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Abstract
Piezoelectric materials such as Macro Fiber Composites (MFC) 
have certain advantages such as flexibility and high endurance 
strength over bulk piezoelectric materials. An experiment and 
simulation based study is presented here for a P2 type (d31 effect) 
MFC patch for wind energy harvesting. A single cantilever beam 
configuration has been tested under harmonic and random (wind 
vibrations) excitations. Wind vibration test was done inside a wind 
tunnel for Beaufort scale level 5, which is the most common envi-
ronmental condition. An average power density of 33.2 μW/cm3 
and 1.32 μW/cm3 has been obtained from harmonic and wind 
vibration, respectively. A reliable and accurate Finite Element (FE) 
model has been created for simulating the output voltage. Proba-
bilistic approach has been used to analyse and predict the output 
voltage data from the wind vibration experiment.
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1 Introduction

Unused power exists in various forms such as solar 
energy, thermal gradients, acoustic and mechani-
cal vibrations. The field of power harvesting has 
experienced significant growth over the past few 
years due to the ever-increasing desire to produce 
self-powered portable and wireless electronics. 
Vibration-based energy harvesting has received 
growing attention over the last decade. The main 
advantages of piezoelectric materials in energy 
harvesting compared to two other transduction 
mechanisms i.e. electrostatic and electromag-
netic, are their high power densities and ease of 
application. In piezoelectric material, the output 
voltage results from the constitutive behaviour of 
the material, which eliminates the requirement 
of an external power source. These advantages 
make piezoelectric materials the preferred choice 
for energy harvesting. Minh et al. [2011] used a 
piezo-composite generating element (PCGE) to 

generate the electric power [Minh et al. 2011]. 
The purpose of the study was to introduce a small-
scale windmill that can work in urban areas. The 
device produced 8 mW Peak power and was able 
to charge a 40 mAh battery.

In this work, the concept of harvesting wind 
energy through MFC has been explored. A canti-
lever beam configuration has been tested for har-
monic and random (wind) vibrations. The focus 
has been on quantifying and maximizing the elec-
trical energy generated from the flexure of a sin-
gle piezoelectric device bonded over a cantilever 
beam and subjected to wind induced vibrations. 
Although the monolithic PZT has higher piezo-
electric coupling coefficient than the MFC patch, 
due to flexibility and higher endurance in cyclic 
loading [Yaowen et al. 2009; Henslee et al. 2012; 
Wilkie et al. 2000; Zhang et al. 2006], MFC patch 
has been selected for harvesting energy from 
wind vibrations. Two preferred modes for energy 
harvesting from MFC are d33 and d31. Although 
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the value of d33 is more than d31 but the P2 type 
MFC is especially suited for energy harvesting 
applications due its higher capacitance and more 
charge generation at the same strain level com-
pared with the P1 device [Roundy et al. 2003].

First, laboratory scale experiments were car-
ried out to examine the performance of MFC in 
generating energy from deterministic loads such as 
low frequency harmonic vibrations. A P2 type (in 
d31 mode) MFC patch has been tested under har-
monic vibration. These test results were also used 
to validate the FE model. To explore the energy 
harvesting capability under more realistic environ-
ment, i.e. actual wind vibrations (random vibra-
tions), the same harvester has been experimentally 
tested inside an open circuit wind tunnel at differ-
ent wind speeds. Five different environmental con-
ditions have been simulated inside the wind tunnel 
based on Beaufort scale. Velocity and output volt-
age data have been logged through data acquisition 
system. As the output voltage from experiments 
was in the form of a random signal, probabilistic 
approach has been used to analyze the signal and 
predict the output voltage with some certainty.

A reliable and accurate FE model has been 
developed to simulate the output voltage from 
MFC patch. For FE modelling and analysis, com-
mercial software, ANSYS, has been used. MFC 
has been modelled as a layered material. Equiva-
lent properties have been calculated for the active 
layer, which is a composites lamina of PZT-5A1 
fiber and epoxy. Drag force on the beam has 
been calculated using velocity data from experi-
ments. Output voltage, from FE simulations has 
been compared with experimental values. A good 
match was found between experimental results 
and simulation results, thus the validated FE 
model can be used to predict energy output and 
parametric study for different load cases.

