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Abstract: This work presents piezoelectric material tailoring by the method of asymptotic homogenization to create piezoelectric 
vibrations energy harvesters capable of producing higher electrical power. The considered piezoelectric materials are BaTiO3 and 
PZN-4.5%PT single crystals. A computational model is developed to optimize the harvester output power considering the unimorph 
traditional vibration harvester configuration. The unimorph is tuned for ambient vibrations and modelled using the finite element 
method. Single crystal, polycrystalline materials and piezocomposites made by piezoelectric and polymer materials are considered in 
the optimization procedures. Polycrystalline and piezocomposites properties are computed through a computational model based in 
the homogenization theory and implemented using the finite element method. As design variables one considers, for the single 
crystal case its orientation, for the polycrystalline material the microstructural orientation distribution of the grains and for the 
piezocomposite the piezoelectric material orientation or grains orientations in the case of polycrystalline, the unit cell piezoelectric 
material volume fraction and polymer orientation. A simulated annealing algorithm is used as optimizer. Several examples are 
presented and discussed considering excitation near and far away of resonance frequency for unimorph configuration. Also 
sensitivity for the electric circuit resistance is performed.  

 

1. Introduction 

    The recent advancements in materials & circuits technologies 
plus low power consumption devices encourage the use of 
piezoelectric materials for vibrations energy harvesting [1 to 2]. 
These harvesters use the piezoelectric effect to convert directly 
mechanical vibrations into electrical energy with a circuit help 
connected to electrodes. In this paper it is considered the 
harvester configuration unimorph, subjected to different 
loadings. The harvester can be modelled using the finite 
element (FE) method since previous works using this method 
have shown good approximation to the experimental results [3 
to 6]. In the work [7] the referred four configurations were 
studied in detail for harvesting purposes using the FE method. 
The present study uses some optimum orientations of [7] and 
the objective is to achieve higher power output by tailoring 
piezoelectric material properties. Piezoelectric materials 
properties can be tailored building a composite macrostructure 
[8 to 9] of piezoelectric rods and a polymer matrix for example, 
doping piezoelectric material [10 to 12] or creating a composite 
microstructure [13 to 15] which can involve topology 
optimization, crystals orientation optimization, etc. The 
material tailoring method chosen in this work is the method of 
asymptotic homogenization (MAH) which allows calculating the 
effective/macro properties of a material made by a generic 
periodic microstructure. These macro/effective properties can 
be calculated building a microstructure using the FE method [13 
to 16] which is periodic. In [17] it is compared the Young 
modulus of bone tissue between experimental and numerically 
homogenized bone tissue (using FE method for microstructure 
and MAH) obtaining near results for some cases showing the 
chosen method as one capable of reproducing experimental 
results. 
    A group of piezoelectric materials typically used for energy 
harvesting are the piezoelectric ceramics [1 to 2]. Among these 
materials lead zirconate titanate (PZT) and barium titanate 
(BaTiO3) exhibit very high dielectric and piezoelectric properties 
being suitable for piezoelectric energy harvesters [1 to 2 & 7]. 
The piezoelectric ceramics are crystalline solids with a single 
crystal or polycrystalline microstructure. The polycrystalline 

solid grains or crystals orientations plus shape and grain 
boundaries can be known using X-ray diffraction contrast 
tomography [18 to 19]. In this work it is assumed the crystals 
orientations distribution in a polycrystalline piezoelectric 
ceramic material is a Gaussian or normal distribution as in [14]. 
The conventional methods to characterize the polycrystalline 
piezoelectric ceramics properties can be found in [20]. Previous 
works [21] have shown the value of piezoelectric and dielectric 
constants change with grain size for BaTiO3 showing the 
piezoelectric material properties can change with average grain 
or crystal size variation. The reason for this effect is not clearly 
understood. Each grain or crystal properties can be 
characterized using [22, 23] methods. In [24] Shu et al. studied 
the grain boundaries effects on piezoelectric and dielectric 
properties of PZT (PbTiO3) simulating polycrystalline 
ferroelectrics polarization evolution using the finite element 
method, founding significant variations of properties with the 
grain boundary thickness. In the present work the grain 
boundary and grain size contributions to piezoelectric 
properties are ignored. This is important since in this work the 
MAH will be applied considering the periodic microstructure 
made of piezoceramic crystals or a composite of piezoceramic 
crystals and a polymer. This polymer can be also piezoelectric 
[25]. The piezopolymers have lower piezoelectric coupling 
properties than piezoceramics but have a significantly bigger 
flexibility. This allows thinking creating a composite 
piezoelectric material with high piezoelectric constants and 
good flexibility being suitable for low wind speed energy 
harvesters [26], automobile tire harvesters [27], etc.  
    This work is divided in X parts. In the first part it is presented 
the piezoceramics single crystal properties, the obtained 
homogenization equations & related finite element mesh, the 
optimization procedure and the considered harvesters 
configurations. In the second part it is calculated the partial 
derivatives for the harvested power. Based in these results it is 
identified some polymers which could increase power. Finally in 
the third part it is shown that the harvested power can be 
increased by choosing appropriate polymers. 
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2. Material Properties, Homogenization & Related Finite 
Element Mesh 
    In this section the material properties for barium titanate 
(BaTio3) and lead zirconate niobate-lead titanate (PZN-4.5%PT) 
single crystals are presented. Next the method of asymptotic 
homogenization is applied and resulted equations for 
macroscopic properties are presented. The finite element mesh 
for which the equations will be solved and the available options 
to build a composite material or piezopolymer with a 
piezoceramic and a polymer are presented.  
 

