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NOMENCLATURE  

BaTiO3 – Barium titanate piezo ceramic; 

BIPC – Ball-impact piezoelectric converter; 

CMOS – Complementary Metal-Oxide Semiconductor technology for constructing 

integrated circuits; 

FEM – Finite element method; 

KNN – (K,Na)NbO3; 

LST – Lithuanian standards board 

MEMS – Micro-Electro-Mechanical Systems; 

PVDF – Polyvinylidene fluoride; 

PZT – Lead zirconate titanate piezo ceramic; 

UAD – ultrasonic-assisted drilling; 

USM – ultrasonic motor; 

USMW – Ultrasonic metal welding; 

VIPEH – Vibro-Impacting Piezoelectric Energy Harvester 
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INTRODUCTION 

Research relevance 
 

Energy harvesting, which, in general, is the conversion of ambient energy into 

usable electrical energy, nowadays is one of the most popular topics between scientists 

and industry users due to the fact that extended life of electronic devices is imperative. 

Energy harvesting devices can reduce the size of traditional power supply thus 

reducing the size and mass of the whole system. Moreover, energy harvesting devices 

can be used in such environments where replacing traditional batteries is difficult or 

impossible, e.g. in implanted medical devices or space technologies. 

Conventional energy harvesters are based on 5 basic principles of energy 

conversion: photoelectric, piezoelectric, electromagnetic, electrostatic and 

thermoelectric. Piezoelectric energy harvesters are the most used nowadays due to 

their relatively simple design, direct conversion and the highest energy density 

comparing to others.  

Energy harvesters used for harvesting from mechanical ambient energy are 

based on resonant behaviour, which means that they generate maximum energy power 

when they are excited by a harmonic excitation signal, the frequency of which is close 

to the resonant frequency of the harvester. Thus if the frequency of ambient vibrations 

does not correspond with the resonant frequency of the harvester, the amount of 

generated energy significantly reduces; because of this, most of them could not be 

used in practice, since the frequency of ambient vibrations of excitation is accidental. 

Due to this fact, energy harvesters which are excited by impact have been over the 

last decade. Some of such harvesters are based on cantilever structure while others 

use impact directly to the piezoelectric material. Both types of energy harvesters 

generate the maximum power when they oscillate at their resonant frequencies, which 

is why all energy harvesters have resonators (a cantilever or a piezoelectric structure 

on which direct impact occurs) which are intended to generate resonant frequency of 

the harvester from the excitation impact.  

The main disadvantage of the developed impact energy harvesters is that they 

generate signal in a low frequency range – up to 4 kHz. Another disadvantage, 

especially of those who use impact directly to the piezoelectric material, is low 

protection from impact of piezoelectric material. This means that after a few energy 

generation cycles the piezoelectric material could crack or totally shatter. Moreover, 

all of the energy generated with the practically developed impact energy harvesters 

transmits to traditional “power banks”, such as batteries, capacitors, etc. 

In this research, a novel piezoelectric impact energy harvester for burst-type 

signal generation is researched and developed. Such a harvester generates relatively 

high, ultrasonic-range frequency burst-type electric signal and is intended for direct 

drive of some kind of ultrasonic motor (USM). It can also operate as an alternative 

method when traditional methods, such as electric signal generators are unavailable 

or damaged. This decreases the risk of ultrasonic motor exploitation failure when 

traditional systems are damaged or are unavailable in areas such as nature, space, etc. 

Since the presented piezoelectric impact energy harvester for burst-type signal 
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generation can drive both rotational and linear USM, it allows to increase reliability 

of precision positioning drive exploitation. Moreover, the developed impact energy 

harvester has resonator-type waveguide, which protects the piezoelectric material 

from impacts. 
 

Aim and objectives of the research 
 

The aim of this research is to design and develop a piezoelectric impact energy 

harvester for burst-type signal generation and adapt it for the drive of the ultrasonic 

motor. 

The following objectives are set in order to reach the aim: 

1. to review the literature regarding the research fields of vibrational and impact 

energy harvesting, mechanical impact generation methods, horn-type 

waveguides used as resonators, and techniques of ultrasonic motor control as 

well as to determine the main advantages and disadvantages of energy 

harvesters.  

2. to design and theoretically investigate the novel piezoelectric impact energy 

harvester for burst-type signal generation by modelling a mechanical impact 

and horn-type waveguide with harmonic and impulse excitation when it is 

applied on a surface with smaller cross-sectional area.  

3. to experimentally investigate the piezoelectric impact energy harvester for 

burst-type signal generation, including experimental research of mechanical 

impact, horn-type waveguides, and ultrasonic motor control. 

4. to create and investigate a methodology for designing an impact energy 

harvester for certain ultrasonic motor drive. 
 

Research methods  
 

The research was carried out by using theoretical and experimental methods of 

investigation.  

Theoretical research is based on several methods – analytical and finite element 

methods, which were performed using ANSYS 17.1 and SolidWorks 2016 software 

packages.  

The theoretical results were verified with experimental investigation which was 

carried out at Kaunas University of Technology, Institute of Mechatronics and 

Technological Systems Diagnostics Institute. During experimental research for 

measuring the surface vibrations, 1D and 3D scanning laser Doppler vibrometers 

(Polytec Inc.), holographic interferometry system PRISM 100 (Hytec Inc.), 

impedance meter Wayne Kerr 6500B and high frequency accelerometers (Bruel and 

Kjaer) were used. PicoScope hardware and software were used to measure and process 

the researched signals. The noise of piezoelectric shock-type impact energy harvester 

was evaluated using the sound Investigator 2260 (Bruel and Kjaer).  
 

Scientific novelty 
 

The following scientific novelties are presented in the research: 
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1. Designed a novel piezoelectric impact energy harvester, intended for high 

frequency burst-type signal generation using horn-type waveguide as resonator 

of particular frequency, which increases the amplitude of generated burst-type 

signal and protects the brittle piezoceramic material from breakage due to by 

impact.  

2. Designed and developed a piezoelectric impact energy harvester for burst-type 

signal generation which is intended for direct control of ultrasonic motor. 

Therefore, such a device allows to drive and control an ultrasonic motor in 

environments where traditional power supplies, such as power supply or 

batteries are unavailable or when they are damaged. 

3. Horn-type waveguide was investigated in different ways – with harmonic and 

impulse excitation on the surface with a smaller cross-sectional area thus 

allowing to uniformly transmit the impact energy to piezoelectric transducer 

with a surface of greater cross-sectional area.  

4. The methodology of piezoelectric impact energy harvester for burst-type signal 

generation design of certain ultrasonic motor drive was created. Experimental 

studies show that such a methodology works correctly and could be applied in 

practice.  
 

Research approbation 
 

The results of the research were published in 6 scientific papers: 3 papers with 

impact factor, listed in the database of the Institute for Scientific Information (ISI), 1 

paper is listed in other international databases, and 2 articles are published in peer-

reviewed conference proceedings.  

The results of this research were also presented in four international 

conferences: “Vibroengineering-2014”, Poland, “Mechanika 2015”, Kaunas, 

“Mechatronic Systems and Materials 2015”, Kaunas and “Mechanika 2016”, Kaunas.  

Registered by a scientific invention patent application of the Republic of 

Lithuania. 
 

Practical value 
 

The piezoelectric impact energy harvester designed during this research is 

intended for ultrasonic frequency burst type-signal generation, which could be directly 

used in ultrasonic motor drive. The aforementioned piezoelectric impact energy 

harvester for burst-type signal generation can operate as an alternative for ultrasonic 

motor drive when traditional methods, such as signal generators are unavailable or 

damaged. This decreases the risk of ultrasonic motor exploitation failure when 

traditional control systems are damaged or are unavailable in areas such as nature, 

space, etc. Since the presented piezoelectric impact energy harvester for burst-type 

signal generation can drive both rotational and linear ultrasonic motors, it allows to 

increase the reliability of precision positioning drive exploitation. 
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The structure of the dissertation 
 

The thesis consists of an introduction, four sections, general conclusions, 

references and the author’s publications list.  

The first section of the thesis reviews the literature of vibrational and impact 

energy harvesters, mechanical impact methods, horn-type waveguides, and the 

techniques for ultrasonic motor control.  

The second section presents the theoretical investigations. It describes the 

design of the piezoelectric impact energy harvester for burst-type signal generation 

and explains mechanical impact modelling. Moreover, the section also presents the 

horn-type waveguide with harmonic and impact excitation on its surface with a 

smaller cross-sectional area.  

In the third section, the results of theoretical investigations are verified with 

experimental studies of piezoelectric impact energy harvester for burst-type signal 

generation, including experimental research of mechanical impact, horn-type 

waveguides, and ultrasonic motor control. 

The fourth section presents the methodology for designing the piezoelectric 

impact energy harvester for burst-type signal generation for a certain ultrasonic motor 

drive. This methodology is also verified by experimental investigation. At the end of 

the section, the noise generated by the piezoelectric impact energy harvester is 

evaluated according to the LST standard. 

Conclusions present the results of the theoretical and experimental 

investigations. 

The total volume of the thesis is 110 pages, including 89 figures, 12 tables, and 

7 pages of appendixes. 
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1. LITERATURE REVIEW 

Nowadays all electrical systems or devices are decreasing in size and power 

supply, however, less energy is available on board, leading to a short run-time for the 

device or battery life. Considering that extended life of the electronic devices is very 

important, the area of energy harvesting is one of the most popular topics between 

scientists and industry users. In general, energy harvesting is the conversion of 

ambient energy into usable electrical energy. Energy harvesting can be obtained from 

different energy sources, such as mechanical vibrations, electromagnetic sources, 

light, acoustic, air flow, heat, and temperature variations. When compared with the 

energy stored in common storage elements, such as batteries, capacitors, etc., the 

environment represents a relatively infinite source of available energy. 

Energy harvesting devices can reduce the size of traditional power supply thus 

reducing the size and mass of the entire system. Moreover, energy harvesting devices 

could be used in places where replacing traditional batteries is difficult or impossible 

– e.g. in implanted medical devices or space technologies.  

One of the disadvantages of an energy harvesting device is its small (5–20 %) 

efficiency. 

This section presents a review of publication as well as other types of scientific 

data in recent advantages in energy harvesting systems, impact generation, and horn-

type waveguides. The section begins with the basic information about energy 

harvesting principles. These are followed by piezoelectric energy harvesters, 

piezoelectric materials, and coupling modes. The next sub-sections provide 

information about the use of mechanical impacts and common information regarding 

horn-type waveguides. 

