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ABSTRACT 

 
The most studied mechanical energy converters are based on the 
direct piezoelectric effect and they are made with thick-film and 
MEMS technologies. In order to improve the power conversion, 
geometry and dimensions of piezoelectric converters should be 
optimized. In this context the use of FEM simulation is a powerful 
tool in predicting and optimizing the expected behavior of 
different structures. In this study a 3D piezoelectric unimorph 
cantilever has been considered. The device is made by a stainless 
steel substrate with a piezoelectric layer on the top, poled along 
thickness direction using the moving mesh application mode in 
COMSOL, the piezoelectric layer thickness has been varied in 
order to maximize output electrical energy. Parametrized 
geometry was created by means of moving mesh application 
mode. The electrical energy generated by the converter, finding 
the optimal thickness for the piezoelectric layer. Different 
geometries were considered verifying that they do not affect the 
optimal thickness.  
 

Keywords: MEMS, Unimorph cantilevers, Piezoelectric Energy 
Converter. 

 
INTRODUCTION  
 
 Technology is continuously becoming 
smaller and smaller. With these 
advancements, sensors and other electronics 

can be used in the most remote locations and 
transmit information wirelessly.  However, 
although the devices are smaller, they still 
require power sources such as batteries, 
which can degrade and would have to be 
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replaced. One possible solution is to use an 
energy harvesting device containing a 
piezoceramic to harvest energy from the 
environment of the sensor. A great deal of 
research has repeatedly demonstrated that 
piezoelectric energy harvesters hold the 
promise of providing an alternative power 
source that can enhance or replace 
conventional batteries and power wireless 
devices. Also, ambient vibrations have been 
the focus as a source due to the amount of 
energy available in them. By using energy 
harvesting devices to extract energy from 
their environments, the sensors that they 
power can be self-reliant and maintenance 
time and cost can be reduced. To maximize 
the amount of energy harvested from the 
source, generally a resonant mode of the 
harvester should match one of the dominant   
frequencies of the source. In this present 
work the FEM simulations is used for 
prediction powerful equation.  In this study a 
piezoelectric converter having a cantilevers 
shape has been considered and simulated 
with COMSOL for the conversion of 
mechanical to electrical energy.  Then 
varying the piezoelectric layer using the 
moving mesh application modes then 
maximum output electrical energy exists.  
 
ENERGY HARVESTING 
 

The concept of energy harvesting, 
which is a process of capturing ambient 
waste energy and converting it into useable 
electricity, was proposed and related 
research has been highly developed since the 
past decade to achieve small volume and 
completely self-powered electronics 
especially with the recent advent of the 
extremely low power electrical and 
mechanical devices such as micro electro 

mechanical systems (MEMS) make such 
renewable power sources very attractive. 
The earliest energy harvesting can be traced 
back to windmills in the ninth century. 
People have been started utilizing light, heat, 
vibration, and others ambient energy for 
many decades. Since small autonomous 
wireless devices such as wireless sensors 
developed in MEMS technology demand a 
little power, small scale energy harvesting 
devices show that potential to replace the 
conventional batteries by converting ambient 
waste energy into electricity and power these 
low power consumption and small size of 
devices. 

 
METHODS 
 

The model uses a piezoelectric 
application mode for the simulation of the 
mechanical and the electrical behavior of the 
converter when a sinusoidal vertical 
acceleration is applied. The moving mesh 
application mode was used for changing the 
thickness of the piezoelectric layer, 
computing the mesh deformation with the 
arbitrary Lagrangian Eulerian (ALE) 
technique.  
 
MESH 
 

The mesh was composed of 420 
quad elements for a total number of degrees 
of freedom of 15498. The mesh was created 
using the mapped mesh tool dividing the 
length of the converter into 27 elements 
exponentially spaced with an element ratio 
equal to 14, with a finer mesh near the 
clamped end. Each material layer was 
divided in 2 linearly spaced elements along 
the thickness, and in 4 linearly spaced 
elements along width. A swept mesh was 
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done using opposite vertical surfaces of each 
layer as source face and target face. 
Figure 1 shows the obtained mesh.
 

 
Figure 1. Piezoelectric converter mesh.

 
 
Power Electrical Circuits 
 

 

 
Figure.2 Power Electrical Circuits

 

When a piezoceramic transducer is 
stressed mechanically by a force, its 
electrodes receive a charge that tends to
counteract the imposed strain. This charge 
may be collected, stored and delivered to 
power electrical circuits. 
 

The Piezo Bending Generator
 
When the Energy Harvesting Bender 

is flexed, one layer is compressed while the 
other is stretched, resulting in p
generation. It may be excited by intermittent 
pulses or continuously from low frequency 
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done using opposite vertical surfaces of each 
layer as source face and target face.     

re 1 shows the obtained mesh. 

