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Abstract: This article presents the optimisation process of some key parameters such as the size of the macro-fibre composite (MFC)  
and the optimal impedance load matching the piezoelectric harvester located in the prototype of the micro-power generator to enhance  
the vibration-based energy harvesting effect. For this, the distributed parameter model of this structure, including MFCs of the 8514 P2, 
5628 P2 and 8528 P2 types, with a homogenous material in the piezoelectric fibre layer was determined. The numerical analysis  
of the FEM model of the flexure strip with piezo-composite indicated that the highest amplitude of voltage >7 V is generated  
by the proposed device with the piezo of the 8528 P2 type, while the lowest amplitude (close to 1.1 V) was noted for the piezo of the 8514 
P2 type. Experiments were carried out on the laboratory stand to verify the obtained results. In addition, it was shown that the power output 
of the real EH system with the piezo of the MFC 8528 type, connecting with the matched resistive load (R = 120 kΩ), led to a significant 
increase in the value of the generating voltage up to 500 mW versus EH system with the piezo of 8514 P2 and 5628 P2 types. Finally,  
the effectiveness of this system was found to be close to 33% for the EH system with the piezo of the 8528 P2 type. 

Key words: macro-fibre composite, homogenised material, micro-piezo generator, vibration-based energy harvesting system

1. INTRODUCTION 

Energy harvesting is defined as the direct conversion  
of unused ambient energy, such as mechanical, thermal and 
solar, to electrical energy. The most popular and generally known 
energy harvesting methods in civil infrastructure are solar panels 
or wind turbines, which powers electronic devices with a high 
power demand. Another approach is using vibration-based energy 
harvesters that utilise vibrations of a mechanical structure or 
ambient vibrations that can be used to power small-scale sensors 
and actuators of a low power demand. 

Numerous methods of converting mechanical motions to elec-
tric energy from a technical point of view, such as piezoelectric [1–
3], electrostatic [4], and magnetostrictive or electromagnetic ener-
gy [5], can be found in the literature. Among them, piezoelectric 
generators is the most efficient in such applications due to their 
simple structure and the high robustness to external/internal 
electromagnetic waves. In addition, the effectiveness of this type 
of generator can be improved by modifying the piezoelectric mate-
rials, changing the stress direction, or altering the electrode pat-
tern. Unfortunately, apart from these advantages, piezoelectric 
generators have numerous disadvantages, such as depolarisa-
tion, poor coupling in the piezo-film and poor adhesion between 
the polyvinylidene fluoride (PVDF) film and electrode material 
[6,7].  

A group of researchers, with Morita as a leader, showed that 
electromagnetic energy harvester generators have a high energy 
density and they can be fabricated without any difficulties [8]. 
Compared to piezoelectric generators, smart materials and exter-
nal voltage sources are not needed for electromagnetic genera-

tors. Hence, Nicoleti pointed out that electromagnetic harvesters 
represent a low-cost solution with the possibility of operating 
without any contact with the vibrating structure [9]. Similar to piezo 
generators, electromagnetic generators also have numerous 
disadvantages, one of which is the fact of being affected by elec-
tromagnetic waves, which will pose some difficulties when inte-
grating with MEMS [10]. 

Smart materials are not needed for electrostatic generators, 
and they are also compatible with MEMS [11]. The advantages of 
electrostatic generators are presented in an article written by 
Roundy [12], who pointed out that using the out-of-plane gap-
closing convert method will yield the highest potential capaci-
tance, and the interaction between the two planes makes them 
easy to stick together. Other advantages of this method are de-
scribed in articles [13,14] written by Li et al., who showed that an 
electrostatic MEMS energy harvester with a novel non-uniform 
comb or impact-based frequency up-conversion can enhance the 
power output generated by this device. Similar results were also 
obtained in a previous study [15] where an electrect-based Vibra-
tion Energy Harveters (e-VEH)  device with the frequency up-
conversion was used.  