1.1. The principles of energy harvesting 

As it has been mentioned above, the operating principles of energy harvesting 

devices could be based on photoelectric, thermoelectric, electromagnetic, 

electrostatic, and piezoelectric phenomena.  

Photoelectric energy harvesters use photovoltaic cells (e.g. solar panels) which 

have the ability to convert light energy into electrical energy [1]. Each cell consists of 

a reverse biased pn+ junction, in which the light crosses with the heavily conservative 

and narrow n+ region. Photons containing the light energy are absorbed within the 

depletion region, generating electron-hole pairs. The built-in electric field of the 

junction immediately separates each pair, accumulating the electrons and holes in the 

n+ and p regions, respectively, and establishing an open circuit voltage. With a load 

connected, the accumulated electrons travel through the load and recombine with 

holes at the p-side, generating a photocurrent that is directly proportional to the light 

intensity and independent of the cell voltage [2]. 

Thermoelectric energy harvesters are based on the Seebeck effect and are 

capable of directly converting the temperature differences to electrical voltage [3]. 

Temperature changes between the opposite segments of a conducting material result 

in heat flow and, consequently, charge flow, since mobile, high-energy carriers diffuse 

from high to low concentration regions. Thermopiles consisting of n- and p-type 
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materials electrically joined at the high-temperature junction are therefore 

constructed, which allows heat flow to carry the dominant charge carriers of each 

material to the low temperature end, establishing in the process a voltage difference 

across the base electrodes. The generated voltage and power is relative to the 

temperature differential and the Seebeck coefficient of thermoelectric materials [2]. 

Electromagnetic energy harvesters are based on the electromagnetic induction 

effect governed by Faraday’s law; they use a magnetic field to convert mechanical 

energy to electrical energy [4]. A coil attached to the oscillating mass is passed 

through a magnetic field, which is established by a stationary magnet, to produce 

electric energy. The coil travels through a varying amount of magnetic flux, inducing 

a voltage according to Faraday's law [2].  

Electrostatic energy harvesters typically use a variable capacitor structure, the 

capacitance of which changes when the overlapping area varies in response to an 

external vibration source. As a result, the induced charge moves back and forth 

through an external load resistance, and electric power is generated when the proof 

mass-spring structure resonates in response to the vibration source [5]. 

The most popular device for converting ambient vibrations to electric energy is 

the piezoelectric energy harvester [6-8]. This device uses a method which alters the 

mechanical energy into electrical energy by straining a piezoelectric material. The 

strain or deformation of a piezoelectric material causes charge separation across the 

device, producing an electric field and, consequently, a voltage drop proportional to 

the stress applied [2]. A linear spring-mass-damper system has been the most common 

type of such energy harvesting device [8]. 

Ambient energy harvesting systems and their basic features are presented in 

Table 1. 
 

Table 1. Energy harvesting systems and their basic features 
 

Energy 

harvesting 

type 

Photoelectr

ic 

Thermoelect

ric 

Electromagn

etic 

Electrostati

c Piezoelectric 

Energy 

generating 

tool 

Photovoltaic 

cells 

Thermopiles Ambient 

mechanical 

effect 

(generator) 

Charged 

variable 

capacitor 

Ambient 

mechanical 

effect 

(piezoelectric 

material) 

Energy 

generating 

technique 

Light 

interfaces 

with heavily 

doped 

narrow n+ 

region 

Temperature 

differentials 

between 

opposite 

segments 

Magnetic field 

(converters) 

Vibration, 

separation 

of capacitor 

plates 

Deformation, 

vibration, strain 

of piezoelectric 

material 
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Energy 

harvesting 

type 

Photoelectr

ic 

Thermoelect

ric 

Electromagn

etic 

Electrostati

c Piezoelectric 

Energy 

Source 

Light: 

indoor room 

light or 

outdoor 

sunlight 

Thermal: 

waste heat 

energy from 

furnaces, 

heaters, 

friction 

sources.  

Electromagnet

ic: inductors, 

coils, 

transformers. 

Mechanical: 

vibrations 

from 

machines, 

manufacturi

ng devices. 

Mechanical: 

human motion, 

vibrations from 

machines, 

mechanical 

stress, strain 

from motors, 

manufacturing 

machines, 

waste rotations. 

Energy type, 

used for 

harvesting 

Light 

energy 

Thermal 

energy 

Mechanical 

energy 

Mechanical 

energy 

Mechanical 

energy 

Advantages 

 Natural 

source; 

 Excellent 

power 

density in 

direct 

sunlight; 

 Relatively 

high 

efficiency 

when 

temperature

s 

differences 

are reached; 

 Unnecessar

y an 

external 

voltage 

source; 

 Unnecessar

y 

mechanical 

contacts 

between 

segments; 

 

 Compacti

ble with 

CMOS 

technolog

y; 

 

 Relatively 

easy 

manufacture; 

 Unnecessary 

an external 

voltage 

source; 

 High power 

density; 

Disadvantag

es 

 Limited 

operating 

condition

s (light 

time); 

 Necessary 

relatively 

large 

surface 

area; 

 Limited 

operating 

conditions 

(operating 

environmen

t); 

 Not 

compatible 

with CMOS 

technology; 

 Difficult 

manufactur

e; 

 Difficult 

miniaturizat

ion; 

 Low output 

voltage. 

 Necessary 

an 

external 

voltage 

source; 

 Difficult 

manufact

ure; 

 High 

output 

voltage. 

 Necessary 

overload 

protection; 

 Low output 

voltage 

 

As Table 1 shows, the most common modes of transduction which are 

implemented in the field of mechanical-vibration energy harvesting are electrostatic, 

electromagnetic, and piezoelectric energy harvesting systems.  

Vibration energy from ambient vibrations could be harvested when other types 

of energy harvesting, e.g. photoelectric or thermoelectric are unavailable. Examples 

of ambient vibration sources, as an available source for vibration harvesting could be 

the human body (limb motion, breathing, blood pressure, etc.), the industrial 

environment (cutting, milling, compressors, fans, etc.), structures (bridges, roads, high 

buildings, etc.), or vehicles (automobiles tires, brakes, aircrafts, trains, etc.). 
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The scheme of general vibration energy conversion to electric energy is 

presented in Fig. 1.1 [9]. 
 

 
 

Fig. 1.1 The scheme of general vibration energy conversion to electric energy [10] 
 

The scheme consists of a seismic mass m, and a spring k. When the harvester is 

vibrated, the mass moves out of phase with the generator housing, so that there is a 

net movement between the mass and the housing. This relative displacement is 

sinusoidal in amplitude, and can drive a suitable transducer to generate electrical 

energy. The transducer is depicted as a dashpot d because the conversion of 

mechanical energy into electrical energy damps the mass [9]. The motion of the 

harvester presented in Fig 1.1 is defined with: 

 

𝑚𝑧̈(𝑡) + 𝑑𝑧̇(𝑡) + 𝑘𝑧(𝑡) = −𝑚𝑦̈(𝑡)                 (1.1) 
 

where z(t) – the displacement of the mass with respect to the housing, y(t) – 

excitation, m – seismic mass, d – damping constant, k – spring constant. 

When the generator operates at resonance and the ambient vibration excitation 

is sinusoidal(𝑦(𝑡) = 𝑌0 ∗ cos(𝜔𝑡)), the generated power is inversely proportional to 

the transducer damping factor [9]: 

 

𝑃 =
𝑚𝑌0

2𝜔𝑛
3

4𝜁
                    (1.2) 

 

where 𝜁 – the harvester damping factor, 𝜔𝑛 – the resonant angular frequency, 

𝑌0 – the amplitude of vibration.  

The average generated power against the frequency for various damping factors 

is presented in Fig. 1.2 [9]. 
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Fig. 1.2 Harvester-generated power against the frequency for various damping factors 

[9] 
 

Fig. 1.2 shows that the generated power increases when the damping factor 

decreases, and the maximum power is generated at the resonance frequency – when 

the damping factor of the construction is close to zero. As it is seen in Fig. 1.2., in 

principle, a damping factor of zero would generate infinite power but in practice this 

is impossible. When the damping factor is greater than zero, the generated power is 

finite and depends on the construction of the harvester [9].  

The electrostatic and electromagnetic transductions require a “two-part” design: 

the two plates of the variable capacitor in the electrostatic configuration, the coil and 

the magnet in the electromagnetic one [11]. This design feature is not necessary for 

piezoelectric energy conversion. With regards to this fact, the next sub-section 

presents a more detailed analysis of piezoelectric energy harvesting systems and their 

applications. 

1.2. Piezoelectric energy harvesting 

1.2.1. Piezoelectric effect and coupling modes 

Piezo electrics is coupling between structural and electrical fields that occurs in 

certain crystalline materials. Applying voltage to a piezoelectric material creates 

displacement and vibrating piezoelectric material generates voltage. Direct piezo 

effect is known as the ability of piezoelectric material to generate electric field 

proportional to the strain applied to it. Inverse piezo effect entails the opposite – same 

material ability to strain when electric field is applied. In general, piezoelectric energy 

harvesting devices are based on direct piezoelectric effect [10]. 

Equations describing piezoelectric material properties are constructed under the 

assumption that the total strain on the material is the sum of strain caused by the 

mechanical stress and the controllable actuation strain caused by the applied electric 

voltage [12]: 

𝜀𝑖 = 𝑆𝑖𝑗
𝐸𝜎𝑗 + 𝑑𝑚𝑖𝐸𝑚                   (1.3) 

𝐷𝑚 = 𝑑𝑚𝑖𝜎𝑖 + 𝜁𝑖𝑘
𝜎 𝐸𝑘                   (1.4) 
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where subscripts i,j – values 1,2,…,6, m,k – 1,2,3 refer to different directions 

within the material coordinate system (explained below); σ – stress vector, N/m2; ε – 

strain vector, N/m2; E – vector of applied electric field, V/m; ζ – permittivity, F/m; d 

– matrix of piezoelectric strain coefficients, m/V; S – matrix of compliance 

coefficients, m2/N; D – vector of electric displacement, C/m2. 

Piezoelectric materials have anisotropic properties, which means that their 

properties depend on both the direction of the applied mechanical or electric force and 

the directions perpendicular to the applied force. Therefore, the indexes in equations 

(1.3) and (1.4) are identified by numerals and show the direction of applying 

properties. Fig. 1.3 presents these numerals [12]. 
 