2.1. Single Crystals, Polymer & Substrate Materials 
Properties 
    The single crystals properties are presented in tables 1 to 4 
for barium titanate BaTio3, lead zirconate niobate-lead titanate 
PZN-4.5%PT and polyvinyledenedifluoride–trifluoroethylene 
PVDF-TrFE. The presented values are taken from [22,23,28]. 
Properties are in the IEEE format, i.e., the order used for the 
material matrices is [1,2,3,23,13,12]. The crystals and polymer 
are transversely isotropic. PZN-4.5%PT is poled along z-
direction. The BaTio3, PZN-4.5%PT and PVDF-TrFE densities are 
6020, 8310 and 1770 𝐾𝑔/𝑚3 respectively. 
 

𝑺𝑬 in ×  𝟏𝟎−𝟏𝟐 (𝒎𝟐/𝑵) 𝑺𝟏𝟏
𝑬  𝑺𝟏𝟐

𝑬  𝑺𝟏𝟑
𝑬  𝑺𝟑𝟑

𝑬  𝑺𝟒𝟒
𝑬  𝑺𝟔𝟔

𝑬  

PZN-4.5%PT 82 -28.5 -51 108 15.6 15.9 
BaTiO3 7.38 -1.39 -4.41 13.1 16.4 7.46 

Table 1 – Piezoelectric materials compliance properties 

 

𝑺𝑬 in ×  𝟏𝟎−𝟏𝟎 (𝒎𝟐/𝑵) 𝑺𝟏𝟏
𝑬  𝑺𝟏𝟐

𝑬  𝑺𝟏𝟑
𝑬  𝑺𝟑𝟑

𝑬  𝑺𝟒𝟒
𝑬  𝑺𝟔𝟔

𝑬  

PVDF-TrFE 3.28 -1.44 -0.88 3.01 190 9.43 

Table 2 – Polymer material compliance matrix 

 
𝒅 in ×  𝟏𝟎−𝟏𝟐 (𝑪/𝑵) 𝒅𝟑𝟏 𝒅𝟑𝟑 𝒅𝟏𝟓 

PZN-4.5%PT -970 2000 140 
BaTiO3 -33.72 93.95 560.7 

PVDF-TrFE 10.5 -33.81 -38.0 

Table 3 – Piezoelectric materials coupling matrix properties 

 
𝜺𝑻 in × 𝟖. 𝟖𝟓 ×  𝟏𝟎−𝟏𝟐 (𝑭/𝒎) 𝜺𝟏𝟏 𝜺𝟑𝟑 

PZN-4.5%PT 3100 5200 
BaTiO3 2200 56 

PVDF-TrFE 7.51 8.0 

Table 4 – Piezoelectric materials dielectric coefficients 

 
The different single crystals and PVDF-TrFE mechanical quality 
factors are presented in table 5 [29 to 31]. 
 

𝑴𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝑸 

PZN-4.5%PT 139 
BaTiO3 1300 

PVDF-TrFE 40 

Table 5 – Mechanical quality factor 

In unimorph harvester configurations it is needed a substrate 
material. In this work the considered substrate is brass. The 
brass mechanical properties are [32,33] a 97 (𝐺𝑃𝑎) Young 
modulus, density 8490 (𝐾𝑔/𝑚3), Poisson ratio 0.31 and a 
resistivity of 7.1 × 10−8 (𝑜ℎ𝑚 𝑚). This brass has zero dielectric 

and coupling matrix properties. The brass mechanical quality 
factor is 1000 [34].  
 