Electrostatic generators are widely used in many applications 
because of the advantageous properties of the piezo-patch strips 
and piezo-stacks [16–20]. Here is an example of such an applica-
tion in structural health monitoring (SHM): [21] Pakrashi et al 
assessed the leak localisation in water pipes using piezo-patches 
and investigated several pipes with different widths of leak to 
propose and calibrate a leak index based on the monitoring volt-
age from a piezoelectric energy harvester (PEH) and the power 
spectrum of the output signal generated from particular PVDF 
piezoelectric transducers. Similar experiments have been carried 
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out for bridge monitoring under operational conditions via Pb-
zirconate titanate (PZT) patches [18,22,23] or the damage identifi-
cation metric for smart beams with macro-fibre composite (MFC) 
elements to support SHM [24]. Ambroziak et al. [25] used piezoe-
lectric energy harvesting systems for monitoring the propulsion 
system of Vertical Take-off Landing Unmanned Aerial Vehicle 
(VTOL UAV) in their study, where they investigated healthy and 
damaged propulsion systems and proposed a methodology for 
quickly detecting the failure of the UAV propulsion system.  

As mentioned earlier, piezoelectric energy harvesting systems 
are also used to improve the effectiveness of systems, especially 
in a low frequency range. Pan et al. designed a hybrid energy 
harvester [26] that can generate an output power close to 70 µW. 
A similar study was done by Yang et al. who used a rail-borne 
PEH to collect energy from random railway vibrations [27]. They 
also demonstrated that the output power peaks from the system at 
the first two resonance frequencies are close to 10 mW. In anoth-
er study [28], Wu et al. proposed a while-drilling energy harvesting 
device as a continuous power supply for downhole instruments 
during the drilling procedure. The designed device can obtain the 
best energy harvest performance with a peak voltage of 20–40 V 
and with the thickness of piezo-strips of 1.2–1.4 mm. Kan et al. 
[29] developed a PEH excited by an axially pushed wedge cam. 
The proposed rotary energy harvester is characterised by the 
simultaneous realisation of unidirectional deformation and limited 
amplitude for piezoelectric vibrations. Under the optimum match-
ing parameters, the proposed harvester generated a maximum 
power of 10 mW. Ju et al. [30] proposed an energy harvester that 
consists of spherical proof mass in an aluminium housing and a 
piezoelectric cantilever beam fabricated by attaching metal blocks 
at the free end of an MFC beam. The obtained experimental 
results indicated that the proposed harvester based on an indirect 
impact enhanced the energy harvesting effect by obtaining an 
average power output of 964 μW by 3 g acceleration at 18 Hz.  

The effectiveness of the energy harvesting system for cantile-
ver beam structures can be also enhanced by considering the 
broadband effect. For example, Zhou et al. [31] used a novel 
multi-mode intermediate beam with a tip mass called a “dynamic 
magnifier”. The results of in this study showed that the amplitude 
of the voltage generated by the proposed harvester in a low fre-
quency range significantly increased in comparison to the conven-
tional energy harvesting system. Similar results were obtained in a 
study by Caban et al. [32], where an energy harvesting system 
was located on a diesel engine suspension.  

Other devices that produced more amount of energy are piezo 
generators equipped with piezo-stacks. For example, Peng et al. 
[33] indicated that this kind of generator can produce an instanta-
neous peak power of 300 mW. Similarly, Wen et al. [34] designed 
a piezoelectric generator with an integrated multistage force appli-
cation. The experimental results showed that a high-peak power 
output of 50 mW can be obtained from the proposed device when 
connected with a properly matched resistive load.  

Regardless of the type of piezoelectric generators, their effec-
tiveness, especially in a low frequency range, can be enhanced by 
connecting them with storing units containing supercapacitors or 
the synchronised switch harvester on inductor (SSHI) circuit [35–
39]. For example, Selleri et al. [40] described a system composed 
of an ionic liquid-based supercapacitor and a PZT disc. The 
charging process of the aforementioned supercapacitor, which 
lasted 2 h, lighted an LED for 120 s. Similarly, Koszewnik et al. 
[41] used an SSHI circuit in a beam-slider structure with an MFC 
composite to obtain an amplitude of voltage output of >20 V.  

Taking the presented peer review into account, this study fo-
cuses on overcoming the problem of generating voltage from 
vibration-based systems with a low amplitude. To this end, the 
micro-power piezoelectric generator with MFC films attached to 
the host structure is designed and tested. In addition, in the pro-
posed generator, the MFC made of a homogenised material in the 
active layer of the piezo is considered to show a novelty in the 
power range of some low-energy sensors. This article is organ-
ised as follows. The electromechanical model of the piezo har-
vester located on the considered mechanical structure in physical 
and modal coordinates is described in Section 2. In Section 3, the 
computational models of all structures with a homogenous model 
of MFC, which is also a core novelty of this study, is presented. 
Next, in Section 4, experimental investigations for three different 
host structures of the generator with MFC films of the 8514 P2, 
5628 P2 and 8528 P2 types are presented and described. In 
addition, the effectiveness of the proposed energy harvesting 
system is assessed in this section. Section 5 concludes the main 
findings of this work. 