 
 

Fig. 1.3 The directions of forces affecting a piezoelectric element [16] 
 

In Fig. 1.3, the arrow P shows the polarization direction of the piezoelectric 

element, 1 refers to the positive direction of x axis, 2 and 3 to the positive directions 

of y and z axes, accordingly. Numbers 4, 5 and 6 correspond with the shear of the x, 

y and z axes, accordingly [12]. 

As mentioned above, piezoelectric materials have built-in polarization and, 

therefore, respond differently to stresses depending on the direction. There are two 

basic modes of electromechanical coupling for piezoelectric materials used in energy 

harvesting areas: modes 31 and 33 [13]. These coupling modes are presented in Fig. 

1.4.  
 

 
 

Fig. 1.4 31 and 33 electromechanical coupling modes of piezoelectric materials [13] 
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As Fig 1.4 shows, if piezoelectric element is coupled in the 31 mode, the electric 

field is produced on the axis perpendicular to the axis of applied strain. Most of beam 

configurations under base excitation work in this mode. When piezoelectric element 

is coupled in the 33 mode, the applied voltage and stress is generated on the parallel 

axis [13]. Most of the piezoelectric stacks, which can produce electric signal with 

higher frequency comparing with piezoelectric beams, work in the 31 mode. 
 

1.2.2. Piezoelectric materials 

 

Piezoelectric materials have three main types of piezoelectric coefficients: the 

piezoelectric coefficient 𝑑𝑖𝑗 which is the ratio of the strain in the j axis to the electric 

field applied along the i axis while all external stresses are constant, the electro-

mechanical coupling coefficient 𝑘𝑖𝑗  which represents the ability of piezoelectric 

material to transform electrical energy to mechanical and vice versa, and the 

piezoelectric voltage constant 𝑔𝑖𝑗 which signifies the electric field developed along 

the i axis when the material is stressed along the j axis [12]. Different piezoelectric 

materials have different coefficients which means that by following these coefficients 

it is possible to indicate the piezoelectric properties of material. The piezoelectric 

properties of material also depend on material stress, age, and temperature.  
The properties’ dependency on time is known as the ageing rate and it 

significantly depends on the design methods ant material type. The changes are 

logarithmic with time and that is why the material properties stabilize with age; 

therefore, the manufacturers of piezoelectric materials tend to specify the constants of 

material after a certain period of time. The ageing process is significantly accelerated 

by the amount of stress applied to the material and this should be considered in 

cyclically loaded energy harvesting applications [14]. For example, “soft” 

piezoelectric ceramics, such as PZT-5A, are more susceptible to stress-induced 

changes than the “harder” piezo ceramic, i. e. PZT-4. Temperature is also a 

considerable factor with piezoelectric materials due to the Curie point. Above this 

limit, the piezoceramic material loses its piezoelectric properties effectively becoming 

de-polarized. It is noteworthy that stress application could reduce the Curie 

temperature [14]. 

The aforementioned piezoelectric coefficients and other properties of the most 

popular piezoelectric “soft” and “hard” lead zirconate titanate piezoceramics (PZT-

5A and PZT-4), barium titanate (BaTiO3) and polyvinylidene fluoride (PVDF) 

materials are presented in Table 2 [14]. 
 

Table 2. The piezoelectric coefficients of piezoelectric materials [14]. 
 

Piezoelectric 

coefficient 
Unit PZT-5A PZT-4 BaTiO3 PVDF 

d33 C/N 420·10-12 250·10-12 149·10-12 -33·10-12 

d31 C/N -180·10-12 120·10-12 78·10-12 23·10-12 

g33 Vm/N 24.8·10-3 26.1·10-3 14.1·10-3 330·10-3 

g31 Vm/N -11.4·10-3 -11.4·10-3 5·10-3 216·10-3 
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Piezoelectric 

coefficient 
Unit PZT-5A PZT-4 BaTiO3 PVDF 

k33 - 0.71 0.63 0.48 0.15 

k31 - 0.31 0.32 0.21 0.12 

Permittivity - 1700 1700 1700 12 

Density g/cm3 7.75 7.45 6.02 1.78 

Young’s modulus Y33 GPa 66 75 67 2 

Mechanical quality 

factor Qm 
- 80 700 1300 3-10 

 

1.2.3. Piezoelectric energy harvesters 

 

The typical scheme of a piezoelectric energy harvester used to convert 

mechanical vibrations to electrical energy is presented in Fig. 1.5 [15]. 
 

 
 

Fig. 1.5 The scheme of a typical piezoelectric energy harvester used to convert 

mechanical vibrations to electrical energy [15] 
 

The piezoelectric energy harvester shown in Fig. 1.5 consists of a passive layer 

– the structural support which is covered with the active layer, the piezoelectric 

material, from one or both sides. In order to decrease the resonant frequency of such 

a harvester and to increase the deformation of piezoelectric material, additional 

concentrated mass is mounted at the tip of the cantilever (structural support). When 

such a harvester is excited by ambient vibrations, both the structural support and the 

piezoelectric material is deformed and thus electric energy is generated [15]. 

The dependency of the generated power on the input vibration amplitude is 

defined [16]: 
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where 𝜔 – frequency of excitation, 𝜔𝑛 – resonance frequency of the harvester, 

𝑐𝑝  – elastic constant of the piezoelectric material, 𝑘31  – piezoelectric coupling 

coefficient, 𝑡𝑐 – thickness of one layer of the piezoelectric material, 𝑘2 – geometric 
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constant that relates the average piezoelectric material strain to the tip deflection, 𝜀 – 

dielectric constant of the piezoelectric material, 𝐴𝑖𝑛  – magnitude of excitation 

acceleration,𝑅 – the load resistance, 𝑉 – voltage across the load resistance, 𝐶𝑏 – the 

capacitance of the piezoelectric material, 𝜁 – harvester damping factor. 

Such types of harvesters, as most of those reported in literature, are based on 

resonant behaviour [17]. This means that the majority of energy harvesters based on 

piezoelectric principle generate the maximum amount of energy when they are excited 

with a harmonic excitation signal, the frequency of which corresponds with the first 

resonant frequency of the harvester. Thus, if ambient vibrations frequency does not 

correspond with the resonant frequency of the harvester, the amount of energy 

generated significantly reduces. With regards to this, most of such energy harvesters 

could not be applied in practice because the frequency of excitation in ambient 

vibrations is accidental.  

Moreover, conventional energy harvesters using the resonance characteristic are 

not necessarily suitable from the viewpoint of power efficiency because ambient 

vibration widely spreads and is allocated at the low range of frequency which is below 

200 Hz [18]. Thus, the impact energy harvesters which are excited by impact have 

been developed during the last decade. 

1.3. Piezoelectric impact energy harvesting 

The typical piezoelectric harvester, presented in Fig. 1.5, could be also used for 

impact energy harvesting. Two situations in which a piezoelectric harvester can 

operate – under a shock and impact are presented in Fig. 1.6 [15]. 
 

 
 

Fig. 1.6 The scheme of a piezoelectric energy harvester used with: a) shock b) impact 

excitation [15] 
 

In the first situation, the piezoelectric energy harvester undergoes a shock, i.e. 

it is dropped from a certain height and falls to the ground, as shown in Fig. 1.6 a). In 

the second one, a certain moving object impacts the bender initially at the rest, as is 

shown in Fig. 1.6 b). The behaviour of the piezoelectric energy harvester under a 

shock could be defined by the solution of the free vibration problem: if the duration 

of the shock and the corresponding impulse of energy is very short compared to the 

natural oscillation period of the structure, after the shock the system behaves as if it 

had been given an initial velocity and becomes unforced, i.e. the system is in its free 

oscillation state [15]. The second situation (Fig. 1.6 b).), when a moving object 
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impacts the harvester, could be represented in the same way by using the method of 

the Newton coefficient of restitution to describe the impact between the two colliding 

bodies, i.e. the velocities of the two bodies after an impact can be expressed as simple 

functions of the velocities before the impact. As in the case of the shock excitation, if 

the duration of the impact and of the corresponding exchange of energy is very short 

compared to the natural period of the harvester, it can be considered that the oscillating 

structure after impact is in a free oscillation state [15]. This free oscillation state could 

be considered as input vibration and the working principle of the energy harvester 

could be further researched as traditional piezoelectric energy harvester described 

above. 

One of the earliest impact energy harvesters, called a piezoelectric vibrator was 

presented in 1996 [19]. The scheme and working principle of the piezoelectric vibrator 

are presented in Fig. 1.7. 
 

 
 

Fig. 1.7 The scheme and working principle illustration of piezoelectric vibrator [19] 
 

Such a piezoelectric vibrator consists of a 27 mm diameter, 0.25 mm thick 

bronze disk and 19 mm diameter, 0.25 mm thick piezoelectric ceramic fixed to the 

holder at its edge. The electric output is generated from disk bending vibrations caused 

by the impact of falling from height h 5.5 g steel ball. The electric output of the 

vibrator is connected to the load resistance RL [19]. As Fig. 1.7 shows, the impact 

energy harvester has three main stages of impact energy harvesting – the mechanical 

impact, in this case caused by the free fall of mass m steel ball, the bending vibrations, 

excited by the impact of the steel ball to the piezoelectric vibrator, and the electric 

energy generation, which relies on the piezoelectric effect. 

The results of experimental and theoretical research show that the piezoelectric 

vibrator (Fig. 1.7.) could operate at a frequency up to 4 kHz.  
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Based on the principle of the piezoelectric vibrator(Fig. 1.7.), the scheme of one 

of the impact energy harvesters which at present exist in market, called the ball-impact 

type lead-free (K,Na)NbO3 (KNN) researched by Japanese scientists, is presented in 

Fig. 1.8 [20]. 
 

 
 

Fig. 1.8 The scheme of the ball-impact type KNN-based energy harvester [20] 
 

This harvester consists of three-layer cavity; two of the layers are made of made 

of silicon and the third is made of glass. A KNN/Si cantilever is located in the top 

layer of silicon. Beneath this cantilever, a cylindrical cavity is integrated, and the 

metal ball is built in this cavity. The metal ball is guided by the cylindrical cavity and 

can always perpendicularly impact the cantilever. Fig. 1.9 presents the illustration of 

the harvester of power generation [20]. 

As shown in Fig. 1.9, when external force is applied, the metal ball moves up 

and strikes the cantilever. As a result, free oscillation is induced and the cantilever can 

vibrate at its natural frequency. In such a way, the electric power is generated from 

piezoelectric KNN film and deposited on the vibrating cantilever [20]. 

Such type of harvester is suitable for harvesting energy from ambient vibrations 

and can operate at low and wide frequency range of 20-190 Hz. The maximum power 

of such a harvester can be obtained at 190 Hz shaking frequency and reached 44 nW.  
 