 

Figure 1. Piezoelectric converter mesh. 

 

Figure.2 Power Electrical Circuits 

When a piezoceramic transducer is 
stressed mechanically by a force, its 
electrodes receive a charge that tends to 
counteract the imposed strain. This charge 
may be collected, stored and delivered to 

The Piezo Bending Generator 

When the Energy Harvesting Bender 
is flexed, one layer is compressed while the 
other is stretched, resulting in power 
generation. It may be excited by intermittent 
pulses or continuously from low frequency 

to resonant frequency (where rated 
displacement is achieved at the lowest force 
level). The Energy Harvesting Bender is a 
pre-mounted and pre-wired Double Quick
Mount Bending Generator designed to attach 
easily to sources of mechanical strain. Its 
double ended design lends itself to being 
mounted either as a cantilever or a simple 
beam.  

 
Piezoelectric Cantilever Bender Devices
 

The cantilever beam is another 
piezoelectric device commonly used as an 
actuator or generator. The cantilever is able 
to create relatively large deflections and take 
up less space than its stack counterpart. As 
an energy harvester, cantilever beams work 
well in vibration applications because 
stress is induced with very little force as 
compared to a stack. Since piezoelectric 
materials are brittle, it is common to have 
multiple layers in piezoelectric cantilever 
devices. A piezoelectric layer is used to 
actuate or produce energy and a non
piezoelectric layer is used to add stiffness as 
well as make the device more durable. When 
the beam has only a piezoelectric layer 
attached to a substrate layer, the device is 
known as a unimorph. A piezoelectric 
unimorph shown in Figure 3. 
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Figure 3 : Piezoelectric Cantilever Benders unimorph 
The operation of cantilever benders 

is relatively simple. If one layer is in 
compression, the other layer is in tension. 
The stress in one layer affects the stress in 
the other layer. For example, in a 
piezoelectric unimorph when an electric 
field is applied to the piezoelectric layer, the 
piezoelectric layer expands or contracts 
where as the non-piezoelectric material is 
not affected by the electric field. This causes 
the bender to bend. The opposite also occurs 
when the beam undergoes bending from an 
applied force from an external vibration 
source. This bending causes a charge to be 
generated between the electrodes of the 
piezoelectric layer. In this situation, energy 
can be harvested from the electrodes. 
Different from a piezoelectric stack device, a 
cantilever beam can be manufactured to 
operate in either 31 or 33 modes. Since the 
stress in a cantilever beam is always in the 
longitudinal direction, it is just a matter of 
configuring the electrodes on the 
piezoelectric material to manipulate the 
poling direction within the material. If the 
electrodes fully cover the piezoelectric 
materials, the electric field will always be in 
the direction normal to the electrodes and 
hence be  perpendicular  to  the  stress  in the  
 

bender. 
 

Unimorph Structure 
 
In this paper, the FEM discretization 

of COMSOL Miltiphysics is simulated for 
the unimorph structure shown in Figure 4 is 
held fixed at one end and is otherwise free to 
move. An electric field is applied along 
polarization direction of the piezoelectric 
material, resulting in a deformation. The 
resulting stresses at the metal/piezoelectric 
interface will then cause the metal to 
deform. It is a fully three-dimensional 
deformation with bending in both the xz 
plane and in the yz plane.  
 
Geometry and modeling definition in 
COMSOL Multiphysics  
 

The composite beam and its 
associated dimensions are shown in Figure 4 
respectively. Throughout the modeling 
experiments in COMSOL Multiphysics-
MEMS modules, the geometry and the 
dimensions shown in Figure .4 was not 
changed; only different piezoelectric 
materials where changed one type at a time. 
The device is made up of the stainless steel 
substrate with piezoelectric layer on the top. 

 

 
Figure 4: cantilever composite beam 
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Governing Equations 
 

In a piezoelectric energy converter 
based on a flexure cantilever, with the 
structure as shown in Figure 4, the 
piezoelectric layer works in a transversal 
mode and therefore it is governed by the 
following equations written in the strain-
charge format: 
 
S = sET + dE 
 

D= єT E+ dT                 (1) 
 

In eq.(1) S is the mechanical strain 
vector, sE the elastic compliance tensor (Pa-
1), T the mechanical stress vector (Nm-2), D 
the electric displacement vector (Cm-2), εT 
the dielectric   permittivity tensor (Fm-1), E 
the electric field vector (Vm-1) and d the 
transverse piezoelectric coefficient tensor 
(CN-1). For the substrate layer only 
mechanical behavior was considered using 
the following stress-strain relationship: 
 

S = sT                      (2) 
 
Boundary conditions for the converter 
and moving mesh 
 

The unimorph model imposes that 
one end of the converter is clamped in 
relation to mechanical boundary conditions. 
Therefore the fixed constraint condition was 
applied for vertical faces of both the layers, 
while all the other faces were unconstrained, 
allowing the bending of the device. 
Piezoelectric layer has a bottom and a top 
electrode on its faces that were not 
considered in the geometry because their 

mechanical behavior can be neglected due to 
their low thickness. On the contrary, the 
electrical behavior of the electrodes must be 
considered and it was modeled with the 
electrostatic boundary conditions of the 
piezoelectric sub domain, by grounding the 
lower face of the PZT layer and imposing 
the Floating condition for the upper face. For 
the other faces of the piezoelectric layer the 
Zero charge/Symmetry constraint was used. 