The piezoelectric and polymer properties can change varying 
the material orientation since the piezoelectric materials are 
transversely isotropic. This can cause a change in the harvested 
power. To characterize the material orientation it is used in this 
work the Euler angles [35] (𝜙, 𝜃, 𝜓) relative to a right-handed 
Cartesian coordinate system. This means the material is rotated 
sequentially 𝜙 degrees around Z-axis, next 𝜃 degrees around 
new X-axis and finally 𝜓 degrees around new Z-axis. The 
associated rotation matrix [𝑎] is presented in expressions 1 
where “;” separates columns. In this work it is considered only 
Euler angles between -180 to 180 degrees. Each Euler angle 

𝑎1𝑗 = [𝑐𝑜𝑠 𝜓 𝑐𝑜𝑠 𝜙 − 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜙 𝑠𝑖𝑛 𝜓 ; 𝑐𝑜𝑠 𝜓 𝑠𝑖𝑛 𝜙

+ 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛 𝜓 ; 𝑠𝑖𝑛 𝜓 𝑠𝑖𝑛 𝜃]    (1𝑎) 

𝑎2𝑗 = [− 𝑠𝑖𝑛 𝜓 𝑐𝑜𝑠 𝜙 − 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜙 𝑐𝑜𝑠 𝜓 ; − 𝑠𝑖𝑛 𝜓 𝑠𝑖𝑛 𝜙

+ 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜓 ; 𝑐𝑜𝑠 𝜓 𝑠𝑖𝑛 𝜃] (1𝑏) 

𝑎3𝑗 = [𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜙 ; − 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜙 ; 𝑐𝑜𝑠 𝜃]                       (1𝑐) 

can assume only values going with a step of 5 degrees from       
-180, i. e., -180,-175,-170,-165,…,170,175,180. 
 

2.2. Homogenization and Related FE Mesh 
    The method of asymptotic homogenization applied to a 
generic periodic microstructure made of piezoelectric materials 
results in macroscopic or effective or homogenized properties 
given by expressions 2 to 4 [13,14]. In these expressions 
Einstein summation convention is used and 𝛿𝑖𝑗 is Kronecker 

delta. 𝐶𝑟𝑠𝑝𝑞
𝐸 𝐻  is the elasticity measured at constant electrical 

field, 𝑒𝑝𝑟𝑠
 𝐻  piezoelectric coupling matrix and 휀𝑝𝑞

𝑆 𝐻 the dielectric 

properties measured at constant strain. 𝐶𝑖𝑗𝑘𝑙
𝐸 , 𝑒𝑘𝑖𝑗  and 휀𝑖𝑗

𝑆  are 

known since this are material properties. This means it is 

necessary to determine the characteristic displacement 𝜒𝑖
𝑝𝑞

, 

characteristic electrical potential 𝑅𝑝 and the characteristic 

coupled functions 𝛷𝑖
𝑝

 and 𝛹𝑟𝑠 to calculate homogenized 

properties of the 3D periodic unit cell with domain 𝑌. This is 
done using the finite element method. Details are presented in  

𝐶𝑟𝑠𝑝𝑞
𝐸 𝐻 (𝒙) =

1

|𝑌|
∫ [𝐶𝑖𝑗𝑘𝑙

𝐸 (𝒙, 𝒚) (𝛿𝑖𝑝𝛿𝑗𝑞 +
𝜕𝜒𝑖

𝑝𝑞

𝜕𝑦𝑗
)

𝑌

 

× (𝛿𝑘𝑟𝛿𝑙𝑠 +
𝜕𝜒𝑘

𝑟𝑠

𝜕𝑦𝑙
) + 𝑒𝑘𝑖𝑗(𝒙, 𝒚) (𝛿𝑖𝑝𝛿𝑗𝑞 +

𝜕𝜒𝑖
𝑝𝑞

𝜕𝑦𝑗
)

𝜕𝛹𝑟𝑠

𝜕𝑦𝑘
] 𝑑𝑌 (2) 

 

𝑒𝑝𝑟𝑠
 𝐻 (𝒙) =

1

|𝑌|
∫ [𝑒𝑘𝑖𝑗(𝒙, 𝒚) (𝛿𝑘𝑝 +

𝜕𝑅𝑝

𝜕𝑦𝑘
) (𝛿𝑖𝑟𝛿𝑗𝑠 +

𝜕𝜒𝑖
𝑟𝑠

𝜕𝑦𝑗
)