2 Experimental setup

A schematic diagram of a single harvester is 
shown in Figure 1. A MFC P2 type patch has 
been bonded at the end of the beam. A two 
component adhesive (recommended by Smart-
material Corp.) 3M-DP-460 was used to paste 
MFC patch over aluminum beam. The type of 
adhesive and proper adhesion plays very impor-
tant role in transfer of strain from beam to the 
patch. Vacuum bagging process has been used to 

achieve good bonding between the MFC patch 
and the aluminum beam.

Figure 2 shows the schematic of experimen-
tal setup for the harmonic excitation. A sinusoidal 
excitation was given by an Agilent make signal 
generator to a Data Physics make shaker (model 
no. GW-V4/PA30E). The same was transmitted to 
the beam via stinger. A Dytran make force sen-
sor (model no. 1053V1) was attached on top of 
the stinger, which measures force transmitted to 
the beam by the shaker. Response of the beam is 
measured through a Dytran make miniature accel-
erometer (model no. 3225F), which is attached to 
the free end of beam. A 4-channel Dytran make 
current source (model no. 4114B1) is used as a 
signal conditioner for the force sensor, impact 
hammer and accelerometer. Data logging from 
force sensor, accelerometer and MFC patch has 
been done through a HBM make data acquisition 
system (model no. DQ401). Figure 3 shows the 
instrumentation involved in the experiment. A pro-
fessional grade multimeter is also used to measure 
open circuit rms voltage from MFC patch.

Wind vibration experiments have been con-
ducted inside an open circuit wind tunnel. Figure 4 
shows the schematic diagram for the wind vibra-
tion test setup. Inside view of test section is shown 
in Figure 5. The setup consists of a cantilever beam 
bonded with MFC patch (Figure 1), mounting fix-
ture, velocity sensor, DAQ and wind tunnel. The 
cantilever harvester has been placed perpendicular 
to wind flow direction. Air was sucked from con-
traction cone towards test section by a fan driven 

Figure 1. Schematic diagram of the cantilever beam 
harvester.

Figure 2. Schematic diagram of the harmonic excita-
tion experiment.
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by an AC motor. Air speed was controlled by an 
electronic controller and measured by the velocity 
sensor. Experiments have been carried out at five 
different air speeds to investigate energy output at 
different environment condition.

3 Finite element modeling

A detailed Finite element model has been cre-
ated to simulate the energy harvesting from MFC 

patch in d31 mode. Commercial software ANSYS 
has been used for FE modelling and simulation. 
Viscous damping was modelled using Rayleigh 
parameters obtained from experiments. Coupled 
dynamic analysis was done with full integration 
method to simulate energy output. To increase 
the accuracy and reduce the approximation, 
a layered FE model has been created. Figure 6 
shows the side view of beam with MFC patch. 
A zoomed in view show details of different layers 
modelled over the thickness. The MFC patch is 
modelled as a material having five layers. Solid 5 
element having piezoelectric modelling capabil-
ity has been used to model active layer (PZT 5A1 
fiber + epoxy). It is an 8-node, brick type element 
and has four degree of freedoms per node, three 
translation ux, uy, & uz and one voltage degree of 
freedom.

Layered solid 185 element having three 
translational degree of freedoms per node was 
used to model adhesive, kapton & epoxy, below 
active layer. It is a brick type, 8-node element. 
Same element was used to model epoxy & kapton, 
above active layer. Solid 185 element (in mono-
lithic form) is used to model aluminum beam. 
Figure 7 shows the mesh of MFC patch. FE model 
of the harvester has 149766 numbers of elements. 
Active layer has PZT-5A1 fiber (Sonox-P502) as 
reinforcement and epoxy as matrix.