2. ELECTROMECHANICAL MODEL OF THE ENERGY PIEZO 
HARVESTER LOCATED IN THE PROTOTYPE OF THE MI-
CRO-POWER GENERATOR 

In this section, a brief description of an electromechanical 
model distributed parameters of a flexure strip with a piezo-patch 
being part of the proposed prototype of the micro-power generator 
is analysed. To this end, the fixed–fixed glass fibre beam, being 
the host structure of the generator, is equipped with one piezo-
strip harvester MFC including a single active layer, two Kapton 
layers and two electrode layers. As a result, a smart structure of 
the generator is designed, shown in Fig. 1. The parameters of the 
host beam, as well as the piezo adjusted to its structure, are listed 
in Tab. 1. 

 
Fig. 1. Simplified model of a fixed–fixed beam with the piezo-strip 

As can be seen in Fig. 1, a fixed–fixed beam representing the 
flexure strip of a micro-power generator with an integrated har-
vester is excited to vibration by force F0 deriving in a real structure 
from the vibration shaker by the pusher and the cross-amplifying 
mechanism. The mentioned piezo-composite of the length of LP, 
the width of wP and the thickness tP of the whole MFC, integrated 
with the host structure at the position xPH1, xPH2, was used to 
measure voltage from the vibration structure. 

Then, the general equation of the transverse vibration of such 
excited part of the generator can be expressed as follows: 

[𝐸𝐹𝐼𝐹 + 𝐸𝑃𝐼𝑃(𝐻(𝑥 − 𝑥𝑃𝐻2) − 𝐻(𝑥 − 𝑥𝑃𝐻1))]
∂4𝑤(𝑥,𝑡)

∂𝑥4
+

[𝑚𝐹 +𝑚𝑃(𝐻(𝑥 − 𝑥𝑃𝐻2) − 𝐻(𝑥 − 𝑥𝑃𝐻1))]
∂2𝑤(𝑥,𝑡)

𝑑𝑡2
+

−Γ𝑉(𝑡) [
𝑑 ∂(𝑥−𝑥𝑃𝐻2)

𝑑𝑥
−

𝑑 ∂(𝑥−𝑥𝑃𝐻1)

𝑑𝑥
] = 𝐹0𝛿(𝑥 − 𝑥0)

 (1) 
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where: EF is Young’s modulus of the flexure strip of the generator, 
EP is Young modulus of the piezo-composite harvester element,  
IF is the inertia moment of the flexure strip, IP is the inertia moment 
of the piezo-composite harvester element, mF is the mass per unit 
length of the flexure strip, mP is the mass per unit length of the 
piezo-composite harvester, H(x) is the Heaviside function, δ(x)  
is the Dirac function along the longitudinal direction, V(t) is the 
voltage flowing through the external resistive load R, F0 is the 
force obtained from the pusher and the cross-amplifying mecha-
nism of the micro-power generator, x_PH1 is the initial location  
of the piezo-patch harvester on the host structure, x_PH2 is the 
ending location of the piezo-patch and Γ is the electromechanical 
coupling factor.  

Tab. 1. Parameters of the host structure and three different piezo-patch               
             composites MFC 5628, MFC 8514 and MFC 8528 [15] 

Mechanical parameters 

Fibre glass 

Length 

[mm] 

Width 

[mm] 

Length 

[mm] 
    

LF 140 wF 38 tF 
1

5 
    

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

(-) 

Density 

[kg/m3] 
    

EF 80 vF 0.22 
ρF 

2,600 
    

Piezo-composite MFC 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

(-) 

 

Piezo-

charge 

coeff. 

