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Abstract: A cantilever beam, manufactured from a steel-carrying substrate and two patches of Macro
Fiber Composite of P2 type, was a subject of laboratory research. MFC patches were glued on both
sides of the carrying substrate and were parallelly connected. An experimental determination of
an optimal resistance for both energy harvesting and vibration passive damping of the cantilever
beam was the purpose of the conducted laboratory research. The research contained 10 experiments
in which courses of the energy-harvesting process and resistive passive damping of vibration were
estimated. Energy harvesting was estimated by measurements of the generated current for the given
load-resistance values. Resistive passive damping of vibration was assessed by using a vision method
that enabled the displacements” measurements of 10 selected points in the beam structure for the
given shunt-resistance values. Values of both load resistance and shunt resistance were chosen on
the basis of analytically calculated optimal load resistance and optimal shunt resistance. On the basis
of the conducted experiments, the resistance range for which both the energy-harvesting process and
the vibration-damping process are most effective was determined.

Keywords: piezoelectric energy harvesting; resistive shunt damping; Macro Fiber Composite; vision
analysis; optimal load resistance; optimal shunt resistance; cantilever beam

1. Introduction

The direct piezoelectric effect, which occurs in piezoelectric materials, allows a con-
version of mechanical energy into electric energy. This phenomenon is used in scientific
research in the area of mechanical vibration for the realization of two aims: energy harvest-
ing and passive damping.

Energy harvesting from mechanical vibration is most often realized by the use of a
prismatic cantilever beam with a rectangular cross-section [1]. Such a beam is composed
from two parts: a piezoelectric material, e.g., ceramics [2], composites [3], and polymers [4],
and a carrying substrate, e.g., steel, brass, and aluminum. The beam structure is made by
gluing the piezoelectric material to one side or both sides of the carrying substrate. One
end of the cantilever beam is mounted to a source of the vibration: bridge [5], machine [6],
truss [7], or other vibrating mechanical structures. The second end of the cantilever
beam is not connected to the source of vibration. Vibrations, which are generated by
mechanical structure, cause a cyclic beam bending, during which the piezoelectric material
is squeezed and stretched alternately. The cantilever beam is connected to an interface
circuit. A standard energy harvesting (SEH) interface circuit contains a bridge rectifier
for AC rectification, a capacitor for filtering, and a resistive load [8]. SEH is developed
by the adding of a parallel- or series-connected subsystem, consisting of an inductor and
an electronic switch. Such an interface is called a synchronized switching harvesting
with inductor (SSHI) [9]. The electronic switch is briefly turned on when the mechanical
displacement reaches a maximum or a minimum. Each time the electronic switch turns on,
the electric charge passing through the inductor transmits a part of the energy stored in the
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piezoelectric capacity to the storage circuit [10]. Two piezoelectric layers, which were glued
onto both sides of the substrate, may be electrically parallel or series connected [11]. For a
resistive load, Liao et al. [12] observed that the maximum of the harvested electric power is
the same for parallel and series connection, but optimal resistive load, current, and voltage
across the optimal value of a resistive load are considerably different. Regardless of the
connection, the optimal resistive load depends on two factors: a natural frequency of the
cantilever beam and a piezoelectric capacity.

Passive damping of the vibration of the cantilever beam is also the subject of intense
scientific research. Piezoelectric materials associated with passive shunts are capable
of transforming mechanical energy into electrical energy that is then dissipated in an
electrical circuit [13]. Gripp and Rade [14] enumerated six kinds of passive shunts: resistive,
resonant (RL) single-mode, resonant multi-mode, negative capacitance, adaptive circuit,
and switching circuit. The resistive shunt damping (RSD), proposed by Hagood and Von
Flotow [15], contains a resistor alone. When coupling a resistive shunt to a mechanical
structure, the damping performance can be optimized by choosing a suitable resistance. The
maximum damping effect is achieved for an optimal shunt resistance, which, according to
Shevtsov et al. [16], is closed to the internal reactance of the piezoelectric material. Thomas
et al. [17] described factors that impact the optimal shunt resistance: a natural frequency
of the cantilever beam, a capacity of piezoelectric material, and a modal coupling factor
coefficient that depends on resonance frequencies of structures in the open and short
circuits of a piezoelectric patch. The resonant shunt consists of a resistor and an inductor.
The inductor increases the dissipation of energy by moving the charge of the anode of the
piezoelectric material to the resistance [18]. The same three factors impact on the optimal
shunt resistance for a resonant circuit: a natural frequency of beam, a piezoelectric capacity,
and a coefficient created by resonance frequencies of structures in the open and short
circuits [18,19].