As it is very difficult to model each fiber and 
epoxy surrounding it, active layer is modeled as a 
single orthotropic material. The equivalent prop-
erties of the orthotropic lamina were calculated 
by mechanics of materials approach in micro-
mechanics. This approach is based on the rep-
resentative volume element (RVE), which is the 
smallest region or piece of material over which 
the stresses and strains can be regarded as mac-
roscopically uniform and yet maintains fiber to 

Figure 5. Test section of wind tunnel.

Figure 4. Schematic diagram of the open circuit wind 
tunnel.

Figure 3. Experimental setup for harmonic excitation.

Figure 6. Details of layers modeled in FE model.
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matrix volume ratio identical to parent compos-
ites material. These conditions allow consider-
ing the RVE as a point of the macrostructure and 
thus determining homogenised properties that are 
valid for every point of the material. The con-
cept of RVEs was introduced by Hill in [1963]. 
Berger et al. [2003; 2005] has compared the RVE 
method with analytical Asymptotic Homogeniza-
tion Method (AHM) for calculation of effective 
coefficients for piezoelectric fiber composites and 
found good coincidence between both methods. 
Medeiros et  al. [2012] has calculated the effec-
tive properties for smart composite materials with 
piezoelectric fibers made of PZT embedded in 
epoxy resin through RVE approach and found 
that the results are comparable with other meth-
ods reported in the literature and also to results 
previously published.

Using fiber volume fraction nf = 0.85 [smart.
material.com], properties of PZT-5A1, proper-
ties of epoxy and formulae for equivalent prop-
erties, equivalent properties were calculated for 
active layer. Table 1 shows the equivalent proper-
ties for the active layer. Formulas for calculating 
equivalent coupling coefficients are taken from 
Deraemaeker et al. [2009]. Table 2 shows the 
mechanical properties for other materials.

All translational displacement degree of 
freedom (ux, uy and uz) of beam end, nearer 
to  MFC patch were fixed. Electrodes were 
defined on top and bottom surface of the active 
layer. Electrode on top surface was defined by 
coupling voltage degree of freedom of all nodes 
on the top surface. Similarly the bottom electrode 
was defined by coupling voltage degree of free-
dom of all nodes on bottom surface. To ground 

the bottom electrode a zero potential was applied 
on all the nodes.

4 Results & discussion

4.1 Modal analysis

Modal parameters such as natural frequencies and 
Rayleigh damping factors were determined from 
experimental modal analysis through impact ham-
mer test. Figure 8 shows the Fast Fourier Trans-
form (FFT) of the measured response during the 
impact test. First three damped natural frequen-
cies can be determined from the peaks observed 
in the figure. Some secondary effects can be seen 
in the FFT figure near to 1st resonance frequency. 
This may be due to components like printed cir-
cuit board (PCB) patch near MFC patch, lead 
wires or even due to MFC patch.

An estimate of the undamped natural fre-
quencies can be obtained from the relation 
ω ω ξn d= −1 2 , where, x is the damping ratio. 

Figure 7. Mesh near MFC patch.

Table 1. Material properties for active layer.

PZT-5A1 (85%) + 
epoxy (15%)

Property

Mechanical 
properties

E E
11 = 47.17 Gpa, E E

22 = 16.98 GPa

E E
33 = 42.229 Gpa, GE

12 = 6.032 GPa

GE
31 = 17 Gpa, GE

32 = 6.06 GPa

n12 = 0.395, r = 6917 kg/m3

Coupling  
coefficients

d31 = -181 × 10-12 C/N

d32 = -153 × 10-12 C/N

d33 = 435.25 × 10-12 C/N

d15 = d24 = 560 × 10-12 C/N*

(*kept same)

Relative dielectric 
properties

ε33
T  = 1573.13

Table 2. Material properties for other materials.