𝑌

− 𝑒𝑘𝑖𝑗(𝒙, 𝒚)
𝜕𝛷𝑖

𝑝

𝜕𝑦𝑗

𝜕𝛹𝑟𝑠

𝜕𝑦𝑘
] 𝑑𝑌   (3) 

 

휀𝑝𝑞
𝑆 𝐻(𝒙) =

1

|𝑌|
∫ [휀𝑖𝑗

𝑆 (𝒙, 𝒚) (𝛿𝑖𝑝 +
𝜕𝑅𝑝

𝜕𝑦𝑖
) (𝛿𝑗𝑞 +

𝜕𝑅𝑞

𝜕𝑦𝑗
)

𝑌

− 𝑒𝑘𝑖𝑗(𝒙, 𝒚) (𝛿𝑘𝑝 +
𝜕𝑅𝑝

𝜕𝑦𝑘
)

𝜕𝛷𝑖
𝑝

𝜕𝑦𝑖
] 𝑑𝑌  (4) 

 

with 𝐶𝑖𝑗𝑘𝑙
𝐸 𝐻 = 𝐶𝑘𝑙𝑖𝑗

𝐸 𝐻   ;    𝑒𝑖𝑗𝑘
 𝐻 = 𝑒𝑖𝑘𝑗

 𝐻    ;   휀𝑖𝑗
𝑆 𝐻 = 휀𝑗𝑖

𝑆 𝐻 . 

[13]. The considered periodic structure finite element mesh is 
presented in figure 1 with the three possible forms of building a 
composite. This is a mesh of 14x14x14 elements. Each cube 
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finite element has 4 nodes. In figure 1 it can be seen a green 
piezoelectric material layer and an orange polymer layer. The 
volume fraction of piezoelectric material is given by the ratio of 
piezo thickness ℎ𝑝𝑖𝑒𝑧𝑜 and total thickness ℎ i.e., expressions 5 

and 6. The sum of piezo and polymer thicknesses is constant. 
This means if 𝑣𝑝𝑧 = 1 the microstructure is all piezoelectric 

material and if 𝑣𝑝𝑧 = 0 it is a polymer. The resultant material 

density is given by expression (7). The piezocomposite material 
damping can be estimated using a rule of mixtures [36] given by 
expression (8). In expressions (8) and (9) 𝐸𝑖 is the material axial 
modulus of a cantilevered beam. 
 

 

 
Figure 1 – Finite element mesh for periodic cell a) dimensions, 

b) option X, c) option Z, d) option Y 

𝑣𝑝𝑧 =
ℎ𝑝𝑖𝑒𝑧𝑜

ℎ
   (5) 

ℎ = ℎ𝑝𝑖𝑒𝑧𝑜 + ℎ𝑝𝑜𝑙𝑦𝑚𝑒𝑟   (6) 

𝜌 = 𝜌𝑝𝑖𝑒𝑧𝑜𝑣𝑝𝑧 + 𝜌𝑜𝑙𝑦𝑚𝑒𝑟(1 − 𝑣𝑝𝑧)  (7) 

𝑄 =
𝐸𝑒𝑞𝑄𝑝𝑖𝑒𝑧𝑜𝑄𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐸𝑝𝑜𝑙𝑦𝑚𝑒𝑟(1 − 𝑣𝑝𝑧)𝑄𝑝𝑖𝑒𝑧𝑜 + 𝐸𝑝𝑖𝑒𝑧𝑜𝑣𝑝𝑧𝑄𝑝𝑜𝑙𝑦𝑚𝑒𝑟

   (8) 

𝐸𝑒𝑞 = (1 − 𝑣𝑝𝑧)𝐸𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝑣𝑝𝑧𝐸𝑝𝑖𝑒𝑧𝑜   (9) 

Each cube or finite element of the piezoelectric material layer 
represents a single crystal or grain. If all piezoelectric material 
layer elements have the same orientation this means the 
piezoelectric material layer is a single crystal. However different 
orientations can be given to the different elements or crystals 
or grains to represent a polycrystalline piezoelectric material. In 
this work the crystals orientations distribution or each Euler 
angle distribution is assumed to follow a normal or Gaussian 
distribution. This means for a polycrystalline material it has to 
be specified each Euler angle average 𝜇 and related standard 
deviation 𝜎. The probability density function is given by 
expression 10 where 𝐸𝑎 is an Euler angle. With this probability 
density function the various orientations of the cubes or 
elements belonging to the piezoelectric layer are calculated. 