 
 

Fig. 1.9 An illustration of the harvester of power generation with free oscillation 

[20] 
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Another example of impact energy harvester could be the piezoelectric water 

drop energy harvester. The scheme and experimental stand view of such an energy 

harvester are presented in Fig. 1.10 [18]. 
 

 
 

Fig. 1.10 The piezoelectric water drop energy harvester: a) scheme b) 

experimental stand [18] 
 

As shown in Fig. 1.10 a) the electric energy in such harvester is generated from 

piezoelectric cantilever bending, which is affected by the water dropping (impact) on 

it [18]. The water drops are adjusted to fall freely from a fixed height (60 cm). The 

potential energy of the water drops gradually decreases, being converted into kinetic 

energy through the acceleration due to gravity. After a certain time, the drop reaches 

the top surface of the piezoelectric cantilever and impacts it, causing the piezoelectric 

structure to bend down which transfers the kinetic energy of the drop to piezoelectric 

mechanical deformation energy. During the experimental research, a PZT cantilever 

of the width, length, and thickness of 3 mm, 25 mm, and 0.58 mm, respectively, was 

used. The cantilever was fabricated from thick piezoelectric layers, each of them 65 

µm thick, and a 0.25 mm thick carbon-fibre supporting layer. The total mass of the 

cantilever was 0.73 g [18]. As Fig. 1.10 b) presents, the drops were created and 

controlled artificially in the laboratory using tap water and a micro pump. The 

piezoelectric cantilever was fixed on one side and was free to move on the other. The 

cantilever output was connected to a variable resistance that could be varied from 50 

Ω to 100 kΩ. The generated energy was measured using an oscilloscope [18]. 

The experimental results show that such an energy harvester can generate an 

output peak to-peak voltage of 0.8 V across the optimum load of 10 kΩ and produces 

23 µW energy generated by a water drop of 0.23 g falling at a speed of 3.43 m/s. The 

experimental results show that this energy harvester can operate in the rainfall which 

has a number of drops up to 200 drops per second, corresponding to an output energy 

of 111 mW/cm-3 per second [18]. 

Another example of impact energy harvesting from natural sources could be an 

impact-based flow-induced-vibration wind energy harvesting system [21]. The 

scheme and prototype of such a system are presented in Fig. 1.11; it has a MEMS 

piezoelectric energy harvesting element fixed onto one end of the metal sheet and a 
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fixture where another side of metal sheet with MEMS is clamped. These elements 

form a flexible cantilever. The system also has a rigid stop fixed under the flexible 

cantilever and the bluff body fixed in front of the cantilever with respect to the wind 

direction [21]. 
 

  
   a)            b) 

Fig. 1.11 An impact-based wind energy harvesting system: a) scheme, b) 

prototype view [21] 
 

Such a system operated on the following principle: wind blows by the bluff body 

and disturbs the flow field; the dynamic wind load on the flexible cantilever is 

enlarged. When the wind speed reaches a certain value, the so-called critical wind 

speed, the frequency of the dynamic wind load is close to the first natural frequency 

of the cantilever, which causes the cantilever to vibrate dramatically and impact the 

rigid stop repeatedly. These impacts generate force impulse and cause the MEMS 

piezoelectric energy harvesting element to vibrate dramatically with a frequency 

higher than the first natural frequency of the cantilever [21]. 

The impact-based wind energy harvesting system works in a frequency range 

from 20 Hz up to 750 Hz which corresponds to the critical wind speed from 3.2 m/s 

up to 15.9 m/s and generates the output power up to 1.6 µW. 

The so-called Vibro-Impacting Piezoelectric Energy Harvester (VIPEH), 

developed by Lithuanian scientists V. Ostaševičius, R. Daukševičius, R. Gaidys et al 

operates on a similar principle. It consists of a cantilever beam of stainless steel 

covered by a piezoelectric layer operating in transversal (d31) mode and a stopper 

beneath it which is located at certain distance from the fixture of the cantilever [22]. 

The principal scheme and experimental setup view of the VIPEH are presented in Fig. 

1.12.  
 

      
    a)                         b) 

Fig. 1.12 The Vibro-Impacting Piezoelectric Energy Harvester: a) the principal 

scheme [22], b) the experimental setup view [23]: 1 – vibration energy harvester prototype, 2 

– harvester clamp, 3 – electromagnetic shaker, 4 – accelerometer 
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The VIPEH (Fig. 1.12) is excited with harmonic excitation and due to the 

cantilever impacting the stopper, it starts to vibrate at the third resonant frequency. 

Therefore, the efficiency of such an impact energy harvester rises from 16% to 90% 

at lower resonant frequencies when comparing them to traditional energy harvesters 

without a stopper. Moreover, such design of the cantilever energy harvester allows 

scavenging the energy independently from the frequency of the excitation [23]. 

Impact energy harvesters from various human motion are also widely researched 

[24-26]. One of them is used for impact-driven energy harvesting from human motion 

– a walking scheme and the prototype view are presented in Fig 1.13 [24]. 
 

 
a) 

  
    b)                      c) 

Fig. 1.13 Impact-driven piezoelectric energy harvester from human motion [24]: a) the 

scheme b) the prototype view c) the prototype mounted on a human’s leg view 
 

This harvester consists of a ridged cylinder which can slide freely on a shaft and 

PZT bimorphs with a tip which can be fixed in parallel with the cylinder. For 

protection from ambient conditions, the system is placed in a protection box, in this 

case, made of aluminium. When the cylinder (the entire system) is driven by external 

excitation, in this instance, the movement of a person’s leg, the ridge on it impacts the 

tip and the PZT bimorph vibrates with its resonant frequency after they separate. This 

way, the stored mechanical energy is converted into electrical energy and transferred 

to the external circuit. The asymmetric design of the tip increases the vertical impulse 

force when the cylinder is moving backwards [24]. 

The impact-driven piezoelectric energy harvester from human motion generates 

the maximum power of 51 µW when it is mounted on the leg of a person walking at 

a speed of 5 km/h and has 265.5 Hz resonance frequency. 
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Another example of an impact energy harvester from human motion is the 

triaxial ball-impact piezoelectric converter (BIPC) for autonomous sensors harvesting 

energy from vibrations and human motion and is presented in Fig 1.14 [26]. 
 

 
a) 

  
    b)     c) 

Fig. 1.14 Triaxial BIPC [26]: a) cross-section view b) fabricated prototype view c) 

excitations to which the converter is sensitive 
 

In general, the working principle of the triaxial BIPC is based on the working 

principle of the piezoelectric vibrator [19]. The harvester has a stainless steel ball 

which can move inside a 3D structure, fabricated by using a rapid-prototyping 3D 

printer, bounded by multiple piezoelectric elements into the slots of the 3D structure 

(see Fig. 1.14). The ball is not rigidly or elastically connected to the structure, thus it 

impacts the piezoelectric elements as soon as the input excitation causes the ball to 

move by rolling or jumping. It is important that such a system does not limit the kinds 

of mechanical excitation which can generate impacts against the piezoelectric 

elements, as opposed to what happens when using resonant driving elements. In 

addition, rebounds of the ball against the piezoelectric elements can divert the path of 

the ball and generate unpredictable subsequent impacts [26]. 

The triaxial BIPC operates in a frequency range from 10 to 100 Hz; the device 

has been tested tied to the ankle of a person during walking and running activities. 

The maximum power is generated when the person runs at 7 km/h; the generated 

power reaches 16 mW. 
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Rotational piezoelectric wind energy harvesting using an impact-induced 

resonance [27] is also based on a typical impact energy harvester scheme (see Fig. 

1.5). Such a harvester is called a piezoelectric windmill. Its scheme and prototype 

view is presented in Fig. 1.15.  
 

  
  a)      b) 

Fig. 1.15 A piezoelectric windmill [27]: a) scheme b) prototype view 
 

As Fig. 1.15 demonstrates, such a piezoelectric energy harvester uses impact-

induced resonance to enable effective excitation of the intrinsic vibration mode of 

piezoelectric cantilevers and thus obtain the optimum deformations, which are 

beneficial for the piezoelectric transduction. The impact force is introduced through 

the formation of a piezoelectric bimorph cantilever polygon, which is fixed at the 

circumference of the internal surface of the rotating fan. The elastic balls are placed 

inside the polygon. When wind rotates the device, the balls impact the piezoelectric 

cantilevers and they start to vibrate at their first resonance mode; thus electricity is 

generated by the piezoelectric effect [27]. As in most piezoelectric energy harvesters 

[15, 18, 21, 24], piezoelectric bimorphs were chosen to be the energy-harvesting units 

in this harvester.  

Such an impact energy harvester generates output power of up to 613 µW at the 

rotation speed of 200 rpm with an inscribed circle diameter of 31 mm. This means 

that it can operate at a frequency range up to 3.33 Hz. The generated electricity can 

be stored in a super capacitor and can be used to power wireless sensors in remote 

locations [27].  

Impact excitation could also be observed in various metal machining techniques. 

One of them is described in Lithuanian researchers’ V. Ostaševičius, V. Markevičius, 

V. Jūrėnas et al. work and is called cutting tool vibration energy harvesting for 

wireless sensors applications [28]. With this energy harvesting technique, the impact 

is obtained from the unavoidable flexibility between the cutting tool and the 

workpiece. This is related to the cutting force action which is dependent on the 

regimes of manufacturing as well on the tool wear. The energy harvester – the circular 

piezo bimorph with resonant frequency of ~ 4 kHz was integrated into the structure 

of the cutting tool and experimentation showed that such a technique works properly 

in 3.9-4.5 kHz frequency range of cutting tool vibrations [28].  
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As a literature review of energy harvesting systems and piezoelectric impact 

energy harvesting systems shows, traditional energy harvesters which are used for 

energy harvesting from the surroundings are based on resonant behaviour. This means 

that they generate the maximum power when they are excited with a harmonic 

excitation signal, at a frequency close to the resonant frequency of the harvester. Thus 

if the frequency of ambient vibrations does not correspond with the resonant 

frequency of the harvester, the amount of generated energy significantly reduces. That 

is why most of them could not be used in practice since the excitation frequency of 

ambient vibrations is accidental. Because of this and the fact that impact can excite 

resonance under any operating conditions, energy harvesters which are excited by 

impact are developed over the last decade. The next section presents the methods of 

mechanical impact generation and areas of their usage. 

