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In this study, energy harvesting from cantilever composite beams produced at different lamination angles was
experimentally investigated. In this regard, three different eight layered laminated composite beams are con-
sidered, i.e., {0°, 90°, 0°, 90°}s, {−30°, 60°, −30°, 60°}s and {−45°, 45°, −45°, 45°}s. energy harvest perfor-
mances were analyzed under different external dynamics inputs by bonding piezoelectric material to the
surface of composite beams. Firstly, the composite beam harvesting structure was excited by air‐flow. In those
experiments, three different types of bluff‐body geometry elements were attached to the free end for each of the
considered composite beams. In order to determine the maximum power output, different resistors are
attached to the piezoelectric material. As a second dynamic input, an electromagnetic actuator operating on
the Lorentz principle is used. By using this electromagnetic actuator, the structures are excited by harmonic
inputs with different frequencies and frequency‐voltage responses were obtained. Besides, vibration ampli-
tudes and voltage outputs were analyzed for both excitation types.
1. Introduction

Small‐scale sensors which use low‐energy level are outputs of new
emerging technology. The energy needs of these products can be met
by using renewable energy methods such as harvesting methods of
smart materials, which is a popular subject in recent years among
researchers. Energy harvesting operations can be performed by design-
ing different energy harvesting structures and using the existing envi-
ronment dynamics [1–5].

There are many different energy harvest designs available in the lit-
erature and studies showing the energy output of them due to different
dynamic inputs [6–9]. Some of these different dynamic inputs can be
listed such as airflow, vibration, and magnetic field effect. These
effects are dynamic factors that enable the harvesting structures to
be set into motion or oscillation. Sun et al. [10] attached a galloping
profile to the free end of the piezoelectric material glued cantilever
beam to provide energy harvesting. Then, they experimentally exam-
ined the energy harvesting performance over this structure under open
channel based water flow. Wang et al. [11] examined both experimen-
tally and theoretically the energy harvesting performance of a beam
with variable thickness. In that study, they compared the energy har-
vesting capacities of the beam having different types of beams in
detail. In another study, a special lead‐free piezoelectric nano‐
particle‐dispersed epoxy resin was experimentally produced and the
energy harvesting potential under different conditions was determined
[12]. At the same time, the output power of this product under impact
load and resonance effect were determined within the scope of the
study. Dhakar et al. [13] proposed an energy harvesting structure to
facilitate low‐frequency power output for a structure. In the paper, a
piezoelectric bonded beam was attached to another beam produced
from polymer at one end. They experimentally tested the energy har-
vest performance of the proposed structure. In Ref. [14], the energy
harvest that can be obtained from underwater ground‐based excitation
of piezoelectric composite beam structure is experimentally investi-
gated. The energy output performances were examined in detail by
immersing the beam in the water at different heights [14]. In another
study, the energy harvesting behaviors of different bi‐stable composite
beam structures under different external loads are presented [15]. In
Ref. [16], the piezoelectric beam element connected to the meta‐
surface bluff‐body was placed in a wind tunnel. Experimental analyses
based on different resistance and frequency magnitudes were per-
formed for energy harvest analysis. Proposed harvesting structure out-
puts were analyzed using different types meta‐surface geometry. Lu et.
al. [17] designed a new multilayer piezoelectric energy harvester. As a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2021.114056&domain=pdf
https://doi.org/10.1016/j.compstruct.2021.114056
mailto:fevzicakmakbolat@ibu.edu.tr
https://doi.org/10.1016/j.compstruct.2021.114056
http://www.sciencedirect.com/science/journal/02638223
http://www.elsevier.com/locate/compstruct


Table 1
Properties of the composite beams.

Property (Unit) Value

Thickness (m) ×Width (m) 0.002 × 0.05
Length (m) 0.2
Elasticity along with the first reinforcing fibre (GPa) 21.3
Elasticity along with the second reinforcing fibre (GPa) 21.1
Poisson’s ratio 0.161
Shear modulus (GPa) 3.003
Density (kgm−3) 1771.21
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result of the study, it has been experimentally and analytically shown
that the multi‐layer harvesting structure gives better results than the
classical single layer harvesting structure with the same rigidity. Mas-
ghouni et. al. [18] have produced a new piezoelectric composite beam
based on zinc‐oxide nanowires. They tested the performance of their
harvesting structure under different vibration sources such as a perma-
nent magnet‐based shaker and a water bath sonicator. In another
study, instead of the classical support beam used in the literature, a
beam consisting of piezoelectric particles was produced [19]. In the
scope of that study, a series of analyses were carried out using the
finite element method in order to estimate the transverse piezoelectric
coefficient (d31) that provides the voltage output from piezoelectric
materials. It has been shown by the experiments; the produced beam
provides energy output under the effect of mechanical vibration.
Zhang et al. [20] applied a nonlinear magnetic field‐based force to a
nonlinear beam element in their studies and carried out analytical
energy harvesting on this structure. A structure consisting of the com-
bination of two piezoelectric patches was analyzed in a vacuum envi-
ronment based on the same criteria [4]. The response speeds of the
proposed structure have been tested using different voltage ranges.
The energy harvest performance of a soft dielectric composite was ana-
lyzed in Ref. [21]. The proposed composite structure was driven by a
shaker and the voltage magnitudes are measured corresponding to the
different resistance loads, as a result, power output was determined
experimentally. In a more recent study, the energy harvesting perfor-
mance of a composite wing element under dynamic bending responses
was investigated. The proposed model using the finite element method
has been verified by comparing it with the models in the literature
[22].