𝑝(𝐸𝑎, 𝜇, 𝜎) =
1

𝜎√2𝜋
𝑒

−[
𝐸𝑎−𝜇
2𝜎2 ]

   (10) 

3. Piezoelectric Harvesters & Harvested Power 
    In this work the considered piezoelectric harvester 
configuration is the unimorph. The configuration is presented in 
figure 2. In this figure it can be observed as light blue 
piezoelectric material and as dark blue substrate material. The 
yellow surfaces or surfaces referred with 𝑉𝑖 are electrodes 
surfaces. A green electrical machine is connected to the 
electrodes. The configuration is loaded by a bending load as a 
harmonic tip moment. The boundary conditions presented in 
the figure are constrained root, i.e., a cantilevered beam. 
Variations of these loading and boundary conditions can be 
applied. The geometrical dimensions are labelled with brown 
color. 
 

 
Figure 2 – Finite element mesh for periodic cell 

The electrodes allow the current to flow to the electrical 
machine. In this work the electrical machine is a resistance (for 
example: a heater). The power delivered to the electrical 
machine is the apparent power and is given by expression 11, 
where 𝑅 is the electrical resistance and 𝐼  ̅ the complex current 
going into the electric machine. 

𝑃𝑎 =
1

2
𝑅|𝐼|̅2  (11) 

 

4. Harvesters Finite Element Modelling 
    To model the unimorph harvester configuration it is used for 
substrate and piezoelectric materials linear piezoelectric cube 
elements with 20 nodes and 4 degrees of freedom (DOF): 3 
translations and 1 voltage DOF. The electrodes are modelled 
coupling the voltage DOF for each electrode surface. To model 
the conductor resistivity or resistance or electrical wires it is 
used a 2 nodes resistance element with DOF voltage and 
current. It is important to note that piezoelectric materials 
properties inserted into the harvester simulation are the 
homogenized or tailored ones obtained in section 2.2. 
 

5. Optimization Method & Design Variables 
    In this work what is desirable to optimize is the electrical 
machine harvested power, so this is the objective function: 

𝑂 = 𝑃𝑎   (12) 

The design variables are the Euler angles or each piezoelectric 
material layer orientation in the single crystal case. If the 
material is polycrystalline the design variables are the Euler 
angles and the related standard deviations for the piezoelectric 
layer. For the piezocomposite it is assumed a polycrystalline 
piezoelectric material and an orientated polymer according to 
three Euler angles plus the volume fraction of piezoelectric 
material resulting in 10 design variables for the piezoelectric 
layer. The Euler angles are constrained between -180 to 180 
degrees assuming only discrete values as stated in section 2.1 
end. The standard deviation is constrained between 0 and 5 
radians going with steps of 0.1 radians. 
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The optimization method used is a modified simulated 
annealing based in the Monte Carlo step proposed in the 
Metropolis algorithm [14, 37]. The reason to choose a gradient 
free optimization method is to search relatively fast for global 
maximums. The algorithm is presented in annex 1 of [7]. In 
parallel to the algorithm it is saved the best encountered 
solution during the optimization. After finishing optimization 
the optimized and best encountered solutions are compared. It 
is taken the best one as the optimal. The different optimization 
options used in this paper are presented in table A.1 of [7]. 
 

6. Power Optimization Faraway Resonance 
    In this section the resistance power is optimized far away 
resonance, i.e., for 1 Hz loadings. In this context the mechanical 
quality factor can be ignored. Two loadings are considered: a 
tip bending moment and a tip torque. 
 

6.1. Geometry, Loading & Boundary Conditions and Finite 
Element Mesh 
 
    Defined how the harvester model is created using finite 
elements it is necessary to specify the geometry of the different  
configurations. This means labelling brown variables in figure 2. 
The geometric values are presented in table 6. 
 

Harvester L (cm) W(cm) tp(cm) ts(cm) 

Unimorph 1 0.15 0.025 0.075 

Table 6 – Unimorph dimensions 

The next step is to specify the loading and boundary conditions 
for the two configurations thinking in terms of geometry. For 
the unimorph the root displacements are made equal to zero. 
The loading condition can be a harmonic 1 Hz tip bending 
moment of 0.00254 (Nm), this load case is labelled P) or a 
labelled T. The two loading conditions are applied as presented 
in figure 3 thinking about a unimorph mesh with cube elements 
side length 0.025 (cm), i.e., for bending a 1.2685 (N) force is 
applied in the four tip corners and for torque a 1.2 (N) force on 
each tip lateral face is applied.  