A moving mesh was used in order to 
change the thickness of the piezoelectric 
layer, using the moving mesh application 
mode for the implementation. The bottom 
face of the piezoelectric sub domain was 
constrained as clamped while the vertical 
faces were clamped along normal direction 
and left unconstrained along tangential 
direction allowing them to stretch freely. 
The upper face of the piezoelectric layer was 
tangentially constrained and displaced in the 
normal direction to the surface by a given 
displacement, using a parameter delta 
thickness. The parameter delta thickness was 
changed from -25 µm to 400 µm obtaining a 
parameterized moving mesh. 
 

Static Beam Energy Harvesting Model 
 

By assuming a static load, the 
equations used to describe the system are 
reduced dramatically and therefore is easier 
to model. Multiplying the resulting energy 
by a driving frequency can approximate the 
amount of energy generated from a dynamic 
situation. When a point force, F, is applied 
to the end of a cantilever beam, as shown in 
Figure 5, strain is developed in the beam. If 
the beam is made of a piezoelectric material, 
this strain causes a charge to develop that 
can be harvested. 
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Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure-6: Piezoelectric layer thickness when a sinusoidal vertical acceleration
 
 
EXPERIMENTAL RESULTS
 

The displacement of the free tip of 
the piezoelectric converter, the open circuit 
voltage and the generated charge collected 
on the electrodes were computed for 
piezoelectric layer thickness varying from 
10 μm to 500 μm. The obtained tip 
displacement is shown in Figure 6, in a log
log scale. Two different behaviors are 
visible depending on the piezoelectric layer 
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Figure 5. Cantilever beam with applied load, F, at the tip 

6: Piezoelectric layer thickness when a sinusoidal vertical acceleration 

EXPERIMENTAL RESULTS 

The displacement of the free tip of 
the piezoelectric converter, the open circuit 
voltage and the generated charge collected 
on the electrodes were computed for 
piezoelectric layer thickness varying from 

m. The obtained tip 
own in Figure 6, in a log-

log scale. Two different behaviors are 
visible depending on the piezoelectric layer 

thickness. The rigidity of the whole 
cantilever is determined by the substrate 
rigidity and the piezoelectric layer rigidity, 
and the rigidity of each layer depends on the 
Young’s modulus of the material and the 
layer thickness. When the PZT layer 
thickness is increased the rigidity of the 
piezoelectric layer increases. If the 
piezoelectric layer rigidity is small 
compared to the substrate layer rig
whole cantilever rigidity is dominated by the 
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thickness. The rigidity of the whole 
cantilever is determined by the substrate 
rigidity and the piezoelectric layer rigidity, 

each layer depends on the 
Young’s modulus of the material and the 
layer thickness. When the PZT layer 
thickness is increased the rigidity of the 
piezoelectric layer increases. If the 
piezoelectric layer rigidity is small 
compared to the substrate layer rigidity, the 
whole cantilever rigidity is dominated by the 
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substrate, and the thickness of the 
piezoelectric layer is not influential. In this 
way the tip displacement remains almost 
constant and independent from the PZT 
layer thickness. On the contrary, when the 
piezoelectric layer rigidity is comparable or 
higher compared to the substrate rigidity, the 
rigidity of the piezoelectric layer influences 
the rigidity of the whole cantilever. In this 
condition the tip displacement decreases 
with increasing the PZT layer thickness. 
 
CONCLUSIONS 
 

In this paper shows the how the 
FEM simulations is used for the geometrical 
dimensions piezoelectric energy converter. 
The moving mesh application mode was 
coupled with piezoelectric application mode.  
In this given geometry with its 
parameterized thickness is computed to 
finding the thickness then how the 
piezoelectric cantilever bends, and here ALE 
method was used.  In the mechanical 
property piezoelectric layer and substrate is 
used.  Here the unimporph model imposes 
one end other converter is clamped in 
relation to mechanical boundary conditions. 
With this experiment result the condition of 
the tip displacement decreases with 
increasing the PZT layer thickness. Using 
the moving mesh application mode in 
COMSOL, the piezoelectric layer thickness 
has been varied in order to maximize output 
electrical energy. 
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