The passive damping results from the energy harvesting regardless of whether the
harvested energy is dissipated in a resistor, stored in a battery, or used to run an energy-
harvesting circuit [20]. Liang et al. [21] described that the ratio between loss factors for
SHE and for RSD is equal to 63.66%. Shen et al. [22] presented a damping effect as a result
of extracted energy as a function of the optimal value of the intermediate capacitance. Liao
et al. [23] described the optimal placement and the dimensions of piezoelectric material for
energy harvesting and shunt damping. However, the determination of resistance values,
which would be optimal for both the harvesting process and damping process, is not
described in literature.

The paper presents an experimental method of a determination of resistances, which
are optimal simultaneously for an energy-harvesting process and a vibration passive
damping process of a cantilever beam. A vision analysis was used for the determination of
optimal shunt damping. The determination of resistance, which is optimal for both energy
harvesting and vibration passive damping, is not reported in literature. The application of
the vision analysis for the determination of optimal shunt damping is also not reported in
the available literature.

2. Research Method
The studies were based on measurements of two groups of quantities:

The current generated by a cantilever beam containing piezoelectric material and
displacements of several points in the cantilever beam.

These measurements were conducted for value changes of a resistance, which fulfilled
two functions: load resistance (R;) in an energy-harvesting system and shunt resistance
(Rs) in a resistive shunt-damping system. The structure of the laboratory stand and the
measurement methods are presented below.
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2.1. Structure of Laboratory Stand

A laboratory stand consisted of four basic parts: a system of vibration generation,
a cantilever beam containing a piezoelectric material, a system of current measurement
in the energy-harvesting process, and a vision system for motion measurement in the
vibration-damping process. A view of the laboratory stand is presented in Figure 1.

Figure 1. View of the laboratory stand: 1—cantilever piezoelectric beam, 2—vibration-generation
system, 3—camera.

The system of vibration generation consisted of a linear motor P04, manufactured
by LinMot Company, and a dedicated moving holder, which connected the cantilever
beam and a piston of the linear motor. The linear motor, mounted in a motionless stand
body, generated a sinusoidal motion of the end of the cantilever beam with the required
displacement and frequency. The vision system was based on a HiSpec 1 camera from
Fastec Imaging (San Diego, CA, USA), which was equipped with a CMOS sensor with
a resolution of 1280 x 1024 pixels and 10-bit coding. The camera works in the range of
400-900 nm.

2.2. Piezoelectric Cantilever Beam

The cantilever beam had a prismatic shape with a rectangular cross-section. The beam
structure consisted of a steel-carrying substrate and two patches of Macro Fiber Composite
of P2 type, which were glued onto both sides of the carrying substrate. A structure of the
composite cantilever beam is presented in Figure 2a and the electric connection of the two
MEC patches is in Figure 2b. The cantilever beam was equipped with an additional mass,
which was symmetrically mounted onto both sides of the beam. The Dimensions of the
manufactured beam are presented in Table 1.
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Figure 2. Piezoelectric cantilever beam: (a) structure; (b) electric connection of MFC patches.

Table 1. Geometric parameters of the manufactured cantilever beam [24,25].