As it may be inferred from the literature review, there are limited
studies on the energy harvest performance of composite structures.
Besides, as far as the authors’ knowledge, there is no study on the effect
of composite lamination angle onenergyharvestingperformance. In this
study, the energy harvest performances for the eight layered, laminated
composite beamsproduced as {0°, 90°, 0°, 90°}s, {−30°, 60°,−30°, 60°}s
and{−45°, 45°,−45°, 45°}swere investigated. In this regard, twodiffer-
ent dynamic excitations are supplied i.e, flow‐induced and Lorentz prin-
ciple shaker loads. In order to supply the first dynamic load, different
bluff‐body geometries were produced by 3D printer. Then, they were
Fig. 1. Energy harve
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attached to one end of the cantilever composite beams and the beams
were exposed to airflow.Both thedisplacementof thebeamsandvoltage
output from the piezoelectric material with the effect of air‐flow was
measured. In the latter dynamic load, harmonic inputs at different fre-
quencies are given by an electromagnetic actuator operating according
to Lorentz’s principle to determine the frequency‐dependent displace-
ment and voltage outputs.

2. Composite beam specifications

In the article, energy harvesting performances of the laminated thin
composite beams are determined. In this regard, eight symmetrically
layered beams are examined. The beams are selected to have the same
physical properties with different orientation angles. For this purpose,
a composite plate with the orientation angle as {0°, 90°, 0°, 90°}s is
manufactured by the vacuum infusion technique. Then, the beams
are extracted from the composite plate by cutting out beams with
the angle of 0°, 30° and 45° from the principal axis. Therefore, three
beams orientated as {0°, 90°, 0°, 90°}s, {−30°, 60°, −30°, 60°}s and
{−45°, 45°,−45°, 45°}s evaluated. The physical and mechanical prop-
erties of the beams are presented in Table 1.

3. Energy harvesting structures

The schematic drawing of the energy harvesting structure is pre-
sented in Fig. 1. Here, it is aimed to harvest energy for two separate
load types, i.e., air load and electromagnetic actuator. Although exper-
sting structures.
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iments are separately conducted for these load types, they are shown
in Fig. 1, together. In the first load case (under an air load), galloping
geometries with square, triangular and circle geometries are attached
to one end of the piezoelectric patch bonded composite beam. Later,
under the effect of air‐load, the harvesting structure was forced to cre-
ate a vibration, and energy harvesting was carried out. In the second
load case, the piezoelectric patch bonded beam is excited by an elec-
tromagnetic actuator at different frequencies to perform energy
harvesting.

The piezoelectric material feature is a combination of both the elec-
trical and mechanical behavior of the materials. The equation for the
spatial electric displacement is given as D ¼ ɛE with permittivity ε.
Combining them for all directions of the material into the so‐called
coupled equations,

S ¼ CET þ dTE
D ¼ dT þ ɛTE

ð1Þ

where S is the strain vector, T is the stress vector, E is the electric
field vector and D is the electric displacement vector. The energy har-
vesting obtained from the piezoelectric material depends on the mate-
rial properties and the amount of stress and displacement change that
will occur from mechanical energy. The general equation of motion
related to displacement for piezoelectric energy generation can be
written as follows for this energy harvesting structure.

ðmb þmgÞ€y þ c _y þ ky � θV ¼ Fexc

Cpz _V þ V
R þ θ _y ¼ 0

ð2Þ
Fig. 2. A numerical model of the composite beams a) the cantilever beam, b) angu
angular orientation of the third beam.
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Where y; _y, €y respectively displacement, velocity, and acceleration
of the composite beam element, θ is the electromechanical coupling,
Cpz is the capacitance of the piezoelectric layer, mb is the mass of the
beam, mg is the mass of the galloping profile (the three types of gallop-
ing geometry elements are produced to have equal masses, 26 g, in the
study), Fexc is the force acting on the galloping profile, k and c are the
stiffness and damping coefficients of the beam element, respectively.
The experimental power generated by the piezoelectric transduction
is written as follows:

Ppt ¼ VI ¼ V2

Rl
ð3Þ

Here, V is the voltage output value, Rl load resistance.