1.4. Mechanical impact generation methods 

Nowadays mechanical impact, or in other words – mechanical shock 

phenomena are rather diverse due to the fact that collisions of moving bodies are 

inherent on all levels of the universe – from microcosm up to space [29]. There are 

two basic types of impacts – harmful, e.g. transport accidents, etc. and useful – those, 

which are involved in a lot of technical processes, e.g. in the field of non-destructive 

evaluation of concrete [30], for diagnostic system of composite materials [31], for 

structure borne sound analysis, for shockwave generation [32], for impact energy 

harvesting [9, 12-16, 18-21, 24-27], nano-positioning devices [33], etc. These facts 

show that the problem of impact is very important for designers, engineers, sportsmen, 

etc. 

All the aforementioned processes require a well-defined mechanical impact (or 

shock). In general, a shock could be defined as a complex physical phenomenon which 

occurs when two or more bodies collide with each other; some of its characteristics 

include a very short duration, high force levels reached, rapid dissipation of energy 

and large accelerations and decelerations present [34]. For this purpose, a wide variety 

of shock generators are developed. There are two basic types of impact generators: 

mechanical and non-mechanical. The first ones can be operated by a machine (e.g. 

pneumatic, hydraulic) or by a person. The latter type of shock generators is usually 

based on the hammer-anvil principle [35]. 

The most commonly used generator is a simple impact hammer with feedback, 

usually used for testing structural behaviour. An impact from such a hammer imparts 

to the test structure a smooth excitation spectrum over a broad frequency range. The 

impact force is measured with the built-in force transducer and the structural response 

is measured with an additional accelerometer fitted to the test object. The frequency 

bandwidth of the first lobe of an impact spectrum is inversely proportional to the width 

of the impulse. This is determined by the duration of the impact force, which depends 

on factors such as the mass and structure of the hammer, and the hardness of the 

contacting surfaces – the hammer tip and the impact area [36]. Therefore, most of 

impact hammers have changeable tips of different hardness in order to obtain the 

required impact spectrum. An illustration of one of such impact hammers with 

changeable tips of different hardness are presented in Fig. 1.16. 
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Fig. 1.16 An impact hammer with changeable tips of different hardness [36]: 1 – 

handle, 2 – impacting mass, 3 – mounted plastic tip, 4 – extra plastic, steel and rubber tips, 5 

– additional mass 
 

Fig. 1.17 presents the impulse shapes for the variety of the hammer tips of 

different hardness. 
 

 
 

Fig. 1.17 Impulse shapes for various hardness of the hammer tip [36] 
 

As Fig. 1.17 shows, when the hammer tip is soft, the generated impulse duration 

is long and amplitude is low in comparison with tips which are medium and hard when 

the impacting area is the same. Using such a hammer, the generated impact parameters 

of amplitude and duration could also be changed by using additional mass. It can also 

be concluded that the highest amplitude and frequency is generated when the hammer 

has a hard tip. 

Despite their simple design and usage, mechanical shock generators have some 

disadvantages. Since they are based on the hammer-anvil principle, they allow only 

limited control of the shock amplitude and pulse width with a limited repeatability of 

the applied shocks. For instance, depending on how the operator releases the hammer 

pendulum, the shock amplitude can change up to 10% and more. Moreover, because 

the impact between the hammer and impact area is not completely elastic, a certain 

wear of both parts can be observed; it means that even if such parameters like the 

kinetic energy of the hammer were well-controlled, the shock amplitude and width 

would change from shock to shock [35]. The final disadvantage of mechanical shock 
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generators could be the need to change hammer tips every time when different impact 

parameters, such as the generated impulse width and amplitude are desired. 

The non-mechanical shock generators are usually based on the piezoelectric 

principle, where a piezoelectric actuator is used as generator [32]. A scheme of one 

such shock generator is presented in Fig. 1.18. It shows that this shock generator (see 

Fig. 1.18) has a built-in piezoelectric stack made of several piezoelectric layers, 

usually rings. The impact is generated by applying a high-power electrical pulse to 

the piezoelectric layers where the it is instantaneously converted into potential 

mechanical energy; this way, the piezoelectric stack resembles a compressed spring, 

which starts its rapid expansion towards the elongated state which causes mechanical 

shock on the impact area [37]. 

In a configuration without the seismic mass (see Fig. 1.18 a)), the piezoelectric 

stack expands symmetrically to its centre of mass and only the forward impulse is 

directed onto the impacting area, thus the recoil impulse is not further used. 
 

 
a) 

 

 
b) 

Fig. 1.18 A scheme of a piezoelectric shock generator: a) configuration without any 

seismic mass b) configuration with seismic mass [37] 
 

The configuration with seismic mass is derived from the one without seismic 

mass by simply adding the mass to the bottom of the piezoelectric shock generator 

(Fig. 1.18 b)). In such configuration, the recoil impulse is reflected at the seismic mass 

into a forward direction what causes the double-impulse generation. This 
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configuration generates a content of impact energy nearly double than the 

configuration without any seismic mass [37]. 

Another scheme of a piezoelectric impact hammer of similar configuration, used 

for shock generation for non-destructive testing of concrete structures is presented in 

Fig. 1.19. It is composed of three basic parts: the PZT stack, the waveguide, and the 

flying head [30]. The operating principle of such a hammer is the following: a high 

voltage pulse generates voltage to the PZT stack and causes its displacement. The 

displacement amplitude is amplified by the wave guide and transmitted to the flying 

head, which directly impacts the testing surface. 

 
 

Fig. 1.19 A scheme of a piezoelectric shock generator used in non-destructive testing 

of concrete structures [30] 
 

Both piezoelectric shock generators have a common disadvantage – the 

impacting surface impacts the testing area with a not completely elastic shock which 

causes both the shock head and the testing surface to wear. This disadvantage is non-

existent in the “Spektra Hop-Ms” shock generator developed by “SPEKTRA 

Schwingungstechnik und Akustik GmbH” and used in Hopkinson-Bar [35] – a system 

which can be used to generate shocks with very high amplitudes up to 1000000 m/s2 

and more. A scheme of “Spektra Hop Ms” shock generator is presented in Fig 1.20 

[35]. 
 

 
 

Fig. 1.20 A scheme of “Spektra Hop-Ms” piezoelectric shock generator [35] 
 



32 

 

In this type of shock generator, the piezoelectric stack is attached with one end 

directly to the front surface of the bar and has additional reaction mass attached on its 

other end. Such a construction creates the ability to completely control the shock 

parameters with electrical signals and does not have any parts which would 

mechanically wear [35]. 

One more type of non-mechanical shock generator is based on explosion. Such 

shock generators cause impact by the power of explosion [38, 39]. A scheme of 

explosively driven shock generator is presented in Fig. 1.21. 
 

 
 

Fig. 1.21 A scheme of explosively driven shock generator [39] 
 

Such a shock generator (Fig 1.21) consists of a ferroelectric element, an 

explosive chamber, a metallic impactor (a flyer plate), and output terminals. Here, a 

metallic impactor (flyer plate) is accelerated to high velocity by the detonation of a 

high explosive charge and impacts the face plate of the ferroelectric element; this 

initiates a shockwave towards the body of the ferroelectrics [35]. This impactor can 

generate extremely high impacts, however its construction is rather complicated with 

regards to the manufacture and usage – explosions are dangerous and difficult to 

control. This means that using this type of shock generators, it could be rather 

complicated obtaining repeated equal explosion and the same shock. 

As a review of previous literature on the methods of mechanical impact shows, 

such phenomena could be used for impact energy harvesting as well as in other areas 

of application. On the other hand, one of the disadvantages of conventional impact 

energy harvesting systems [9, 12-16, 18-21, 24-27] is the fact that the piezoelectric 

material is poorly protected from impact. This is especially relevant when speaking 

of systems which directly impact the piezoelectric material. This means that after a 

few energy generation cycles the piezoelectric material could crack or totally shatter. 

This demonstrates the need for protecting the piezoelectric material.  

In order to obtain a higher resonant frequency of the energy harvester, protect 

piezoelectric materials from impact, and to increase excitation impact energy, it is 

possible to use horn-type waveguides, which are an important part of the piezoelectric 

transducer, as resonators. 
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1.5. Types of horn-type waveguides and their areas of application 

In recent years, the use of various piezoelectric transducers is increasing. Based 

on their operating frequency, piezoelectric transducers can be categorized into sonic, 

ultrasonic, and megasonic and the devices can vary significantly with regards to their 

design and function. 

The sonic transducers operate at an audible frequency range, normally, less than 

20 kHz, and can be designed to operate in a bending mode; examples of such 

transducers are the bimorph cantilever systems or buzzer transducers [40]. The 

ultrasonic transducers usually operate at a frequency range between 20 kHz and 200 

kHz. Such transducers could be designed in both bending [41] and longitudinal [42, 

43] modes and could be used in a wide variety of applications, i.e. ultrasonic 

machining technologies [44], ultrasonic welding [43], etc. The megasonic transducers 

operate in the frequency range of MHz and they are mostly designed to operate in 

thickness mode. The most popular area of use for such transducers is megasonic 

cleaning systems [44], since they offer such advantages as gentle and controllable 

cavitation, which will incur less damage on the cleaned surface if compared with other 

categories of transducers; therefore, megasonic transducers are more suitable for 

precision cleaning [40]. 

The capabilities of any horn-type piezoelectric transducer is closely related with 

the operating frequency, the vibration mode, and the wavelength. As a result, different 

types of transducers can achieve perform differently in a wide range of applications. 

When all three categories of piezoelectric transducers are compared, only the 

ultrasonic transducer with longitudinal operating mode is able to simultaneously 

achieve both a large vibration amplitude and a high energy density (power) [40]. For 

this reason, ultrasonic transducers designed for operating in the longitudinal mode, 

which usually uses a certain type of waveguides, the so-called horn-type waveguides 

(or ultrasonic horns), are nowadays the most popular in various areas of application 

and are called horn-type piezoelectric transducers. 

A typical scheme of a horn-type piezoelectric transducer is presented in Fig. 

1.22. The main principle of such a horn-type ultrasonic piezoelectric transducer is 

converting high frequency electric power to mechanical vibration power with the 

vibrator; then, a steady amplitude of mechanical vibration is reached [45]. 
 

 
 

Fig. 1.22 A typical scheme of horn-type piezoelectric transducer [46] 
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In general, a typical horn-type piezoelectric transducer consists of four parts (see 

Fig. 1.22): the back mass, the piezoelectric stack, the front mass, and the horn-type 

waveguide (horn). The piezo stack in this scheme operates as the vibration generator 

and is clamped between the back and front masses. The horn, which is coupled to the 

front mass, amplifies vibrations by increasing the wave density of the energy 

generated from the piezoelectric stack [40]. This is achieved by reducing the cross-

section along the length of the horn [47]. 