(pC/N) 

Relative permittivity (-) 

Ex  31.6 vxy    0.4  
d31                  

173 
εr

T    2,253 

Ey  17.1 vyz    0.2  
d32                  

150 
 

Ez  9.5 vxz     0.4  
d33                   

325 
 

Geometrical parameters 

Overall 

length 

[mm] 

Overall 

width 

[mm] 

Active 

length 

[mm] 

Active 

width 

[mm] 

Thick. of  

PZT fibre 

layer [µm] 

Thick.  

of elec-

trode 

layer 

[µm] 

Thick. 

of Kapton 

layer [µm] 

 103  31 85 28 180 25 30 

Lp 103 wP 17 85 18 180 25 30 

 67  31 56 28 180 25 30 

MFC, macro-fibre composite; PZT, Pb-zirconate titanate. 

The piezoelectric element used in the generator requires con-
sidering the approach from the electrical point of view. For this, 
the electrical charge accumulated at its electrodes can be calcu-
lated over the whole surface area in the following form: 

𝑸 = ∫ (𝒅𝟑𝟏𝑬𝑷𝜹̅𝑷 + 𝜺𝟑𝟑𝑬𝟑)𝒘𝑷𝒅𝒙
𝒙_𝑷𝑯𝟐

𝒙_𝑷𝑯𝟏
          (2) 

where ε33 is the permittivity at constant stress, 𝛿𝑃̅ is the bending 
strain along the middle surface of the piezo layer and E3 is the 
electric field. 

Next, applying Ohm’s law, the current flowing through the load 

resistor R, connected to the MFC, can be expressed as follows: 

𝒊(𝒕) =
𝑽(𝒕)

𝑹
=

𝒅𝑸

𝒅𝒕
=

𝒅

𝒅𝒕
[∫ (𝒅𝟑𝟏𝑬𝑷𝜹̅𝑷 + 𝜺𝟑𝟑𝑬𝟑)𝒘𝑷𝒅𝒙

𝒙_𝑷𝑯𝟐

𝒙_𝑷𝑯𝟏
]   (3) 

where R is the resistive load applied to the system. 
Taking Eq. (3) into account, it can be seen that the current i(t) 

is strongly associated with strains of the piezoelectric harvester 
and the electrical field applied to its electrodes. This resulted in 
the fact that the electrical circuit of the system can be obtained by 

substituting the electric field 𝐸3 = −𝑉(𝑡)/𝑡𝑃  and the strain 

𝜹̅𝑷𝑯 = −𝒕𝒄
𝛛𝟐𝒘

𝛛𝒙𝟐
in the following form [16]: 

𝐶𝑝
𝑑𝑉(𝑡)

𝑑𝑡
+

𝑉(𝑡)

𝑅
+ Γ [∫

∂3𝑤(𝑥,𝑡)

∂𝑥2 ∂𝑡
𝑑𝑥

𝑥_𝑃𝐻2

𝑥_𝑃𝐻1
] = 0           (4) 

where Cp is the capacitance of the piezo-patch harvester 

𝐶𝑝 =
𝜀33𝑤𝑃𝐿𝑃

𝑡𝑃
 

Both equations Eqs (1) and (4) refer to distributed electro-
elastic model parameters of the piezo-patch harvester integrated 
to a 1D mechanical structure in physical coordinates. However, 
from the energy harvesting point of view, it should be analysed in 
modal coordinates. For this purpose, vertical displacement of the 
beam as a host structure is represented as multiplication of an 
absolutely and uniformly convergent series of the eigenfunctions 
in the following form: 

𝑤(𝑥, 𝑡) = ∑ 𝜑𝑛(𝑥)𝜂𝑛 (𝑡)
∞
𝑛=1            (5) 

where 𝜑𝑛(𝑥) is the mass normalised eigenfunction (mode 

shapes), 𝜂𝑛(𝑡) is the modal time response of the system for n-th 
mode. 

The considered structure represents the fixed–fixed beam. As 
it was applied, the eigenvectors of this structure, after considering 
the boundary coordinates, given in Eq. (6), and split by geometric 
and time variables, can be expressed as given in the following 
equation [7]: 

𝑤(0, 𝑡) = 0 𝑤(𝐿𝐹 , 𝑡) = 0
∂𝑤(𝑥,𝑡)

∂𝑥
|
𝑥=0

= 0
∂𝑤(𝑥,𝑡)

∂𝑥
|
𝑥=𝐿𝐹

= 0                                         (6) 

    

    

( ) cosh -cos cosh cos

sinh +sin sinh sin

n n
n n F n F

F F

n n
n F n F

F F

x L L x x
L L

L L x x
L L

 
  