4. Experimental and numerical determination of stiffness of the
composite beams

The energy harvesting event is directly related to the stiffness of the
structural element to which the piezoelectric element is attached.
Here, the stiffness coefficients of composite beams were determined
by using a commercial finite element program and experimentally.

4.1. Numerical determination of stiffness

The beams considered in the paper have equal masses. Therefore,
the natural frequencies of the cantilever composite beams may be used
to compare the stiffness of the composite beams. In this regard, numer-
lar orientation of the first beam, c) angular orientation of the second beam, d)



Fig. 3. Stiffness measurement experimental system.

Table 2
Experimental stiffness value.

{0°, 90°, 0°,
90°}s

{−30°, 60°, −30°,
60°}s

{−45°, 45°,−45°,
45°}s

Experimental stiffness
(N/m)

1.5122 × 103 1.303 × 103 1.152 × 103
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ical models of the beams are constructed as thin plates with an aspect
ratio of lx/ly = 4 via the finite element method. In finite element com-
putations, Shell181 element of ANSYS APDL is utilized for the compos-
ite beam which uses the first‐order shear deformation theory and is
suitable for analyzing thin or moderately thick laminated shells. It
has six degrees of freedom (DOF) at each node, i.e., three translational
and three rotational DOFs. Eight layered beams are constructed
according to their properties and angular orientation by using ANSYS
as shown in Fig. 2a. In Fig. 2b–d, the angular orientations of the beams
are presented. The structures are meshed by 10x50 elements and nat-
ural frequencies are computed.

The numerical natural frequencies are determined as 25.5 Hz,
19.8 Hz and 18.6 Hz for the beams having the orientation angle of {0°,
90°, 0°, 90°}s, {−30°, 60°, −30°, 60°}s and {−45°, 45°, −45°, 45°}s,
respectively. The masses of the bluff bodies are 0.026 kg for the three
types of geometry. Natural frequencies with the addition of bluff‐body
geometries as tip mass at the end of the beam, 13.66 Hz, 10.50 Hz and
9.87 Hz for the beams having the orientation angle of {0°, 90°, 0°,
Fig. 4. Experimental fre
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90°}s, {−30°, 60°, −30°, 60°}s and {−45°, 45°, −45°, 45°}s, respec-
tively. Since the beamshave equalmasses, the relation between the stiff-
ness (K) of the beams may be written as K0,90 > K−30,60 > K−45,45

where the sub‐index indicates the orientation of beams.

4.2. Experimental determination of stiffness

Fig. 3 shows an experimental test setup to determine the stiffness of
composite beams. Stiffness was measured by recording the displace-
ment values (measured by laser sensor) generated by the force gauge
for 3 different types of composite beams used in the experiment. Cal-
culated stiffness’ were tabulated in Table 2.

As the second verification experiment, free vibration responses on
the time‐domain were measured. In this regard, the beams are released
from the same reference setpoint and time‐domain results are obtained
as shown in Fig. 4. Having higher displacement amplitudes indicate
the beams having lower stiffness.

It may be inferred from Fig. 4 that, the results of free vibration dis-
placement of the beams are compatible with the stiffness values
obtained by force gauge measurements and numerical results.

5. Experimental system and results

As stated earlier, the energy harvesting performance of composite
beams are examined under two different dynamic load cases, i.e., air
flow‐based and electromagnetic based excitations. Experimental sys-
tems corresponding to these excitation cases are presented in
Fig. 5a,b. PI's 876‐A.12 type piezoelectric material has adhered to
the composite beams. The displacement information was measured
by the Keyence IL30 laser sensor and processed on the Dspace 1104
data acquisition card. An oscilloscope is used to measure the voltage
outputs. For the electromagnetic excitation, a Lorentz actuator was
produced as shown in Fig. 5b to provide different frequency inputs.
This actuator was controlled by Pololu 18v15 current driver and mea-
surements were taken by providing input at different frequencies.

In Fig. 5a, three different types of galloping geometry namely
square, triangle, and circle were considered to the composite beam
end for the experiments performed under air load. The effects of these
different galloping geometries on energy harvest under air load have
been studied. In Figs. 6–8, the voltage and displacement results of dif-
ferent types of galloping geometries under air load are given.

As it may be observed from Figs. 6–8, the higher displacement and
voltage amplitudes are evaluated for the beams having lower stiffness
e vibration results.



