Variation of A, transverse (dgﬁf) and B, shear (dggf) piezoelectric coupling coefficients along the thickness of piezoelectric

element operating in graded mode
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For energy harvesting application, in general, a resistance R is used in the circuit to compute the power. From circuit
theory, the current flowing across a resistance is given as:

i= %. (14)
Using Equation (11), we have:
L [yl (1) + Kpol (0] = (01, (15)
dt dt
Kol + Kpplel ) + 22 =0, (16)

Equations (14) and (16) together can be used to compute the current flowing across the resistance and the power
generated.

3 | RESULTS AND DISCUSSION

In this section, the graded poling formulation has been implemented in the finite element model and the effect has been
realized in three most fundamental applications of piezoelectric materials. In addition, the performance has been com-
pared against the output parameters obtained from the piezoelectric element operating in transverse and shear modes. At
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the first place, it becomes necessary to identify the variation of the piezoelectric coupling coefficients along the thickness
of the sample. The study in later parts will try to corelate the variation of different output parameters with the variation
of these coefficients in different modes.

It is evident from Figure 1 that the electrodes are placed in z-direction (or third direction), therefore the major partici-
pating modes are d3; and dss which produce charge on interaction with bending stress in x-direction and shear stresses in
x-z plane. To this end, the variation of d3; and d3s was plotted as presented in Figure 3A,B, respectively, for the piezoelec-
tric element operating in transverse mode. It is evident that the values are constant across the thickness of the piezoelectric
sample since there is no poling grading in the element. It is to be noted that in transverse mode the charge is produced only
due to interaction of the bending stress with ds; coefficient as all the other piezoelectric coefficients are zero throughout.
In nutshell, it can be stated that only the transverse stresses make contribution towards the total polarization.

Likewise, in the element operating in shear mode, d‘;ﬁf is zero and dngf is responsible for polarization in shear mode as
shown in Figure 4A,B, respectively. The values of the effective piezoelectric strain coefficients are constant through thick-
ness because of the same reason as stated earlier. In this particular case, the electric displacement is observed only due to
shear stresses in x-z plane which are dominant in the center region of the beam. Hence, in transverse and shear modes,
only one of the stresses either bending or shear stress is utilized for operation while the other is not proper channelized.

Therefore, to fully utilize the stress levels in the structure, it has been poled in graded manner and the variation of dgif
and dggf has been shown in Figure 5A,B, respectively. It is evident from Equations (7) and (8) that the transverse coupling
coefficients get eliminated at the mid-section while the shear coefficient attains it maxima. It is also to be noted that the
transverse coefficient gets maximized at the bottom and top surfaces where the shear piezoelectric coefficient is found to
be zero. This way shear stresses in the mid-section and the transverse stresses at the top and bottom surfaces of the beam
are fully captured. It should also be highlighted at this point that the variation of dgflf and dggf closely resembles with that
of transverse and shear stresses in cantilever bean configuration.

As anext step, we investigate the sensing capabilities of the piezoelectric element in three modes as shown in Figure 6.
Therefore, a tip load of 1N has been applied at the end and the voltage has been measured across the element as depicted
in inset of the figure. It can be followed from the results that the maximum sensing voltage of 11.85V is obtained from
graded mode element while shear mode element yields only 0.76 V and the output voltage of transverse mode is very
insignificant. It happens because of the fact that in the graded mode the bending stress which is maximum at the top and
bottom surfaces interacts with the transverse coefficient and the shear stress in the center interacts with the shear strain
coefficient yielding the maximum output sensing voltage. On the other hand, in transverse mode, no effective charge is
produced due to equal and opposite bending stresses on top and bottom surfaces while shear mode yields higher voltage
as compared with that obtained from transverse mode due to its higher value.