 
The unimorph mesh for converged electrical machine power 
results is presented in figure 4. Note in this figure referential 
XYZ of the piezoelectric material properties. This referential is 
the same as in figures 1, i.e., it gives the orientation the 
piezocomposite is placed on the unimorph. 

 
 

6.2. Optimization Results & Discussion 
    The optimization results for out of resonance scope are 
presented in table 7 and figure 5. In table 7 going from left 
column to right, it is presented the load case label, piezoelectric 
material, initial power output, optimization time, number of 
objective function evaluations, material orientation, 
piezoelectric material volume fraction, optimum power and 
power ratio. The initial power is calculated considering an initial 
orientation of (𝜙, 𝜃, 𝜓) = (0,0,0) degrees for single crystal, 

(𝜙𝑝𝑧 , 𝜎𝜙𝑝𝑧, ; 𝜃𝑝𝑧, 𝜎𝜃𝑝𝑧; 𝜓𝑝𝑧, 𝜎𝜓𝑝𝑧) = (0, 57.3; 0, 57.3; 0, 57.3) 

degrees for polycrystalline material and for piezocomposite the 
same orientation as polycrystalline piezo for the piezoelectric 
layer, a volume fraction 𝑣𝑝𝑧 = 0.93 and a polymer layer 

orientation, (𝜙𝑝𝑜𝑙𝑦 , 𝜃𝑝𝑜𝑙𝑦, 𝜓𝑝𝑜𝑙𝑦) = (0,0,0) degrees. Looking to 

bending load cases power ratio, it is observed a power 
improvement between 2.1 and 48.5 relative to initial or 
classical orientation. The PZN-4.5%PT shows higher power 
output than the BaTio3 for the five materials options, being the 
ratio of maximum powers 5.50. The BaTio3 piezocomposite Pzp 
X material produces as much power as the polycrystalline and 
slightly higher power than the single crystal. This is different of 
what can be seen in table 7 for PZN-4.5%PT, where the 
optimized power for Pzp X is slightly less than polycrystalline, 
which is less than single crystal. For both materials the 
piezocomposite with the higher power output is made with 
93% piezoelectric material and it is the Pzp X. Observing now 
the orientations associated with the bending load cases in 
figure 5 XXXXX. Next the unimorph is subjected to a tip torque 
loading, looking to the power ratio it is observed a super 
improvement between 580 and 43103.4. It is important to note 
that the initial or classical orientation extract very low power or 
none from the harvester. The PZN-4.5%PT continues to 
produce more power for the five materials options, being the 
ratio of maximum powers 12.5. The single crystal produces the 
highest power output for both PZN-4.5%PT and BaTio3 
followed by the polycrystalline material. The piezocomposite 
which produces the highest power continues to be Pzp X. For 
both PZN-4.5%PT and BaTio3 the optimized piezocomposite is 
made with 93% piezoelectric material. Looking now associated 
orientations in figure 6 XXXXX. Based in these results it is 
concluded PZN-4.5%PT as a better material than BaTio3 for 
energy harvesting faraway resonance plus the optimal form of 
building a piezocomposite with the current materials is Pzp X. 
The optimization results show that having a piezocomposite 
with the highest possible quantity of piezoelectric material 
allows achieving higher power outputs. However it is important 
that the present optimizations don’t take into account the fact 
that having more piezopolymer leads to an increased flexibility 
allowing higher deformations which can lead to higher power 
output. This also allows harvesting energy for situations where 
flexibility is required. Because we want more flexibility at the 
same time we want more power it is plotted in figure XXX the 
power vs percentage of piezoelectric material.  
 
 
 
 
 
 
 
 
  

Figure 3 – Loading conditions 

Figure 4 – Unimorph mesh 
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Load Case 
Piezo 
Mat 

𝑷𝒂𝟎
(pw) 

Time  
(min) 

𝑵𝒆𝒗𝒂𝒍 
𝝓𝒑𝒛, 𝝈𝝓𝒑𝒛 // 𝜽𝒑𝒛, 𝝈𝜽𝒑𝒛 // 𝝍𝒑𝒛, 𝝈𝝍𝒑𝒛  (𝒅𝒆𝒈) 

𝒗𝒑𝒛 
𝑷𝒂𝒎𝒂𝒙

 

(pw) 

𝑷𝒂𝒎𝒂𝒙

𝑷𝒂𝟎

 
𝝓𝒑𝒐𝒍𝒚  // 𝜽𝒑𝒐𝒍𝒚  // 𝝍𝒑𝒐𝒍𝒚  (𝒅𝒆𝒈) 