Since the output amplitude of the vibrator, usually the piezo stack, is very small, 

the horn-type waveguide is usually designed and operated in harmonization to amplify 

the output amplitude. It is very important that the horn-type waveguide resonant 

frequency should correspond or be close to the excited transducer frequency; 

otherwise, this will cause the vibration modal change, affecting the energy transfer 

and leading to a decline in amplification [45]. 

Depending on applications for which the horn-type piezoelectric transducers are 

designed, the horn-type waveguides could vary in shape and be made from a wide 

variety of materials, usually, metals that have high fatigue strengths and low acoustic 

losses [48]. Titanium has the best acoustical properties of all high-strength alloys. 

Aluminium has excellent acoustical properties but because of its lower strength and 

hardness, it is subjective to wear and fracture when used for highly stressed designs. 

Usually, it is preferred for making horn-type waveguides of simple geometry with low 

stress [47]. Moreover, in order to maximize the vibration amplitude of horn-type 

piezoelectric transducer, the horn can be designed with multiple sections. Each section 

could have the same or different shapes. Despite the shapes and applications of the 

horn-type waveguide, its total length should be usually integer multiple of the resonant 

wavelength [48]. 

Ultrasonic horn-type waveguides are used in various atomizers [49], ultrasonic 

welding devices [43, 50, 51], parts machining technologies such as grinding, drilling, 

cutting, etc. [52-54], polymer sheet formatting [55], automatic systems for beverage 

pasteurization [56], in the medical field, such as ultrasonic surgery [57-58], for the 

construction of ultrasonic motors [59], etc. 

Ultrasonic horn-type waveguides with different shapes have been proposed and 

investigated by many researchers. For example, a planar Bezier-profiled shape horn-

type waveguide was used for reducing penetration force in ultrasonic cutting [54]. 

Catenoidal shape horn-type waveguide was used in a spot welding system for thin 

metal strips in order to strengthen the welding seam [43]. Arc linked stepped shape 

horn was applied for driving the tool motion for machining metal or cutting tissue 

[45]. The simpler stepped horn was used in the system for pasteurization of sour 

cherry juice [56], ultrasonic welding [50], fine atomization of liquids [9]; the planar 

stepped horn was used in the ultrasonic scalpel for the dissection and coagulation of 

tissue [58]. Gaussian, as well as cylindrical, Bezier, catenoidal and stepped shape 

horn-type waveguides were used in a system for polymers joining processes [47]. 

Exponential shape horn-type waveguide was used in ultrasonic welding of dissimilar 

metals by vibrations [60] and for grinding difficult-to-cut materials [52]. The 
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sinusoidal shape horn-type waveguide was designed for impedance transformation 

[54]. 

Despite the wide variety of horn-type waveguide shapes, the most commonly 

used horns are conical, exponential, catenoidal, stepped, and Gaussian [54]. 

Numerous researches [47, 54] showed that the stepped horn-type waveguide provides 

the greatest displacement amplification, the catenoidal produces less and the 

exponential and conical ones show the lowest displacement amplification. 

The horn-type waveguide amplifies vibrations by increasing the wave density 

of energy by reducing the cross-section along the length of the horn-type waveguide. 

All investigations were carried out when the horn-type waveguide was excited with 

harmonic excitation on a surface with greater cross-sectional area and the output 

displacement was obtained on a smaller cross-sectional area [40-60]. 

The literature review presented above reveals that all impact energy harvesters 

generate an electric signal in a relatively low frequency range and the signal is 

transmitted to traditional “power banks”, such as batteries, capacitors, etc. In order to 

introduce a novel piezoelectric impact energy harvester which could generate 

ultrasonic frequency range burst-type signal and transmit the generated signal directly 

to some kind of receiver, the need of such technique should be determined. Hence, the 

next section reviews the basic features and traditional control techniques of an 

ultrasonic motor. 

1.6. Basic features and control techniques of an ultrasonic motor  

The application of USM in ultra-precision devices has been gradually increasing 

in various technical fields such as robot joints, high precision devices, micro robots 

developed by Lithuanian scientists R. Bansevičius et al. [61], automated focusing 

systems of cameras, MEMS [62, 63], and mass-consumer devices [64].  

There are two basic types of ultrasonic piezoelectric motors: the rotary motor 

[62-63, 65-66] and the linear motor [67-69, 70]. Piezoelectric motors have many 

advantages over conventional electromagnetic motors, including a high torque at low 

speed, a large holding force without a power supply, silent operation, simple structure, 

and no electromagnetic noise generation [69]. Piezoelectric motors produce linear or 

rotary motions by their resonance vibrations excited via converse piezoelectric effect 

of the piezoelectric elements [61, 65]. Due to this fact the frequency of piezoelectric 

motors excitation signal should correspond with the resonant frequency of the motor 

vibrator (stator), usually made from PZT, which generates a standing or travelling 

wave [71]. In order to obtain constant rotation or a linear operating mode of the 

piezoelectric motor, the excitation signal should be harmonic, and in order to obtain 

step motion, the excitation signal should be burst-type [72]. The driving speed of the 

motor depends on both the amplitude and frequency of the excitation signal, thus the 

maximum speed or step size is obtained when the frequency of the burst-type 

excitation signal corresponds with the resonant vibration frequency of the 

piezoelectric motor [72, 73].  

Most of piezoelectric motors used for various purposes are excited with signals, 

which are generated by signal generators [65, 67-69, 71-73]. This kind of control 
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requires electric power supply. Therefore, the piezoelectric motors could not be used 

in areas where traditional power supplies or grid are unavailable. 

1.7. Conclusions of the section 

This section has presented a literature review regarding vibrational and impact 

energy harvesters, mechanical impact methods, horn-type waveguides, and techniques 

for controlling an ultrasonic motor control. 

The following conclusions are formulated from the literature review: 

 Vibrational energy harvesters used for energy harvesting from the 

surroundings are based on resonant behaviour. They generate maximum energy power 

when they are excited with a harmonic excitation signal, the frequency of which is 

close to the resonant frequency of the harvester. Thus if the frequency of ambient 

vibrations does not correspond with the resonant frequency of the harvester, the 

amount of energy generated significantly reduces. 

 Some common energy harvesters are based on a cantilever structure and 

others use impact directly to the piezoelectric material. The main disadvantage of the 

existing impact energy harvesters is that they generate the signal in a low frequency 

range – up to 4 kHz. Another disadvantage, especially of the harvesters which directly 

impact the piezoelectric material, is that the piezoelectric material is poorly protected 

from the impact. 

 There are two basic types of impact generators: mechanical and non-

mechanical. The first type is commonly based on the hammer-anvil principle, and 

allows only limited control of the generated shock amplitude and pulse width with 

limited repeatability of the applied impacts. The second type is usually based on the 

piezoelectric principle, where a piezoelectric actuator is used as a generator, or driven 

by explosion.  

 The main purpose of a horn-type waveguide is to amplify the 

displacement amplitude by increasing the wave density of energy by reducing the 

cross-section along the length of the horn. Due to this, all of horn-type waveguides 

were investigated when the vibrations which should be amplified were harmonic 

signals. They were applied on the surface of the horn with greater cross-sectional area 

while the amplified displacement was obtained on the surface with a smaller cross-

sectional area of the horn-type waveguide. 

 The majority of piezoelectric motors used for various purposes are 

excited with signals, which are generated by signal generators. This kind of control 

requires electric power supply. Therefore, the ultrasonic motors could not be used in 

areas, where traditional power supplies or grid are unavailable. 

Overall, this section has introduced a need of a novel piezoelectric impact 

energy harvester for burst-type signal generation which should have a certain shape 

resonator – a horn-type waveguide between the impact generator and the piezoelectric 

transducer in order to protect it from damage. Moreover, a novel piezoelectric impact 

energy harvester could produce the electric signal directly to a receiver, in this case, 

an ultrasonic motor. Such an impact energy harvester could operate as an alternative 

method for ultrasonic motor control when traditional methods, such as signal 
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generators, are unavailable or damaged. Therefore, the aim of this research is to design 

and develop a piezoelectric impact energy harvester for burst-type signal generation 

and adapt it for the drive of the ultrasonic motor. 

The following objectives are set in order to reach the aim: 

1. to design and theoretically investigate a novel piezoelectric impact 

energy harvester for burst-type signal generation by modelling a mechanical impact 

and horn-type waveguide with harmonic and impulse excitation when it is applied on 

a surface with a smaller cross-sectional area.  

2. to experimentally investigate a piezoelectric impact energy harvester for 

burst-type signal generation, including experimental research of mechanical impact, 

horn-type waveguides, and ultrasonic motor control. 

3. to create and investigate a methodology for designing an impact energy 

harvester for a certain ultrasonic motor.  
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2. THEORETHICAL INVESTIGATIONS OF A PIEZOELECTRIC IMPACT 

ENERGY HARVESTER FOR BURST-TYPE SIGNAL GENERATION 

2.1. The structure and operating principle of a piezoelectric impact energy 

harvester for burst-type signal generation 

A novel piezoelectric impact energy harvester is intended for burst-type signal 

generation and is applied for direct driving of an ultrasonic motor (USM). The 

principal scheme of the investigated piezoelectric impact energy harvester fort burst-

type signal generation which could operate as an alternative method for ultrasonic 

motor control when traditional methods, such as signal generators are unavailable or 

temporarily damaged, is presented in Fig. 2.1. 
 

 
 

Fig. 2.1 The principal scheme of the investigated piezoelectric impact energy harvester 

for burst-type signal generation: 1 – power supply, 2 – shock generator, 3 – horn-type 

waveguide, 4 – piezoelectric transducer, 5 – backing mass, 6 – USM 
 

Such piezoelectric impact energy harvester for burst-type signal generation 

consists of an energy supply 1, e.g. thermoelectric, solar cells, human muscle force, 

etc., a shock generator 2, e.g. a hammer-type impactor, a piezoelectric shock 

generator, etc., a horn-type waveguide 3 designed for a particular piezoelectric motor, 

a Langevin-type [45] piezoelectric transducer 4 made of piezoelectric rings, a backing 

mass 5, and a controlled USM 6. 