Thereafter, the effect of poling on actuation is explored in terms of strain and tip displacement. An electric potential
difference of 100V is applied across the electrodes and the strain in x-direction and tip displacement in z-direction are
computed for three modes. It is clear from the preceding sections that the applied electric field is in z-direction therefore
the strain in x-direction is governed only by dgflf as per piezoelectric actuation equation. Therefore, from Figure 7, it is clear
that the maximum strain of 8.2 pm/m is observed for graded mode followed by transverse mode where a comparative
value of 7.4 pm/m is computed.
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FIGURE 8 \Variation of power harvested from piezoelectric element operating in A, transverse, B, shear, and C, graded mode with
loading frequency and external resistance

On the contrary, no strain is observed as the effective transverse coefficient gets zero in shear mode. However, inter-
estingly, only a marginal tip displacement in z-direction is observed in transverse mode while tip displacement in shear
mode is higher in spite of having negligible strain. This simply implies that the contribution in tip displacement comes
not only due to transverse coefficient but also due to shear coefficient. Similar observation is made for graded mode where
the tip displacement is a found to be cumulative synergistic effect of transverse and shear coefficients.

Next, the study examines the effect of poling on the energy harvesting. To achieve this end, the beam end has been
loaded dynamically at different frequencies and the power generated across different external resistances has been com-
puted as presented in Figure 8. It has been found that the negligible power is produced in transversely poled element as
no effective charge is produced upon loading. In case of shear mode, power is produced typically in order of mW which
is quite significant as compared with that obtained in the transverse mode. It is also interesting to note that the maxi-
mum power is harvested when the mechanical impedance of the system matches well with external applied resistance.
Amongst all the modes, the maximum power is achieved in the graded mode for obvious reasons as mentioned earlier
and it is at least 100 times higher than that obtained in shear mode.

Eventually, the study also considers the electromechanical factor which is the degree of transduction of mechanical
energy into electrical energy or vice versa. Therefore, the displacement has been computed with loading frequency in
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mode with loading frequency in open and closed-circuit configuration

open and closed-circuit configuration. Electromechanical factor (k) for the piezoelectric materials can be computed from:

2 2

— ,
oc > CC’ (17)
cc

=2

()

where w,. and w,. are the open circuit and closed-circuit natural frequencies, respectively.

It can be observed from Figure 9 that the electromechanical factor for transverse and shear modes are negligible as
there is no significant frequency shift in these two configurations which is in accordance with our previous findings. On
the contrary, a significant frequency shift is observed in graded mode piezoelectric element which results in an electrome-
chanical coupling (k) factor of 0.2. It is to be highlighted that this shift is observed due to the electrical stiffening of the
piezoelectric material which results in higher natural frequency.

4 | FEASIBILITY ASPECTS

The present concept holds the potential to dramatically improve the overall performance of piezoelectric energy har-
vesters. However, being a fresh concept, it becomes essential to consider its feasibility in practical application. In this
section, we suggest a strategy to achieve the proposed spatial variation of poling direction. When a piezoelectric material
sample is electrically poled prior to use, it is subjected to an electric field in the desired direction of poling for a prolonged
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FIGURE 10 Electric field direction (vector map) and magnitude (color map) for A, conventional poling and B, proposed strategy to
achieve graded poling

duration. Conventionally this is achieved by placing electrodes on the two opposite faces of the sample, one of which is
subjected to an electric potential and the other attached to ground, as shown in Figure 10A. We suggest an alternative
approach of electrode placement wherein the right face of the sample is partially connected to ground and top and top
faces are applied with an electric potential. The Poisson’s equation for 2D electrostatics of the PZT sample is solved by
using finite element analysis. Figure 10B schematically shows the electrode placement along with electric field direc-
tion at finite element nodes (vector map) and electric field magnitude (color map). The length of the ground electrode in
Figure 10B is kept one third of the height of the sample and an electric potential of 2 x 103V is applied at top and bottom
electrodes. The electric field direction at a particular node denotes the orientation of a dipole after poling process. The
simulation results shown in Figure 10 are for demonstrating the proposed concept and actual dimensions of the sample
and electrode length may influence the poling of the material. The main challenge in applying this technique is of achiev-
ing sufficient magnitude of electric field to pole the entire volume (coercive field) and at the same time ensuring that
electric field does not cross the breakdown limit of the material. However, existing reports on poling of the piezoelectric
material suggest the methods to achieve poling at magnitudes below coercive field value.**>° On the other hand, man-
ufacturing techniques have been reported to achieve large electric breakdown strength of ceramics.’>> Moreover, the
poling direction has also been reported to influence the mechanical properties (fracture toughness and wave propagation
characteristics of shells) of piezoelectric materials.’3->” Poling direction has a varying effect on the wave propagation char-
acteristics of the shells for different stacking sequence, fiber orientation, and axial wave numbers. However, the accurate
prediction of effect of proposed poling on mechanical properties of the material requires a separate detailed investigation.
The suggested method can provide graded poling similar to that proposed in the present study and validation of the same
is likely to be reported in the near future.