 
 

    
       

    

    
      

    

   (7)                                             

where 𝜆𝑛 =
(2𝑛+1)𝜋

2⋅𝐿𝐹
 for n = 1,2. 𝜆𝑛  is the frequency parameter 

of an undamped host structure. 
Substituting Eq. (7) into Eq. (1) leads to solving the eigenvalue 

problem of the smart beam for short circuit conditions. Then, the 
natural frequency ωn of the structure, with no piezoelectric patch 
for the n-th mode, can be presented in the following form: 

𝜔𝑛 = 𝜆𝑛
2√

𝐸𝐹𝐼𝐹

𝑚𝐹𝐿𝐹
4            (8) 

where LF is the length of the flexure strip of the micro-power 
generator. 
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Taking account of the modal analysis procedure of the 1D 
structure with a piezo harvester adjusted to its surface by using 
support, an electromechanical coupled ordinary differential equa-
tion for the modal time response 𝜂𝑛can be expressed as follows 
[7]: 

𝑑2𝜂𝑛(𝑡)

𝑑𝑡2
+ 2𝜉𝑛𝜔𝑛

𝑑𝜂𝑛(𝑡)

𝑑𝑡
+𝜔2

𝑛𝜂𝑛(𝑡) + Γ̃𝑛𝑉(𝑡) =

𝑓𝑛(𝑡)𝛿(𝑥 − 𝑥0)    (9) 

where 𝜉𝑛 is the modal damping ratio, 𝑓𝑛(𝑡) is the modal force 
applied to the structure.  

As a result, the modal electromechanical coupling term Γ̃𝑛can 
be presented as follows: 

Γ̃𝑛 = −𝐸𝑃𝑑31𝑤𝑃𝑡𝑐 ∫
𝑑2𝜑𝑛(𝑥)

𝑑𝑥2
𝑑𝑥 =

𝑥_𝑃𝐻2

𝑥_𝑃𝐻1
   

−𝐸𝑃𝑑31𝑤𝑃𝑡𝑐
𝑑𝜑𝑛(𝑥)

𝑑𝑥
|
𝑥_𝑃𝐻1

𝑥_𝑃𝐻2

         (10) 

The obtained modal electromechanical coupling term given by 
Eq. (10) and the vertical deflection from Eq. (7) put into Eq. (4) 
lead to modifying the electrical circuit equation in the following 
form: 

𝑪𝒑
𝒅𝑽(𝒕)

𝒅𝒕
+

𝑽(𝒕)

𝑹
−∑ 𝚪̃𝒏

∞
𝒏=𝟏

𝒅𝜼𝒏(𝒕)

𝒅𝒕
= 𝟎        (11) 

The performed considerations of the tested structure with dif-
ferent active areas of the integrated piezo-patch harvester for 
modal coordinates allow to assess the voltage generated by the 
piezo as well as the effectiveness of the proposed Energy Har-
vester (EH) system located in the micro-power generator.  

3. PROTOTYPE OF THE MICRO-POWER GENERATOR  

The proposed micro-power generator with an EH system lo-
cated on the flexure strip is shown in Fig. 2. It consists of a tele-
scoping rod (1), cover (2), body case (3), cross-amplifying mech-
anism (8), flexure strip (5) and MFC piezo-strip (9). All elements, 
apart from the telescoping rod, were printed using a 3D printer 
and PLA filament wire of 1.75 mm diameter developed by Fiberlo-
gy company. In addition, from the mechanical point of view, bear-
ing balls are used to eliminate frication in the cross-amplifying 
mechanism.  

 
Fig. 2. Numerical model and prototype of the piezoelectric generator 

 

3.1. Finite Element Model (FE) of the piezo generator  
and numerical results 

The process of assessing parameters of the energy harvest-
ing system in the micro-piezo generator is described in this sec-
tion. In addition, the numerical calculations of the micro-piezo 
generator, including the flexure strip of a length of 140 mm, a 
width of 38 mm and a thickness of 1 mm and three different piezo-
patch harvesters (MFC 5628, MFC 8514 and MFC 8528), are 
made.  