Parameters Symbol Unit Value
Length of piezoelectric fiber inside
MFC patch b mm 85
Length of MFC patch IvEc mm 100
Length of cantilever beam I mm 165
Width of active area in MFC patch Wit mm 14
Width of steel substrate wy mm 16
Thickness of piezoelectric fibers in ; mm 0.18
MFC patch P :
Thickness of MFC patch tMEC mm 0.3
Thickness of steel substrate ts mm 2

2.3. Measurement of Current Generated in Energy-Harvesting Process

The current, generated by MFC patches, was measured in one part of the experiments.
The measurement system consisted of three main components: a device that generated
different values of resistance, an A/D board, and a data-canvassing system. A Seven
Decade Programmable Resistor Board, offered by Chunzehui Electronic Technology Co.
(Shenzhen, China), was used for resistance generation. A DaQBoard 2000 with a resolution
of about 16 bits, offered by Measurement Computing Corporation (Norton, Bristol County,
MA, USA), was used as an A/D board. A Data Acquisition System Laboratory, offered by
Measurement Computing Corporation, was used for data canvassing.

2.4. Measurement of Beam Motion in Vibration-Damping Process

In this study, in order to increase the number of measuring points describing the beam
motion, it was decided to perform the measurements using a vision system. A similar
application of the vision method for piezoelectric beam testing is presented in [26]. This
system enabled contactless recording of the motion of the whole beam, on the basis of
which displacement measurement of the selected beam points was done. Schema of the
vision system are presented in Figure 3.
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Figure 3. Schema of the vision system.

Measurement of the beam motion was based on the vision method, enabling recording
of a sequence of images. Each image was analyzed using a vision algorithm, allowing the
determination of displacements of 16 selected points marked on the cantilever beam. The
vision method enabled the observation of 16 points on the beam at the same time, which
improves the interdependencies between the points. The displacement of the selected
points is presented in Figure 4.

MFC patches

Figure 4. Arrangement of measured points in the cantilever beam structure.

The displacements of the points were determined in two directions: Perpendicular to
the beam axis and along with the axis. Along the beam axis, is the x-axis of the stationary
coordinates’ system. The center of the coordinate system was defined as the point PO rigidly
connected in the moving holder. Measurements using the vision method were carried out
in following stages:

e  analysis of the task and selection of the methods of fixing the beam and the technique
of sticking the piezoelectric elements,

selection of the hardware configuration of the vision system,

image calibration at the laboratory station,

recording of the sequence of images at the laboratory station,

development of an image analysis algorithm,

performance of measurements and archiving of measurement data.

The first stage encompassed analysis of the measuring task and carrying out pre-
liminary tests. They aimed to determine the necessary field of view (FOV), measuring
resolution, and the geometry of the vision system setting, concerning the method of sticking
the piezoelectric elements onto the beam and mounting the beam onto the vibration exciter.
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The next stage was to project the hardware configuration of the vision system. The
field of view was set up so that the entire beam, including the inductor and load, was
visible. The vision system parameters were chosen to enable image recording with a
480-frames/second sampling rate and an exposure time equal to 620 ps for a single frame.
The images were recorded with a resolution of 1248 x 478 pixels. The frequency of image
recording was matched to the frequency of the inductor operation. The lighting conditions
at the laboratory test stand were also taken into account. The lighting parameters were
selected on the basis of tests to set the appropriate contrast between the background
and the image of the beam with 16 marked points. It was assumed that 30 images were
recorded for each full period of sinusoidal excitation generated. In the next stage, for such
a prepared hardware configuration, the vision system was built on a laboratory stand.
Then, in order to prepare the station for measurements, the system was calibrated with
the use of a checkerboard calibration pattern [27]. Figure 4 presents one of the recorded
images with markers applied on the beam. We can see, too, that the background, enabling
observation of both the beam and the markers, is visible. Markers were made on the beam
at 16 characteristic points, like a white spot on the beam’s side surface. Points from PO
to P15 were placed at a distance of 10 mm on the beam. The PO point describes the rigid
mounting of the beam on the inductor and the alignment of the coordinate system in which
the vibration amplitude was measured. Point 16.5M indicates the center of attachment
of the additional mass. The stage realized using the vision method involved acquiring
and writing to a disk a sequence of beam vibration images. The series of images were
recorded in such a way that the state without forcing the vibrations was visible (the state of
rest) and the moment of switching on the exciter and vibrations at different values of the
“piezoelectric element load”. After the inductor was activated, the PO point connected with
the inductor moved along the y-axis of the coordinate system with an amplitude of 0.2 mm.