Material Young’s  
modulus  
(GPa)

Poisson’s  
ratio

Density  
(kg/m3)

Aluminum 70 0.3 2750
Epoxy  2.5 0.3 1100
Kapton  2.8 0.3 1580
Adhesive  0.5 0.3 3000
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An estimate of x is obtained from the free vibra-
tion response of the beam and calculating the 
logarithmic decrement ratio. This is calculated 
by noting the amplitudes of any two peaks, n 
cycles apart, and using the relation for logarith-
mic decrement (d )

 
δ πξ

ξ
=







=
−

1 2

1
0

2n an
ln

a
 (1)

where, a0 and an are the amplitude of the peaks, 
n cycles apart. The value of x is found to be 0.1 
from Eq. 1. Table 3 shows the comparison of first 
three undamped natural frequencies (at open cir-
cuit) determined from analytical calculations, 
experiments and FE simulations.

The damping matrix for Rayleigh damping 
model (proportional damping) can be written as

 C = aM + b K (2)

where a and b are mass (M) and stiffness (K) are 
proportionality damping constants respectively. 
These constants can be calculated from

 
ξ α

ω
βω

i
i

i= +
2 2

 (3)

For i = 1 and 2 and assuming x1 = x2, two 
linear algebraic equation can be obtained between 
a and b. Value of a and b is found to be 10.219 
and 5.249  × 10-4 respectively. These parameters 
were used in dynamic FE simulations of energy 
harvesting.

4.2 Harmonic vibrations

To determine the energy output from MFC patch 
at low frequencies a sinusoidal force of 12 Hz 
frequency, which is nearer to the first natural fre-
quency, was applied through a shaker. The rea-
son for choosing 12 Hz frequency instead of 1st 
resonance frequency (≈10 KHz) is to avoid reso-
nance which in turn would induce geometrically 
nonlinear effects in the beam. Figure 9 shows 
the applied force profile. Same force profile has 
been used for simulating energy harvesting under 
a harmonic force in FE. Figure 10 compares 
experimental and simulated open circuit voltage 
output from MFC patch under harmonic load. 
Qualitatively both are in good agreement but the 
peak output voltage obtained from experiment is 
around 15% lower than the simulated peak output 
voltage. Therefore the FE model can be assumed 
to be realistic and fairly accurate. The model can 
be used for parametric studies and simulating out-
put voltage for complex loads such as wind vibra-
tions. The difference between experimental and 
simulated output voltage (Figure 10) can be due 
to the fact that in FE simulation a perfect bond 
was modelled between the beam and the MFC 
patch, which ensures a perfect strain transfer. But 
in the specimen under consideration, this may not 
be the case. Another reason is the inaccuracies 
related to modelling of the damping.

To find the maximum output power and 
internal impedance of MFC patch, experiments 

Figure 8. FFT of the response due to impulse excitation.

Figure 9. Applied force profile.

Table 3. Comparison of undamped natural frequencies.

Natural  
frequency

Analytical Experiment FE 

f1 (Hz) 9.72 9.69 10.116
f2 (Hz) 60.72 53.35 61.261
f3 (Hz) 170.2 147.08 168.06
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have been carried out at harmonic excitation 
shown in Figure 9. A variable resistor was used 
as an external electrical load. Figure 11 shows the 
variation of power harvested from MFC patch at 
various resistance values. Output power has been 
normalized with respect to maximum value.

At 400 kΩ output power was maximum, so 
internal impedance of MFC patch is ≈400 kΩ. Irms 
is 3.13 μA and average power calculated by above 
equation is 3.91 μW at 400 KΩ resistance. Peak 
output power (Ppeak = Pavg × 2) 7.82 μW and aver-
age power density 33.2 μW/cm3 was obtained.

4.3 Wind vibration

Experiments have been carried out at level 5 
(fresh breeze condition) of Beaufort scale which 
is the most common environment condition. 
Table 4 lists velocity at which experiment was 
carried out and corresponding peak and rms out-
put voltage. The applied excitation (velocity) and 
output voltage is a random signal; analysis of 
input signal and output signal has been done in 
frequency domain. Power spectral density (PSD) 
was calculated and analyzed for input excitation 
and output voltage. Figure 12 shows PSD plot 
of velocity data, which shows that the excitation 

signal is pretty much a broadband signal contain-
ing all frequencies (random vibration). Figure 13 
shows PSD plot of output voltage, which shows 
that five natural modes are excited by air flow but 
1st mode produces peak output.