To determine the parameters of the energy harvesting system 
located in the micro-piezo generator, the finite element (FE) model 
of the whole generator designed in Ansys is used. Taking this into 
account, the flexure strip structure made from glass fibre is mod-
elled using an 8-node coupled-brick element Solid186, while the 
MFC element is discretised by using the representantive volume 
elements (RVE) technique [24,43]. Then, according to this meth-
od, the piezoelectric fibre layer with a homogenised material is 
modelled using a Solid 226-node coupled brick element, while the 
electrode and Kapton layers of the harvester are modelled using 
an 8-node coupled-brick element, Solid186. As a result, the com-
putational model of the considered structure is determined, shown 
in Fig. 3b, where the thickness of the adhesive layer (<15 µm) is 
omitted. 

 (a) 

 
(b) 

 
Fig. 3. Computational model (a) of the whole micro-piezo generator,  
            (b) the flexure strip with piezo 

Next, the behaviour of the flexure strip with the piezo element 
is analysed in the frequency domain. For this, a modal analysis  
of the FEM model of the proposed generator is performed in the 
limited frequency range of 1–300 Hz.  
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Fig. 4. Frequency response function of the FEM model of the flexure strip      
            with chosen piezo-strip of type MFC 8514 P2 

  
(a) 

 
(b) 

 
Fig. 5. Comparison of (a) strain distribution and (b) voltage generated by    
            MFCs versus the symmetry axis of the flexure strip 

Observing the determined amplitude plot of the flexure strip 
with a piezo-composite presented in Fig. 4, it can be noticed that 
this system should effectively work in the first resonance, where 
the amplitude peak is the highest. In the case of exciting the 
system to vibration with the second natural frequency, it can be 
supposed that the effectiveness of this system significantly de-
creases due to a smaller amplitude of strains of the piezo-
composite. This behaviour allows to conclude that further analysis 
of this micro-piezo generator should be considered in the narrow 
frequency range, not exceeding 30 Hz. 

Next, a harmonic analysis of this generator is performed to 
assess the parameters of the energy harvesting system located 
on the flexure strip according to Eq. (11). To do this, the computa-
tional models of the flexure strip with three different piezo-strips 
were excited to vibration by applying a sinusoidal excitation with a 
frequency close to the first natural frequency. The obtained results 
from the “Piezo and Mems Toolbox” (see Fig. 5) show that the 
size of the piezo-composite is a significant parameter that influ-
ences the values of strains, amplitude voltage output, as well as 
the effectiveness of the EH system. 

As shown in Fig. 5b, the use of the piezo harvester with the 
highest active area (MFC 8528) leads to the generation of the 
highest amplitude strains and, consequently, the highest ampli-
tude of voltages. In the case of using piezo-composites with the 
same length and twice shorter width (MFC 8514), smaller strains 
can be observed on the surface of this element and lower ampli-
tudes of voltage generated by this element. A different effect is 
achieved for the piezo generator with the piezo-composite of the 
MFC 5628 type. In this case, shortening the length of the piezo-
strip elements by the same width leads to generating a slightly 
higher voltage amplitude than that in the case of the piezo of the 
MFC 8514 type. This effect is due to the emergence of slightly 
higher strains in the longitudinal direction of this piezo. 

4. EXPERIMENTAL SETUP 

The process of the parameter assessment of the energy har-
vesting system located in the piezoelectric generator was carried 
out on the lab stand, as shown in Fig. 6, to verify the numerical 
results. 
 a) 

 
(b) 

 
Fig. 6. View of (a) the micro-piezo generator placed on the vibration    
           shaker Tira TV 51110-M, (b) the whole lab stand with the     
           retrofitted equipment 
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To do this, three different MFCs of 8514 P2, MFC 5628 P2 
and MFC 8528 P2 types composed of two Kapton layers, two 
epoxy layers and one PZT fibre layer were chosen for an experi-
mental test, where each of them was attached to the fibreglass 
beam with an adhesive epoxy layer of the Uhu plus type. The 
parameters of the host structure are listed in Tab. 1. 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 7. Comparison of voltage generated by the real EH system with MFC    
           of types (a) 8514 P2, (b) 5628 P2, (c) 8528 P2 by connecting them  
           with resistive load in the range 100–200 kΩ 

In addition, the lab stand was retrofitted into the system acqui-
sition data National Instrument PXI used to measure the voltage 
generated by the EH system, as well as a laser displacement 
sensor LQ10A65PUA (Turck) to monitor the base acceleration. 
The lab stand, presented in Fig. 6, was also equipped with the 
signal generator Agilent and the vibration shaker TV51110-M with 
a BAA 120 amplifier (developed by Tira) to introduce a signal 
excitation. 