B.1 Unimorph BTO Scr 3.23e-4 56.3 253 -50 // 135 // 0 1 9.94e-3 30.8 

B.2 Unimorph BTO Pcr 8.01e-4 79.0 253 -120, 240.6 // 50, 0 // -170, 0 1 1.00e-2 12.5 

B.3 Unimorph BTO Pzp X 7.87e-4 87.7 235 
-120, 240.6 // 50, 0 // -170, 0 

0.93 1.01e-2 12.8 
-90 // -135 // -165 

B.4 Unimorph BTO Pzp Z 0.62e-5 82.1 253 
75, 131.8 // 180, 5.7 // 85, 212 

0.93 0.70e-4 11.3 
80// -70 // -35 

B.5 Unimorph BTO Pzp Y 2.91e-4 110.6 253 
-10, 189.1 // -135, 5.7 // 140, 120.3 

0.93 6.4e-4 2.2 
140 // -165 // -90 

B.6 Unimorph PZN Scr 2.60e-2 75.1 253 135 // 30 // 95 1 5.55e-2 2.1 

B.7 Unimorph PZN Pcr 1.51e-3 62.6 226 -145, 143.2 // -30, 0 // -85, 5.7 1 4.31e-2 28.5 

B.8 Unimorph PZN Pzp X 1.08e-3 103.2 235 
-180, 149 // 5, 0 //-60, 0 

0.93 4.23e-2 39.2 
20 // -125 // 0 

B.9 Unimorph PZN Pzp Z 0.27e-5 81.6 253 
-35, 160.4 // 5, 5.7 // 110, 11.5 

0.93 0.73e-4 27.0 
-135 // -165 // -110 

B.10 Unimorph PZN Pzp Y 4.58e-4 99.9 226 
-145, 143.2 // -30, 0 // -85, 5.7 

0.93 2.22e-2 48.5 
-160 // 65 // -165 

T.1 Unimorph BTO Scr 0 54.4 244 -70 // 125 // -45 1 2.61e-3 --- 

T.2 Unimorph BTO Pcr 0.61e-6 84.1 253 150, 206.3 // 65, 0 // -50, 5.7 1 1.68e-3 2754.1 

T.3 Unimorph BTO Pzp X 0.14e-6 113.6 253 
150, 206.3 // 65, 0 // -50, 5.7 

0.93 1.75e-4 1250 
30 // -55 // 45 

T.4 Unimorph BTO Pzp Z 0.50e-8 82.8 253 
30, 286.5 // -170, 45.8 // -60, 5.7 

0.93 0.29e-5 580 
100 // 80 // 50 

T.5 Unimorph BTO Pzp Y 0.12e-6 112.4 253 
95, 131.8 // 75, 11.5 // -145, 5.7 

0.93 1.24e-4 1033.3 
-30 // -45 // -55 

T.6 Unimorph PZN Scr 0 51.5 190 -135 // -135 // 45 1 3.27e-2 --- 

T.7 Unimorph PZN Pcr 0.95e-6 56.7 208 -45, 166.2 // -140, 0 // -25, 0 1 1.32e-2 13894.7 

T.8 Unimorph PZN Pzp X 0.37e-6 113.9 253 
-45, 166.2 // -140, 0 // -25, 0 

0.93 6.07e-3 16405.4 
105 // 170 // 55 

T.9 Unimorph PZN Pzp Z 0.10e-8 50.5 253 
175, 108.9 // -140, 5.7 // -55, 0 

0.93 0.12e-4 12000 
-120 // -15 // 25 

T.10 Unimorph PZN Pzp Y 0.87e-7 73.4 253 
175, 108.9 // -140, 5.7 // -55, 0 

0.93 3.75e-3 43103.4 
-120 // -15 // 25 

Table 7 – Optimization results 
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7. Power Optimization in Resonance 
    In this section the previous unimorph harvester is changed so 
that the first resonant frequency without damping and 
electrical power is lower than or near 140 (Hz) which is inside 
the range of ambient vibrations [38]. Next changed unimorph 
configuration power is optimized for 30 or 40 frequencies near 
modal frequency considering the mechanical quality factor. The 
mechanical quality factor measures the materials hysteretic 
damping and is inserted in the finite element model considering 
a constant damping ratio. The relation between damping ratio 
and mechanical quality factor is given by expression 9.  