In the presented piezoelectric impact energy harvester, the energy is generated 

by a mechanical shock on the surface of a horn-type waveguide with a smaller cross-

sectional area. The energy is transmitted onto a surface with a greater cross-sectional 

area of the horn-type waveguide, thus the energy from the excitation shock is 

dispersed and surface displacement (with greater cross-sectional area) is obtained. 

This surface transmits displacement and energy throughout the entire surface area to 

the Langevin-type piezoelectric transducer. The surface area corresponds with the 

piezoelectric transducer dimensions, thus the piezo electric transducers can generate 

an electric signal for USM control with the highest amplitude and a certain impulse 

duration. Moreover, the horn-type waveguide used in such a piezoelectric impact 
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energy harvester operates as protection from impact-induced crash or damage of the 

piezoelectric rings.  

Another advantage of such an energy harvester is that it operates as an 

alternative method for ultrasonic motor control when traditional methods, such as 

signal generators are unavailable or temporarily damaged. This decreases the risk of 

ultrasonic motor exploitation failure when traditional systems are damaged or 

unavailable in areas such as nature, space, etc. Since the presented piezoelectric 

impact energy harvester for burst-type signal generation can drive both rotational and 

linear USMs, such a control method allows to increase the reliability of precision 

positioning drive exploitation.  

In order to obtain the desired excitation signal for certain USM control, the 

generated signal parameters can be adjusted in two ways: by altering the mechanical 

shock parameters, such as the shock amplitude and the duration or by altering the 

shape of the horn-type waveguide, e.g. geometrical structure, length, etc. 

2.2. The theory of modelling and simulation of impact mechanics 

Analytical models for impact mechanics can be classified into four categories 

[74]: 

1. Models based on rigid-body dynamics; 

2. Models for propagation of stress waves in perfectly elastic materials; 

3. Models for propagation of stress waves through solids which are not 

perfectly elastic, such as shock and plastic waves; 

4. Nonlocal or non-classical models which can describe spallation and 

fragmentation upon impact. 

From the point of computing the solutions of initial and boundary value 

problems generated by the analytical models mentioned previously, the numerous 

methods used in literature fall under the following classifications: element-based (e.g., 

finite-element methods), finite-difference methods, and mesh-free methods (e.g., 

smooth particle hydrodynamics, element-free Galerkin, Peridynamics). Depending on 

the referential, they can be Lagrangian (the computational grid follows the material), 

Eulerian (the computational grid is fixed and the material flows through it), or 

arbitrary Lagrangian-Eulerian codes [74]. 

Rigid-Body dynamics model. In rigid dynamics, one assumes that when a force 

is applied to a point in a body, all the points in that body are set in motion 

instantaneously and the relative distances between any two material points never 

change. This rigid-body dynamics model is based on the impulse-momentum law for 

rigid bodies, adjusted with phenomenological observations of elastic and inelastic 

restitution. The loss of energy that takes place between two bodies at impact is taken 

into account by means of the coefficient of restitution. The principal calculation 

scheme of this model is presented in Fig. 2.2. The coefficient of restitution e is defined 

[74]: 
 

𝑒 =
(𝑣2𝑓−𝑣1𝑓)

(𝑣20−𝑣10)
;                   (2.1) 
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where 𝑣1𝑓 , 𝑣2𝑓  – velocities of the colliding masses 𝑚1  and 𝑚2  after impact, 

𝑣10, 𝑣20 – velocities of the colliding masses 𝑚1 and 𝑚2 before impact, 𝑚1 and 𝑚2 – 

masses of colliding bodies.  
 

 
 

Fig. 2.2 The principal calculation scheme of Rigid-Body dynamics model 
 

The rigid-body dynamics model for impact has serious limitations. It cannot 

describe transient stresses, forces, or deformation produced. When the forces of 

contact are applied over very short periods of time and local deformation is significant, 

the effect of stress waves propagating inside the body must be considered for a better 

approximation of the reality [74]. 

Stress Wave Propagation in Perfectly Elastic Media. Impact generates stress 

waves that propagate strain energy away from the region of impact. If the energy 

transformed into elastic vibrations amounts to a large fraction of the total energy, the 

rigid-body dynamics model is not applicable any more, and the approach based on 

wave propagation (or the transient model) is more suitable [74]. 

Using this model, the longitudinal impact of two rods, the transverse impact of 

a mass on a beam, the tensile impact of a mass on a rod, and the effect of 

viscoelasticity on impact behaviour is investigated. The principal calculation scheme 

for this model is presented in Fig. 2.3.  
 

 
 

Fig. 2.3 The principal calculation scheme of stress wave propagation in perfectly 

elastic materials model [58] 
 

For example, the displacements of a rod produced by an impulsive load can be 

expressed in a form representing standing waves as [74]: 
 

𝑢 = − {
𝜎0𝑡2

2𝜌𝐿
+

2𝜎0𝐿

𝜋2𝐸
∑

(−1)𝑖

𝑖2 cos (
𝑖𝜋𝑥

𝐿
) [1 − cos (

𝑖𝜋𝑐0𝑡

𝐿
)]},      (2.2) 

 

with the initial and boundary conditions as: 
 

𝑣 =  
𝜕𝑢

𝜕𝑡
= 0,   𝑡 = 0,    0 ≤ 𝑥 ≤ 𝐿;                (2.3) 
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𝑣 =  
𝜕𝑢

𝜕𝑥
= 0,   𝑥 = 0,    𝑡 ≥ 0;  

𝜕𝑢

𝜕𝑥
= −

𝜎0

𝐸
, 𝑥 = 𝐿, 𝑡 ≥ 0;             (2.4) 

 

where L – length of the bar, σ0 – compressive stress applied at x = L at t≥0, E – 

Young’s modulus, ρ – density of the bar, v – velocity, t – time. 

For high velocity impacts, the transient model must be used in order to capture 

the real time stress wave history. However, the transient model, which does not 

consider contact deformation, cannot capture the local deformation due to projectile 

impact. The contact stresses generated at the impact of two bodies allow for 

determining the contact duration and local deformation [74]. Hertz theory has been 

used to determine the dependence of force on deformation and to predict the contact 

duration and the maximal indentation [75]. Normal contact force is defined as: 
 

𝐹 = 𝐾𝑐𝛼
3

2;                    (2.5) 
 

where 𝐾𝑐 – contact stiffness, 𝛼 – normal deformation between colliding bodies, 

F – normal contact force. 

Combining equation (2.5) with the equation of motion of the corresponding 

beams or plates, the contact force history and contact duration can be solved. 

Stress Wave Propagation in Solids That Are Not Perfectly Elastic: shock and 

plastic Waves. The elastic contact impact model (Fig. 2.3) can be extended to the 

cases where the plastic deformation occurs in a contained area. The force–deformation 

equation is often modified by adding a damping term to reflect dissipation in the 

contact area, thus allowing to effectively model the contact area as a spring-damper 

system [74]: 
 

𝐹 = 𝐹𝑐(𝛼) + 𝐹𝑣(𝛼, 𝛼̇) + 𝐹𝑝(𝛼, 𝛼̇);                 (2.6) 
 

where 𝐹𝑐  – elastic or conservative part of the contact force, 𝐹𝑣  – viscous 

damping part, 𝐹𝑝  – dissipation due to plastic deformation, 𝛼  and 𝛼̇  – accordingly, 

deformation and the deformation rate between the target and projectile. 

Kinematic and mechanical constraints must be satisfied at the contact surface 

between the colliding bodies. The mechanical constraints are defined using the laws 

for normal and tangential forces generated during the contact process. The Lagrange 

multiplier method and penalty method are the two methods most frequently used for 

implementing contact-impact algorithms and analysing contact-impact problems. 

Friction is most often modelled using the Coulomb’s law, and the normal contact force 

is mostly modelled using the Hertz contact law [74]. 

When the plastic strains become large and prevalent in the target, the elastic 

wave propagation model can no longer be applied to analyse such impact problems. 

There are two options in such situations: the hydrodynamic theory of the behaviour 

of solid bodies, and the theory of plastic wave propagation. In the hydrodynamic 

theory, the permanent deformation takes place with a sudden change of density. An 

equation of state which relates pressure to density changes and temperature or entropy 

is needed in addition to the laws of conservation of momentum, energy and mass [76]. 
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The theory of plastic strain propagation, considers the material incompressible in the 

plastic domain and a temperature-independent equation of state [74]. 

Nonlocal models. Nonlocal models can capture size effects, adjust the strain 

softening problems and avoid mesh sensitivity in numerical computations. Hence, a 

large variety of these models have been introduced over the past years [74]. 

Peridynamic formulation is one of nonlocal methods developed specifically for 

dealing with fracture and dynamic failure. One of the main features of peridynamics 

is the spontaneous formation of discontinuities, which can be effectively used to 

capture material behaviour at impact, e.g. spallation and fragmentation processes. 

Peridynamics replaces the spatial derivatives from the equations of motion of classical 

mechanics with an integral of force density over a certain volume, thus eliminating 

the mathematical and practical difficulties of treating strong discontinuities, such as 

cracks [74]: 
 

𝜌𝑢̈ = ∫ 𝑓(𝑢(𝑥′, 𝑡) − 𝑢(𝑥, 𝑡), 𝑥′ − 𝑥)𝑑𝑉𝑥′ + 𝑏
 

𝑅
;                 (2.7) 

 

and f is defined as: 
 

𝑓(𝜂, 𝜉) =
𝜕𝑤

𝜕𝜂
(𝜂, 𝜉), here 𝜂 = 𝑢′ − 𝑢, 𝜉 = 𝑥′ − 𝑥;                (2.8) 

 

where f – pairwise particle force (per volume squared), w – pair wise elastic 

potential for micro elastic materials, u – displacement vector, b- body force, ρ – 

density.  

In the peridynamic model, as in other nonlocal continuum theories, all forces 

are long-range [74]. 

In order to simulate impact phenomena, a wide variety of computational 

techniques have been developed. One of the most widely used computation methods 

is finite-element method (FEM). This method uses the most popular computational 

software such as ANSYS, ABAQUS, LS-DYNA, SOLIDWORKS, etc. Other 

methods which could also be used for impact simulations are Finite-difference method 

(FDM), Mesh-Free Methods, Peridynamics, etc. [77-79]. 