The next stage of the vision measurement procedure of the beam motion involved the
development of an algorithm for analysis of the recorded sequence of images. On each of
the images, the coordinates (x, y) of the location of each of the points (P0-P16) plotted on
the beam had to be determined in the coordinate system adopted for the measurements.
The selection of image recording parameters, as well as the lighting method and the mutual
positioning of the lighting camera and the examined object, allowed for the registration of
an image that did not contain impulse disturbances in the form of reflections or local light
scattering. Thus, in the initial stage of image processing, none of the image enhancement
filters was applied. The coordinate system for the rest position of the PO point was set,
and then the image-scaling procedure was performed to convert point positions registered
in pixels to values expressed in millimeters. For each point, regions of interest (ROI)
were defined, i.e., the area within which the coordinates (x, y) of the location of points
were determined. An example of an image presenting the definition of ROIs for the
selected points of the beam is presented in Figure 5. For each of the points and their
corresponding ROI regions, segmentation parameters were set that allowed the selection
of pixels belonging to the marker area. Then, the algorithm for determining the position
of the center of gravity (COG) was applied for the pixels, forming the marker. All pixels
included in the marker segmentation area were used to determine the x and y coordinates
of the characteristic point. Figure 3 shows the areas of the PO point marker and the P10
point marker. The coordinate system was permanently defined at the point PO determined
in the state of rest (without vibrations). The displacement measurements of the points
marked on the beam were then carried out after activating the inductor in this coordinate
system. The imaging resolution resulting from the size of the field of view and the area of
the matrix used to record the image was 0.159 mm per pixel. The resolution of determining
the position of the point marked on the beam was 0.01 mm [28].
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Figure 5. Beam with the assumed coordinate system and points PO and P6.

The algorithm for determining the location of all characteristic points was performed
for each image in the recorded sequence. Successive images were read, the positions of the
marked points were determined on each of them, and then the coordinates of the points
were saved in successive records of the .csv file. About 3500 images were recorded for each
of the tested load resistances. The use of this type of file made it possible to import data
into MATLAB software, in which analysis of the data obtained from the vision method was
continued.

3. Analytical Determination of Optimal Load Resistance and Shunt Resistance
3.1. Optimal Load Resitance

Standard motion of fixed end of the cantilever beam is a sinusoidal motion in labora-
tory testing of a piezoelectric cantilever beam (compare with [2,3]). Hence, values of two
parameters should be selected: a frequency of vibration of the fixed end of the cantilever
beam and the amplitude of vibration of the fixed end. The determination of the natural
frequency of the cantilever beam was the first stage of selection of frequency value because
it was assumed that experiments would be conducted for the resonance frequency of the
cantilever beam. The natural frequency of cantilever beam is [29]:

3Y,1
n — 1
“ V L2 (ma + (25)mo) M

where Y} is the Young’s modulus of beam and I is the moment of inertia.
The equivalent modulus of elasticity of beam is [29]:

B 2tpmec + tsYsSfl o)
= s LS ST
sty (2tmrc + ts)
where sf1; is the compliance constant of MFC patch, Y; is the Young’s modulus of steel
substrate, and I is the moment of inertia.
The equivalent moment of inertia for a symmetric bimorph is [29]:

> 3
1+3<1+ fs )]erbts 3)

3
Wetppc

6st Vs

tMEC 12

The material properties of the manufactured cantilever beam are presented in Table 2.
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Table 2. Material properties of the composite beam.
Parameters Symbol Unit Value
Compliance constant of MFC patch [30] s11 m?2 x N~1 21.2 x 10712
Young’s modulus of steel substrate Y Pa 205 x 10°
Mass of beam my, kg 0.046
Additional mass i kg 0.142

Values of resistance should be also selected. For this purpose, the optimal load
resistance and the optimal shunt resistance were calculated for the manufactured beam.
The optimal load resistance can be calculated from [12]:

1

s s
Wn (CpMFCI + CpMFCZ)

(4)

Rlopt =

where C° pMrc1 is the capacity at a constant strain of the MFC patch glued on the upper
surface on the steel substrate and C° pMFC2 is the capacity at a constant strain of the MFC
patch glued on the lower surface. Both MFC patches were similar, so it was assumed that
CspMpCl = CSPMFCQ = CSpMFC~ Piezoelectric capacity at constant strain is [11]:

s
S €33Wplp
Comec = . ®)

where £%33 is the permittivity under a constant strain of the piezoelectric fibers in the MFC
patch and wy is the sum of the width of the rectangular piezoelectric fibers in the MFC
patch. The width of the rectangular piezoelectric fibers in the MFC can be approximated as
wy =0.865 X wget [31].