5 | CONCLUSIONS

The present study puts forward the concept of graded poling with an objective to utilize the different stresses in the
cantilever beam. The poling angle has been graded in a linear manner from the bottom to top surface and has been imple-
mented within the framework of finite element simulations. The new poling scheme has been compared with transverse
and shear poling and upon investigation it was found that graded poled piezoelectric element surpassed its counterparts
by huge margins in terms of sensing, actuation, and energy harvesting. Thus, the present study paves the path to look
into the possibilities of realizing this poling configuration in form of devices such as sensors, vibration-based energy har-
vesters, and vibration controllers. It is to be highlighted that in spite of having advantages over other modes of operation,
the experimental implementation of graded poling is challenging at present. A probable solution for this is proposed by
manipulating the electrical boundary conditions during the process of poling. The study provides insight into the novel
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proposed concept of graded poling and motivation to the researchers to shift focus towards it so that it can be implemented
in real world applications.
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APPENDIX A

In general, the piezoelectric materials are poled in third direction in presented in the article. However, the article takes
into account the effect of poling orientation on the piezoelectric strain coefficients. Therefore, the transformation of polar-
ization vector between the coordinate system is to be investigated initially. Polarization vector (P) and stress tensor (T)
are coupled to each other through piezoelectric strain coefficients (d) as:

P = dlmnTmn~ (Al)

Furthermore, the transformation of the polarization vector from an old coordinate system to a new coordinate system
can be formulated as:

P =aP, (A2)

where P’ and P represent the polarization vectors in new and old coordinate systems, respectively, and a is direction
cosines matrix for rotation about any axis and is computed as below:

h 1k
a= iz jz kz )
iz j3 ks

ip = cos(x’,x) j; =cos(y,x) ki =cos(Z,x)
i = cos(x’,y) j,=cos(y,y) k;=-cosz.y)

where i3 =cos(x',z) j;=cos(y,z) ks=cos(Z,z)

Substitution of Equation (A1) in Equation (A2) results in
Pl, = a(dlmn Tmn)~ (A4)
Thereafter, stress tensor (T,,) is also transformed from old coordinate system to a new coordinate system as below:

T;nn = QT p- (A5)
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Q matrix can also be evaluated using the direction cosines and is given as:

l% J% k% 2jlkl 2k1i1 Zile
l% J% k% 2j2k2 2k2i2 21'2]'2
Q= ig J% k§ 2j3k;3 2k3i3 2i3j3

Liz Jojs  koks  joks +kajs ks +kais  jaiz +1ij3
i3siy Jai kski jiks +kijs ks +kais o jiis + i3
i1i2 _]1]2 k1k2 j1k2 + kl]Z ilkg + kliz j1i2 + l]]z

where indices have their usual meanings as in Equation (A3).
Upon substitution of Equation (A5) in Equation (A4) and further simplification results in:

Pl’ = d;mn Thin- (A7)
On further simplification, d;’rfrfn can be defined as:

d;mn = adymn Q. (AS)

After rotating the poling vector by an arbitrary angle 6 about second direction the piezoelectric strain coefficients are
found to be dependent on poling angle and are given as presented in Equations (2) to (4) in the article.

85U8017 SUOLLLIOD @A (18810 3cedldde ayy Aq peusenob e e sajoiLe VO ‘8sn Jo se|ni Joj Afeiq 78Ul U0 A8]IAA U (SUORIPUOD-PUR-SLURIALI0O" A3 IM"Aeq U UO//SANY) SUORIPUOD pue SWie | 8L 88S *[£202/60/TT] U0 AkidiTaulluo Aeim ‘Ariqi AiseAun BueAueH Aq 99z2T z6Us/Z00T 0T/I0p/wW0d A8 |imArelq1jpu juo//:Sciy oy pepeo|umod ‘TT ‘0202 ‘96T8LLSZ