휁 =
1

2𝑄
   (13) 

7.1. Unimorph Tuning & Frequency Range 
    Three options are used to tune unimorph harvester first 
modal frequency near ambient vibrations frequencies: add a tip 
mass made of tantalum (a high density and high corrosion 
resistant material), increase beam length 𝐿𝑝𝑖𝑒𝑧𝑜 and decrease 

substrate thickness 𝑆𝑡ℎ𝑖𝑐𝑘. The tantalum properties are 
presented in table 8. The modified unimorph is presented in 
figure X. In the UniT end it is a tip mass with length 𝐿𝑡𝑖𝑝.𝑚𝑎𝑠𝑠; 

this tip mass has the same width as the Unimorph of table 6.  
 

Tantalum Value 

Density (𝑲𝒈/𝒎𝟑) 16400 
Young Modulus (𝑮𝑷𝒂) 186.2 

Poisson Ratio 0.34 

Table 8 – Tantalum mechanical properties [39] 

 
Figure 5 – UniT harvester 

After studying the first modal frequency sensibility to 𝑆𝑡ℎ𝑖𝑐𝑘, 
𝐿𝑡𝑖𝑝.𝑚𝑎𝑠𝑠 and 𝐿𝑝𝑖𝑒𝑧𝑜 starting with Unimorph geometry with 

BaTio3 (0,0,0) as piezo single crystal and without electrical 
circuit and damping it is decided to use a UniT configuration 
with: 

𝐿𝑝𝑖𝑒𝑧𝑜 = 5 (𝑐𝑚)  ;  𝐿𝑡𝑖𝑝.𝑚𝑎𝑠𝑠 = 0.5 (𝑐𝑚) ;   𝑆𝑡ℎ𝑖𝑐𝑘 = 0.05 (𝑐𝑚) 

The first modal frequency for the different materials with 
(0,0,0) or classic orientation single crystal is presented in table 
8.  
 

Load Case Piezo Mat 𝒇𝟏(𝑯𝒛) 

B.7 UniT BTO Scr 135.2 
B.8 UniT PZN Scr 81.3 

Table 9 – 1st modal frequency 

The power vs frequency for UniT is observed for the two single 
crystals near the modal frequencies with hysteretic damping. In 
this work the tantalum hysteretic damping is ignored. The 
resistance is considered to be 1 (ohm). It is found for BTO Scr a 
power peak 132.4 Hz and for PZN Scr 77.8 (Hz). With this 
information it is decided to do power optimization for BaTio3 in 
the range 120 to 150 Hz and for PZN in the range 65 to 105 Hz. 
 

7.2. Objective Function and Optimization Results 
    Near resonance the objective function needs to be changed 
since it is desired to capture the power curve behavior near the 
peak. To do this the objective function is changed to expression 
10. This expression is the power sum over 𝑁 different 
frequencies. In this work 𝑁 = 30 and since the power range is 
30 Hz for both BaTio3 and PZN this means power will go up 
with a 1Hz step starting on 120 for BTO and 65 for PZN. 

𝑂 = ∑ 𝑃𝑎𝑖

𝑁

𝑖=1

  (14) 

The optimizations are run for common piezoelectric material 
and polycrystalline materials. Piezocomposites are not 
considered since it is not yet developed a method to calculate 
material homogenized mechanical quality factor. The results 
are presented in table X and figures Y.  
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Load Case & 
Configuration 

Piezo 
Mat 

𝑷𝒂𝟎
(pw) 

Time  
(min) 

𝑵𝒆𝒗𝒂𝒍 
𝝓𝒑𝒛, 𝝈𝝓𝒑𝒛 // 𝜽𝒑𝒛, 𝝈𝜽𝒑𝒛 // 𝝍𝒑𝒛, 𝝈𝝍𝒑𝒛  (𝒅𝒆𝒈) 

𝒗𝒑 
𝑷𝒂𝒎𝒂𝒙

 

(pw) 

𝑷𝒂𝒎𝒂𝒙

𝑷𝒂𝟎

 
𝝓𝒑𝒐𝒍𝒚  // 𝜽𝒑𝒐𝒍𝒚  // 𝝍𝒑𝒐𝒍𝒚  (𝒅𝒆𝒈) 

B.7 UniT BTO Scr XXX 615.4  -40 // -55 // -175 1 3026.3  

B.8 UniT BTO Pcr     1   

B.9 UniT BTO Pzp    
 

   
 

B.10 UniT PZN Scr     1   

B.11 UniT PZN Pcr     1   

B.12 UniT PZN Pzp    
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