3.2. Optimal Shunt Resistance

The optimal shunt resistance can be determined on the basis of equations presented
by Liang et al. [21], which were modified in this paper for the parallel connection of two

MEC patches:
(1—k2) V(1 —k)
Rsopt = S S = 2. CS (6)
Wn (CpMFCl + CpMFCZ) "~pMFC
where k2, is the coupling coefficient of the piezoelectric element:
k2 _ (0‘3)2 (7)
e

5 s 2
KE (CpMFCl T CpMFCZ) + (ae)

where a, is the force-voltage coupling factor of the MFC patch and KF is the short circuit
stiffness.
Xe = Wpe31 (8)
E _ ZthPCfl (9)
lp

where e3; is the piezoelectric constant and cfq; is the elastic stiffness constant.

3.3. Piezoelectric Material and Bimorph Properties

On the basis of [32], it was assumed that the MFC patch contained PZT-5A ceramic.
Material properties for PZT-5A are presented in Table 3.
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Table 3. Material properties of PZT-5A [33].
Material Property Symbol Unit Value
Piezoelectric constant e31 C/m? 10.4
Permittivity at constant strain %33 F/m 13.3 x 107°
Elastic stiffness constant CE11 Pa 61 x 100

The calculated values of parameters of the manufactured cantilever beam are pre-
sented in Table 4.

Table 4. Values of calculated parameters of cantilever beam.

Calculated Parameters Symbol Unit Value
Natural frequency of cantilever beam Wy rad/s 102.4496
Piezoelectric capacity at constant strain CSpMFC F 7.6058 x 1078
Optimal load resistance Rigpt kO 64.168
Optimal shunt resistance Rsopt kO 21.904

3.4. Power Generated in Energy-Harvesting Process

The piezoelectric patches in the cantilever beam structure can be treated as a current
source controlled by the displacement of the fixed end of the harvester beam [34]. The
motion of the fixed end causes a beam-bending process. The current generated by the
cantilever beam was dependent on stress in the piezoelectric material, which resulted from
a beam bending. Hence, the power generated by the cantilever beam can be calculated on
the basis of formula, which was elaborated by combining the standard beam equations
with the constitutive piezoelectric equations and electric circuit equations. To simulate the
generated power, we used the equation described by Roundy et al. [35]:

2kt 2(E 2
1 ( kzp) éAm
= — 10)
2R ) 2 - 5
Wi 1 2 2 _Wn 2
|:2wRC§MFC w (2RC;MFC + Zgw”ﬂ + {w”(l ki) + RC?MFC w

where R is the tested load resistance, k; is the geometric constant that relates average
piezoelectric material strain to the tip deflection, A;, is the acceleration magnitude of
the fixed end vibration, w is the vibration of the fixed end of the beam, and ¢ is the
dimensionless damping ratio, which represents the viscous loss from the system. The
course of power is presented in Figure 6.

16 ——— "
A7 ‘“*-__H‘
g // -
L -

éﬂa y
@ s
@ z
= s
T 12r 7
= /
g /
= /
> 10 /
= /
@ /
= !
© 8r i
g /
o /
% i

6/
o /

4 . \ \ \ \ \ \ \

10 20 30 40 50 80 70 80 a0 100

Resistance (k{2)

Figure 6. Simulated power generated by the piezoelectric cantilever beam.
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4. Results
4.1. Limiting Conditions

The frequency of vibration of the fixed end of the cantilever beam was calculated on

the basis of the formula:
Wn

f fe = ﬂ

The values of resistance were selected in the range from value, which was close to

the calculated optimal shunt resistance (Rsopt) to value, which was close to the calculated

optimal load resistance (Rj,). Hence, the camera recordings and harvested current mea-

surements were made for the following values of resistance (R; - ;): 20 k), 30 k(3, 40 kQ,

50 k0, 60 k), and 65 k(). Additionally, the same experiments were made for resistance

(R=¢): 10 kO, 70 kO, 80 k), and 100 k() in order to get a designation of change direction

of the values of the tested quantities. The conditions of the laboratory experiments are
presented in Table 5.