Fig. 5. Experimental system a) air load-based b) electromagnetic shaker-based.
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as expected. On the contrary, voltage amount has a direct proportion
with the stiffness of the beams. Besides, rectangle and triangle gallop-
ing profiles induce much higher vibration amplitudes with respect to
circular profiles for all composite beams. In Fig. 9, measured voltage
outputs for the rectangle galloping profile for all composite beams
are compared.

As another experimental study, optimal resistor load is determined
in order to obtain maximum power output from the considered com-
posite structures under air load for all galloping structures. In this
regard, a set of resistor loads are utilized i.e., 1 MΩ, 330 kΩ, 68 kΩ,
and 6.8 kΩ. The power outputs obtained under these resistor loads
are given in Figs. 10–12 for the square, triangle, and circle profiles,
respectively.

As seen in Fig. 10, the maximum power output for square galloping
geometry was obtained from a composite beam with a fibre orienta-
tion of {−45°, 45°, −45°, 45°}s as 8.3 mW. Then, 5.9 mW from
{−30°, 60°, −30°, 60°}s composite beam and 4.3 mW from {0°, 90°,
5

0°, 90°}s composite beam were obtained, respectively. It is obvious
that the results obtained are compatible with the stiffness tests.

Fig. 11 states that the maximum power output for triangular gallop-
ing geometry was obtained from the composite beam with fibre orien-
tation {−45°, 45°, −45°, 45°}s as 7.9 mW. Besides, 4.3 mW from
composite beam with {−30°, 60°, −30°, 60°}s fibre orientation and
3.4 mW from {0°, 90°, 0°, 90°}s composite beam were obtained.

While the circle galloping geometry is connected in Fig. 12, the
maximum power output was obtained from a composite beam with
{−45°, 45°, −45°, 45°}s fibre orientation as 0.008 mW. Then, from
the composite beam with {−30°, 60°, −30°, 60°}s fibre orientation,
0.0077 mW and from the composite beam with {0°, 90°, 0°, 90°}s fibre
angles was obtained as 0.0054 mW. Besides, one may state from
Figs. 10–12 that, the optimum power output was obtained by using
68 kOhm resistive load for all composite beams.

As the second load system (electromagnetic excitation), energy har-
vesting performance at different excitation frequencies is investigated.



Fig. 7. (a) {−30°, 60°, −30°, 60°}s composite beam displacement results. (b) voltage (no-load) results.

Fig. 8. (a) {−45°, 45°, −45°, 45°}s composite beam displacement results. (b) voltage (no-load) results.

Fig. 6. (a){0°, 90°, 0°, 90°}s composite beam displacement results. (b) voltage (no-load) results.
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Fig. 9. Comparison of the composite beams voltage output for the rectangular
galloping profile.

Fig. 10. Rectangle galloping profile experimental power output results.

Fig. 11. Triangle galloping profile experimental power output results.

Fig. 12. Circle galloping profile experimental power output results.

Fig. 13. Comparison of the composite beams voltage output at different
excitations frequency.
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Experimental voltage outputs of composite beams having {0°, 90°, 0°,
90°}s, {−30°, 60°, −30°, 60°}s, and {−45°, 45°, −45°, 45°}s fibre ori-
entation are shown in Figure 14. These results are obtained under
three different frequencies (i.e., 3 Hz, 5 Hz, and 7 Hz) by utilizing
the experimental setup shown in Fig. 5‐b. Voltage output amplitudes
corresponding to the considered frequencies for the composite beams
are compared in Fig. 13.

Fig. 13 states that, as the frequency increases, the voltage values
obtained from the beams also increase. Besides, the measured results
are also consistent with the ones of the air‐flow load condition.

6. Conclusions

In this study, energy harvesting performances of composite beams
with {0°, 90°, 0°, 90°}s, {−30°, 60°,−30°, 60°}s and {−45°, 45°,−45°,
45°}s fibre angles were analysed. Two different dynamic condition
conditions are revealed to obtain energy harvesting from these com-
posite beams. In the first case, these composite beams were connected
to an air tunnel and the effects of bluff‐body geometries with the dif-
ferent surface areas on the vibrations of the composite beams were
revealed. Optimum power output has been obtained by etching resis-
tance loads of different sizes. Maximum power output among the con-
sidered beams and bluff‐body geometry was obtained for square bluff‐
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body connected to the beams having {−45°, 45°, −45°, 45°}s orienta-
tion. Besides, optimum power outputs were obtained from all gallop-
ing geometries with the 68 kOhm resistor load. In the second
excitation case, an electromagnetic shaker working according to the
Lorentz principle is used. The composite beams are excited by this sha-
ker at three different frequencies i.e., 3, 5, and 7 Hz. In these experi-
ments, as the excitation frequency increases, the voltage values
obtained from the beams also increase. Besides, these results are con-
sistent with the ones of the results measured under air‐flow.
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