In the first step, the experimental tests were carried out to 
measure the base acceleration and assess the power of the exci-
tation signal. For this, an excitation signal in the form of a sinusoi-
dal signal with an amplitude of 2 V and the frequency changing 
within the range of 10–30 Hz with a step of 1 Hz was generated 
from the signal analyser and later applied to the vibration shaker 
by an amplifier dedicated for this device. The displacement signal 
measured and recorded by using a laser sensor, which was 
placed in the distance of 4 mm from the vibrating base, was used 
to determine the value of the base acceleration (10 mm/s2–
0.01 g) to ensure proper working of the proposed generator. 

Next, the experimental tests were focused on matching the 
optimal impedance load connected to the EH system. For this, the 
optimisation process of the load resistance connected to the piezo 
was performed for six different resistive loads within the range of 
100–200 kΩ with a step of 20 kΩ, as well as for three different 
types of MFC elements. The obtained results are shown in Fig. 7. 

Fig. 7 indicates that the highest voltage is achieved for the 
matched resistance load equal to 120 kΩ. As a result, this imped-
ance load can be called an optimal resistive load. Further analysis 
of the presented plots showed that the active area of the MFC 
significantly affected the amplitude of the voltage generated by the 
vibration-based energy harvesting system. This behaviour is 
shown in Fig. 7c, where using a piezo-strip with the highest active 
area generates the highest voltage amplitudes, which are close to 
7.3 V. The inverse effect is achieved for the energy harvesting 
system with the piezo of the MFC 8514 P2 type, where a smaller 
width of this smart element leads to generating a voltage signal 
with the amplitude of only 1.1 V. 

Next, the experimental tests were conducted to check how the 
frequency excitation influences the amplitude voltage generated 
by each piezo-composite attached to the flexure strip. For this, an 
experimental test was carried out for three different MFCs, where 
each of them was excited to vibration by applying a sinusoidal 
signal in the form of u(t) = 2sin(wt), with the frequency changing 
within the range of 10–30 Hz, and the resistive load was in the 
range of 100–300 kΩ. 

 

(a) 
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 (b) 

 
(c) 

 

Fig. 8. Comparison of voltage generated by a real EH system with MFC   
            of types (a) 8514 P2, (b) 5628 P2, (c) 8528 P2 excited to vibration    
            with a frequency within the range of 10–30 Hz versus the resistive  
            load 

The results presented in Fig. 8 indicated that the highest volt-
age amplitude for each piezo-composite is generated for the 
micro-generator connected to the optimal resistive load set at 
120 kΩ. This effect is shown in Fig. 8a and 8c, where an increase 
in the resistive load >120 kΩ for each considered excitation fre-
quency led to a decrease in the voltage generated by the EH 
systems. Different results can be observed during the analysis of 
the energy harvesting with the piezo-composite of the MFC 5628 
P2 type, where the amplitudes of voltages generated by this 
system were almost constant. This was due to smaller strains of 
the piezo of the 5628 P2 type, especially on the opposite edges.  

Other experimental tests were carried out to check the power 
output generated by each considered piezo versus the load re-
sistance connected to the piezo by various frequencies of excita-
tion changing within the range of 10–30 Hz. The results presented 
in Fig. 9 indicate that the highest power output, which equals 
0.5 mW, was achieved for the highest piezo of the MFC 8528 P2 
type, while the lowest power output (12 μW) was achieved for the 
piezo-strip with the same length but twice the lowest width. As a 
result, it can be concluded that the width of the piezo-strip compo-
site significantly affects the power output generated by the pro-
posed micro-generator.  

 

(a) 

 
(b) 

 
(c) 

 

Fig. 9.  Comparison of the power output generated by the EH system with  
             an MFC of types (a) 8514 P2, (b) 5628 P2, (c) 8528 P2 excited to  
             vibration with a frequency within the range of 10–30 Hz versus       
             the resistive load 

The last step of the experimental setup was to calculate the 
effectiveness of energy harvesting systems for three considered 
piezo-composites. To do this, firstly, the root mean square values 
for the obtained voltage output and excitation signals were calcu-
lated, and secondly, the power of these signals was determined.  