(11)

Table 5. Conditions of laboratory experiments.

Parameters Symbol Unit Value
Frequency of fixed end of cantilever beam fre Hz 16.3
Amplitude of fixed end of cantilever beam A mm 0.2
Values of resistance Ri_s kO 10,20, 30, 40, 50, 60,

65,70, 80 100

4.2. Energy-Harvesting Process

Experiments contained current measurements for 10 values of resistance. The course
of the measured current is presented in Figure 7a. On the basis of the values of current
(ig) and resistance (R; - ;), harvested power (Figure 7b) was determined by the use of the
known formula:

(12)

The measured values of power, generated by the MFC patches, (Figure 7b) were lower
than the simulated values of the power (Figure 6). The supposed cause was an interaction
of the adhesive layers between the steel substrate and the MFC patches. The adhesive layers
limited a stress transmission between the substrate layer and the piezoelectric material.

2
Pg = Rl:slg

0.8 16 T T T T T T T T
. B
SO075F N =157 ﬁe* R -]
E * = e "*K
= A S 1a F y ]
o 0.7 N - ;
2 o *
2 £ 13t
T 065[ * _é /;
3] | /
o 12

£ osf * e jr
=
a =1
T os5f * 5 *
.E-E‘ \\ ‘a-(; wor !
2 o5t 3k g
5 K \* % ol
2 Sk 5
§oast = s g 4l
5 ~~ 5,
O g4 ~= "-|é 7L

0.35 3

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Resistance (k{1) Resistance (k{1)
(a) (b)

Figure 7. Energy-harvesting process: (a) Average current generated by MFC patches; (b) Power generated by MFC patches.
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4.3. Vibration-Damping Process

Vibrations of 10 points in the beam structure were measured by the use of the vision
method. An arrangement of the measured points is presented in Figure 4. Motion determi-
nation of the whole beam structure was carried out in three stages. In the first stage, the
courses of displacement of nine selected points in the beam structure were measured for
10 values of resistance. The displacement of exemplary point No. 10 for resistance equal to
65 k() is presented in Figure 8.

A

0 500 1000 1500 2000 2500 3000
Time (ms)

-

Displacement (mm)
'
- o

-2 F

Figure 8. Measured displacement of point No. 10 for resistance equal to 65 kQ.

In the second stage, absolute values of the displacement of nine points were calculated
for 10 values of resistance. Comparison of the absolute values of the displacements of
exemplary point No. 10 for 10 values of the shunt resistance are presented in Figure 9.

o 271

=
- [
@ &

M
w
o

Displacement (mm)
L)
. L
w w

g
=

2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000
Time (ms)

1000 1500 2000 2500 3000
Time (ms)

Figure 9. Absolute values of displacements of point No. 10 for 10 values of resistance.

In the third stage, average displacements of nine points were calculated for the time
range from 2000 ms to 3000 ms. A comparison of the average displacements of 10 points in
the beam structure for 10 values of resistance is presented in Figure 10.
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Figure 10. Comparison of average displacements of points from 2 to 10.

5. Discussion

A comparison of characteristics for SEH (Figure 7b) and for RSD (Figure 10) required
a definition of additional non-dimensional coefficients:

NSEH; =

NRSD,; =

P,
S for i=10kQ,...,100 kO (13)

Pgmax

y;mi“ for i=10kQ,...,100 kQ (14)
pi

where nggp; is the non-dimensional coefficient of harvesting for selected resistance (i), Pg;
is the power generated by the MFC patches for selected resistance (i), Pgax is the maximal
power generated by the MFC patches for optimal load resistance (Rjgpt), nrsppi is the non-
dimensional coefficient of damping for a selected point (p) and for a selected resistance
(1), Ypmin is the minimal displacement of a selected point (p) in the beam structure for an
optimal shunt resistance (Rsopt), and Ypi is the displacement of a selected point (p) in the
beam structure for a selected resistance (i). A comparison of the values of the calculated
coefficients for points Nos. 2-10 and No. 16 is presented in Figure 11.
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The finding of the optimal resistance for both energy harvesting and vibration damp-

ing required a calculation of mean of coefficients ngspy;:

1t
ﬁRSDi = ;ET[RSDI. fOl’ i=10 kQ, ..., 100 kQ) (15)
1

where p is the number of points in a beam structure.
A definition of a total coefficient for both energy harvesting and vibration damping is:

—_

NSEH/RSD; = E(”SEH,- +ﬁRSD1-) for i=10kQ,...,100 kO (16)

The courses of the calculated coefficients ngsp, and nsgp/rsp are presented in Figure 12.
On the basis of the courses presented in Figure 11, it can be noticed that the optimal shunt
resistance was included in the range from 20 k() to 30 k() and the optimal load resistance
was included in the range from 60 k() to 65 k(). The values of shunt and load optimal
resistances, analytically calculated based on equations from [12,21], are also included in
the same ranges of resistance.
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Figure 12. Comparison of energy harvesting and passive vibration damping.

The resistances, for which an efficiency of energy harvesting and vibration damping
(treated as one process) is the highest, should be included in the range from a cross point of
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ngey and nggp curves (38.7 k() to the optimal load resistance. The efficiency was almost
the same in this resistance range: from 95.92% to 96.16% of the sum of the non-dimensional
coefficient for maximal power generated and the non-dimensional coefficient for maximal
damping, which was determined on the basis of minimal displacement of beam points.
The highest efficiency equaled 96.45% and for resistance equaled 50 k().

If energy harvesting and vibration passive damping are treated as two separate
processes, the highest efficiency of both processes is only in a cross point of ngry and ngsp
curves. In this point, the generated electric power equaled 95.92% of the maximal power
generated for an optimal load resistance (Rjy,;) and vibration shunt damping equaled
95.92% of the maximal damping for an optimal shunt resistance (Rsopt). For the rest of the
resistance range, from the cross point of ngpy and ngsp curves to the optimal load resistance,
the efficiencies of energy harvesting and vibration passive damping were different, e.g.,
for resistance, it equaled 50 k() efficiencies that were correspondingly equal to 98.85% and
94.05%.

6. Conclusions

Piezoelectric energy harvesting and vibration shunt damping of a cantilever beam
were tested in laboratory research. The research contained 10 experiments in which
courses of the energy-harvesting process and vibration passive damping were estimated.
Energy harvesting was estimated by measurements of generated current for the given load
resistance values. Vibration passive damping was assessed by use of a vision method,
which enabled the displacements” measurements of 10 selected points in the beam structure
for the given shunt resistance values. Values of both load resistance and shunt resistance
were chosen on the basis of analytically calculated optimal load resistance and optimal
shunt resistance. On the basis of conducted experiments, the resistance range for which
both the energy-harvesting process and the vibration-damping process are most effective
was determined.

The resistances for which both the energy-harvesting process and the vibration shunt-
damping process are most effective should be included in the resistance range, the upper
limit of which is equal to the optimal load resistance. The lower limit of the resistance
range is determined by the cross point of the first non-dimensional coefficient, describing
the energy-harvesting process, and the second non-dimensional coefficient, describing
the shunt-damping process. The way of determining these coefficients was proposed in
an article. A vibration shunt-damping process can be estimated by the use of the vision
analysis. Such analysis enables the researcher to make a determination of the damping
process for the whole structure of the tested cantilever beam.

The determination of the resistance value, which is optimal in both energy harvesting
and vibration passive damping, can be useful for applications in which energy conversion
is realized without any additional mechanical structure. In other words, MFC patches are
directly glued onto the mechanical structure (e.g., smart trust), vibrations of which are
undesirable. In such case, the MFC patches can be used for two purposes: a decrease of
undesirable vibration and a generation of an energy-supplying wireless sensor, which was
used for the vibration measurement.

The next step of the presented research could be to determine the optimal resistance
for a series connection of two MFC patches.
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