Also, for predicting certain output voltage 
from MFC, probabilistic approach has been used. 
Probability density function (PDF) was plot-
ted and studied for this case. PDF describes the 
relative likelihood for a random variable (output 
voltage) to take on a given value. The probability 
of the output voltage falling within a particular 
range of values is given by the integral of PDF 
over that range, that is the area under PDF curve 
within the desired range. The total area under the 
PDF curve is always one. Also, the root mean 
square (RMS) value can be calculated from PDF. 
The RMS value is shown in Table 4. Figure 14 

Figure 13. PSD plot for output voltage.

Figure 12. PSD plot for Velocity.

Figure 10. Comparison of open circuit output voltage.

Figure 11. Variation in output power with external 
resistive load.

Table 4. Experimental results for wind vibration.

Air mean  
speed  
(m/s)

Peak  
voltage  
(volts)

RMS of  
voltage  
(volts)

Beaufort  
scale

8.4973 1.511 0.415 5 – Fresh breeze
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Figure 14. Comparison of PDF for output voltage.

shows PDF of output voltage. From the plot, the 
probability of achieving a range of output voltage 
can be found out. The probability of achieving 
output between 0.2 to 0.42 volt is 0.5 for this case. 
This probability data is very useful in designing 
the storage device (capacitor or battery) and it’s 
charging time.

Power output was also calculated at 400 kΩ 
resistance. Peak and average power are 2.054 μW 
and 0.1552 μW respectively, which is very small 
as compare to harmonic load case. The power 
density for this case is 1.32 μW/cm3. So in more 
realistic conditions (random vibrations) energy 
output is very small as compare to ideal lab con-
ditions. The power output is not enough to power 
a typical MEMS sensor. An array of such harvest-
ers can provide sufficient output to power a sen-
sor. FE simulation was also carried out, using the 
drag force calculated from the experiment.

Formula for drag force is

 
F AC tD D= 1

2
2ρ ( ( ))ν  (4)

where, FD is the drag force in the direction of flow 
velocity, r is the mass density of air, n(t) is the  
velocity of the object relative to the air, which is 
air velocity in this case, A is the exposed area and 
CD is the coefficient of drag. Drag coefficient is 
a dimensionless coefficient related to the object’s 
geometry and taking into account both skin fric-
tion and form drag. For the experiments, follow-
ing data has been used. Mass density for air is 
1.1 kg/m3 (kg/m3), n(t) = velocity time history 
obtained from velocity sensor, beam surface area 
is 275 × 25 mm2. Coefficient of drag is taken as 
1.98 by assuming the beam as a 2D plate. As the 
thickness of the beam is very small as compare to 
length, this assumption is reasonable one.

Figure 14 gives the comparison of PDF 
between experimental and simulated results. The 
simulated and experimental result matches quite 
well. So the FE model was validated for complex 
loads as well. The model can be used for para-
metric study and for estimating an accurate out-
put voltage for different load cases.

5 Conclusions

A P2 type MFC patch is investigated for energy 
harvesting under harmonic and wind load. Prob-
abilistic approach was used to analyze the data 
from wind vibration experiments. For the most 
common environment condition related to wind, 
the peak and RMS output voltage are 1.511 and 
0.4153 volts respectively. Peak and average out-
put power are 2.054 μW and 0.1552 μW respec-
tively. A moderate power density 1.32 μW/cm3 
was obtained. An accurate FE model was devel-
oped and the results match quite well in both types 
of loads – harmonic and random. To increase the 
power output from wind vibrations, shape and 
size of the beam can be optimized to achieve 
maximum drag force. An array of MFC harvest-
ers in series may be explored to increase the out-
put power. The work and concepts presented in 
this paper is an ongoing work being carried out 
in Applied Mechanics department of IIT Madras.
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