𝜼 =
𝑷𝒐𝒖𝒕

𝑷𝒊𝒏
⋅ 𝟏𝟎𝟎%                            (15) 
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where 𝑷𝒐𝒖𝒕 = 𝑹𝑴𝑺(𝑽𝒐𝒖𝒕)
𝟐 =

𝟏

𝑵
∑ 𝑽𝒐𝒖𝒕

𝟐𝑵
𝒊=𝟏  is the power  

of the output voltage signal from the piezo harvester,  

𝑷𝒊𝒏 = 𝑹𝑴𝑺(𝒖)𝟐 =
𝟏

𝑵
∑ 𝒖𝟐𝑵
𝒊=𝟏  is the power of the excitation 

harmonic signal. 
 

(a) 

 
(b) 

 
(c) 

 

Fig. 10.  Comparison of the effectiveness of a real EH system 
               with a MFC of types (a) 8514 P2, (b) 5628 P2, (c) 8528 P2 
               by connecting them with the resistive load within the range                  
               of 100–300 kΩ 
 

The obtained results presented in Fig. 10 indicated that the 
active area of the MFC attached to the flexure strip, as well as 
matched the resistive load of the energy harvesting system, plays 
an important role in enhancing the piezo generator efficiency. It is 
especially true for systems working at the resonance frequency, 
as well as around this frequency, where using the piezo-strip of 
the 8528 P2 type leads to increasing the effectiveness almost ten 
times (from 3.4% up to 33%). As a result, taking account of the 
results presented in other studies [30,33,34], it can be concluded 
that the proposed micro-power generator working with a frequen-
cy of 28 Hz can be a more useful device to power small electrical 
sensors with a low power demand, for example, to support the 
SHM system. 

5. SUMMARY AND CONCLUSIONS 

In this study, the effectiveness of the energy harvesting sys-
tem located in the prototype of a micro-power generator for piezo-
composites with different active areas was analysed. To this end, 
an FE model of the flexure strip with three different piezo-
composites located symmetrically versus transverse axis of the 
flexure strip were analysed. The results obtained from numerical 
calculations (see Fig. 5) indicated that the proposed micro-
generator with the piezo-composite of the 8528 type generates 
the highest amplitude of voltage, which is close to 7 V, while the 
voltage values are significantly lower for two other MFCs. This is 
due to the change in local strains of a particular piezo, which is 
>0.2 μm/mm for MFC 8528, while in the other case, it is 
<0.15 μm/mm. 

Experimental tests of the EH system carried out on the lab 
stand, as shown in Fig. 6, for a real mechanical structure of the 
generator verified the numerical results. Again, the highest ampli-
tudes of the voltage generated by the micro-piezo generator (see 
Fig. 7) were obtained for MFC 8528 P2, while the lowest values - 
for the piezo-composite with the same length but twice shorter 
width. As it was mentioned previously, the decrease in the voltage 
generated by the piezo of the 8514 P2 type is due to smaller local 
changes of the piezo strains.  

In addition, the experimental tests were performed to deter-
mine the optimal resistive load, output power and effectiveness of 
the considered EH systems. The results presented in Fig. 8 show 
that the highest voltage amplitude for each piezo-composite was 
achieved by connecting the composite with the resistance load 
equal to R = 120 kΩ, further called the optimal resistive load, as 
well as by the frequency excitation close to the first natural fre-
quency (fexc = 28 Hz). A similar effect was achieved by analysing 
the power output generated by particular piezo-composites. In this 
case again, the highest power value, close to 0.5 mW, was ob-
tained for the piezo of the 8528 type. In other cases, the power 
generated by the EH system with the piezo-strip 5628 P2 and 
8514 P2 types significantly decreased up to 50 μW and 12 μW, 
respectively, decreasing the effectiveness of the proposed micro-
power generator from 33% to only 3.4% (see Fig. 10).  

In sum, the obtained numerical and experimental results indi-
cated that increasing the chosen geometrical parameters of the 
piezo-composite, such as length and width, leads to a significant 
increase in the voltage generated by the EH system. Therefore, 
the considered micro-piezo generator, when connected with a 
storing unit containing the optimal impedance load and a super-
capacitor, can be used to power small electrical devices with a low 
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power demand. Hence, the current study filled the gap in the state 
of the art associated with the energy harvesting system with a 
homogenised material in the active layer of the MFC.  
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