2.3. Modelling the mechanical impact 

To investigate mechanical impact parameters, such as the dependency of 

amplitude and duration (frequency) on different material properties of colliding 

bodies, a mechanical impact 2D-axis symmetry computational model was created 

using ANSYS explicit dynamics software. The impacting body was simulated as a 

sphere, made of steel 1006, which impacts the plate with initial velocity; the plate is 

fixed at the bottom and is made of different materials – steel 1006 and aluminium 

AL6061-T6. It should be noted that when boundary conditions are the same, different 

material properties produce different impact parameters, such as impact shock 

duration and amplitude.  
The computational model with boundary conditions and gauge points consists 

of 420 finite elements with 481 nodal points; it is presented in Fig. 2.4. 
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Fig. 2.4 Computational model of mechanical impact created using ANSYS explicit 

dynamics software. Here 1-7 gauge points located accordingly on the impacting plate and the 

sphere. 
 

The modelling was carried out twice: the first modelling was carried out with a 

sphere and a plate, both made of Steel 1006. The second modelling was done with 

Steel 1006 sphere, and plate made of aluminium AL6061-T6. Table 3 shows the 

geometric dimensions and characteristics of elements which were used in both 

calculations. The properties of materials used in modelling are presented in Table 4. 
 

Table 3. The characteristics and geometric dimensions of elements used for both 

calculations 
 

Parameter Measurement unit Value 

Radius of impacting sphere mm 19 

Length x width impact plate mm 20x10 

Initial velocity of impacting sphere vx m/s -1.1 

Initial distance between impacting sphere and impact plate mm 0.05 
 

Table 4. Properties of materials used in modelling 
 

Parameter Measurement unit Steel 1006 Aluminium AL6061-T6 

Density kg/m3 7896 2703 

Gruneisen coefficient - 2.17 1.97 

Shear modulus GPa 81.8 27.6 

Yield stress MPa 350 290 
 

Fig. 2.5 presents the– directional (x direction, see Fig. 2.4) displacement of 

gauge point 1, which is located on the edge of the impact plate (see Fig. 2.4).  
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    a)      b) 

Fig. 2.5 Directional displacement of gauge point 1: a) the first modelling, sphere and 

plate made of steel 1006, b) the second modelling, sphere made of steel 1006, plate made of 

aluminium AL6061-T6. 
 

Fig. 2.6 shows the directional (x direction, see Fig. 2.4) velocity of gauge point 

2, which is located on the edge of the impacting sphere (see Fig. 2.4). 
 

  
    a)      b) 

Fig. 2.6 Directional velocity of gauge point 2: a) the first modelling, sphere and plate 

made of steel 1006, b) the second modelling, sphere made of steel 1006, plate made of 

aluminium AL6061-T6. 
 

The results of modelling show that maximum displacement of the impact plate 

when the colliding parts are made from steel 1006 is 0.025 mm; the maximum 

displacement of impact plate when the colliding parts are made from Steel 1006 and 

aluminium AL6061-T6 is 0.055 mm. The time of directional velocity change from -

1.2 mm/s to ~ 0.8 m/s is shorter when the sphere impacts the steel plate (0.13 ms) than 

the aluminium plate (0.17 ms). 

Since the time of the directional velocity change of the impacting sphere (Fig. 

2.6) corresponds with the generated shock duration, and the displacement of impact 

plate (Fig. 2.5) corresponds with the generated shock amplitude, the modelling results 
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imply that the generated shock parameters significantly depends on the material of the 

colliding parts. These facts show that the parameters of the shock generator in the 

developed piezoelectric impact energy harvester must be chosen very carefully, taking 

into account the parameters of drive, which should be controlled. 

2.4. Basic design principles of horn-type waveguides 

The presented novel piezoelectric impact energy harvester has another part 

which significantly influences the generated signal parameters (amplitude and 

frequency) – the horn-type waveguide (see Fig. 2.1). Therefore, it is important to 

theoretically research the horn-type waveguides. 

As mentioned in section 1.5, the most important aspect of horn-type waveguide 

design is its resonant frequency and the determination of the correct horn resonant 

wavelength. The resonant frequency of horn-type waveguide which has a simple 

geometrical shape (i.e. cylindrical shape) can be determined analytically. For a 

complicated geometrical shape, the resonant frequency is usually determined 

numerically using the finite element method (FEM) [48]. 

The required performance of a conventional horn-type waveguide is determined 

with an amplification factor [48]: 
 

𝜗 = |
𝐴1

𝐴0
|;                   (2.9) 

 

where 𝜗 – amplification factor, 𝐴0 – vibration amplitude of input end of horn-

type waveguide, 𝐴1 – vibration amplitude of output end of horn-type waveguide. 

The basic requirement for the amplification factor is that it should be more than 

1. 
 

Analytical solution of the horn-type waveguides vibrations 
 

The governing equation of a longitudinally vibrating horn-type waveguide 

(principal calculation scheme is presented in Fig. 2.7) with a variable circular cross-

section 𝑆(𝑥) which is valid for one-dimensional wave continuum (thin elastic bar), is 

expressed in the following form [48]:  
 

𝜕2𝑢(𝑥,𝑡)

𝜕𝑡2 = 𝑐𝑝
2 [

1

𝑆(𝑥)

𝜕𝑆(𝑥)

𝜕𝑥

𝜕𝑢(𝑥,𝑡)

𝜕𝑥
+

𝜕2𝑢(𝑥,𝑡)

𝜕𝑥2 ] ;              (2.10) 

 

where 𝑥  – coordinate in the axial direction, 𝑢(𝑥, 𝑡)  – axial displacement of 

cross-section, 𝑆(𝑥) = 𝜋(𝑟(𝑥)) 2 – cross-section area, 𝑟(𝑥) – radius of circular cross-

section, 𝑐𝑝 = √
𝐸

𝜌
 – velocity of axial waves in one-dimensional continuum, 𝐸  – 

Young’s modulus of horn material, 𝜌 – density of horn material. 
 



46 

 

 
 

Fig. 2.7 The principal calculating scheme of a longitudinally vibrating horn 
 

The free vibration of a cylindrical horn-type waveguide shape (r(x)=r) can be 

determined by the following equation: 
 

𝜕2𝑢(𝑥,𝑡)

𝜕𝑡2
= 𝑐𝑝

2 𝜕2𝑢(𝑥,𝑡)

𝜕𝑥2
                (2.11) 

 

If the solution of (2.11) equation is expressed in the form 𝑢(𝑥, 𝑡) = 𝑈(𝑥)𝑇(𝑡), 

then the partial differential equation is divided into two differential equations as 

follows: 
 

𝑑2𝑈(𝑥)

𝑑𝑥2 +
𝜔0

2

𝑐𝑝
2 𝑈(𝑥) = 0;                (2.12) 

𝑑2𝑇(𝑡)

𝑑𝑡2 + 𝜔0
2𝑇(𝑡) =0;                (2.13) 

 

where 𝜔0 – natural frequency of the horn-type waveguide. 

By inserting the non-dimensional values of coordinate in the axial direction 𝜉 =
𝑥

𝑙0
, 𝜉 ∈ 〈0; 1〉, and axial displacement of cross-section 𝜓(𝜉) =

𝑈(𝑥)

𝑙0
 into the first of 

equations (2.12), the non-dimensional equation is obtained: 
 

𝑑2𝜓(𝜉)

𝑑𝜉2 + 𝛽2𝜓(𝜉)               (2.14) 

 

which is solved as: 
 

𝜓(𝜉) = 𝐴 cos(𝛽 𝜉) + 𝐵 sin(𝛽𝜉);                         (2.15) 
 

where 𝛽 is the frequency parameter and can be expressed as: 
 

𝛽 =
𝜔0

𝑐𝑝
𝑙0;                          (2.16) 

 

where l0 is the length of the horn-type waveguide. 

Both input and output ends of horn-type waveguide have the possibility to move 

in the axial direction. The input end of the horn is attached to the vibration generator, 

usually a piezoelectric stack, which generates axial vibrations, and the output end is 

usually attached to a vibrating tool or the end itself operates as the vibrating tool. Then 

the boundary conditions for free vibration of horn-type waveguide are assumed to be 

free-free end on both sides as follows [48]: 
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𝑑𝜓(𝜉)

𝑑𝜉
|

𝜉=0
= 0,  

𝑑𝜓(𝜉)

𝑑𝜉
|

𝜉=1
= 0              (2.17) 

 

Then, after inserting the boundary conditions (equation (2.9)) into the solution 

(equation (2.7)), the modal parameters of the horn-type waveguide, such as natural 

frequency and wave length are obtained and expressed below. The natural frequency 

(in Hz) of the 𝑘𝑡ℎ mode shape: 
 

𝑓0𝑘 =
𝑘

2𝑙0
√

𝐸

𝜌
                 (2.18) 

 

Non-dimensional wave length of the 𝑘𝑡ℎ mode shape: 
 

𝑙𝑘 =
2𝜋

𝛽𝑘
=

2

𝑘
;                (2.19) 

 

where 𝛽𝑘 is 𝑘𝑡ℎ the root of the characteristic equation and 𝑘 = 1,2, … 

In order to achieve the desired effect on the horn-type waveguide operating 

process, usually only the first two mode shapes of the horn are used. If 𝑘 = 1, the 

horn-type waveguide has the so-called half wave shape and if 𝑘 = 2, the horn-type 

waveguide has the full wave shape. Illustrations of both half wave and full wave 

shapes are presented in Fig. 2.8 [45]. 
 

 
 

Fig. 2.8 Mode shapes of cylindrical cross-section horn-type waveguide vibrations [45] 
 

As mentioned above, the calculations (2.10-2.19 equations) were relatively 

simple and based on the assumption that the horn-type waveguide was rotationally 

symmetric. However, the desired horn-type waveguide could have rotationally 

asymmetric characteristics, such as the convex features on the horn outlet and planar 

faces on the horn shank [55], which means that analytical determination of these 

parameters for such a non-cylindrical shapes is more complicated. Therefore, the 

numerical FEM instead of the analytical model is typically used to determine the 

modal properties of the more complicated geometrical horn-type waveguide shapes 

[45]. 
 

Finite element method for analysing the vibrations of the horn-type 

waveguides 
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The basic equation for describing free vibration motion which defines the modal 

properties of the horn-type waveguide FEM, is expressed as follows [45]: 
 

𝑀𝑢̈ + 𝐵𝑢̇ + 𝐾𝑢 = 0;                (2.20) 
 

where 𝑀 – mass matrix, 𝐵 – damping matrix, 𝐾 – stiffness matrix, 𝑢̈ – vector 

of nodes acceleration, 𝑢̇  – vector of nodes velocity, and 𝑢  – vector of nodes 

displacement. 

In consideration to the fact that the horn-type waveguide materials have a low 

damping value from the dynamical aspect, the damping in equation (2.20) can be 

taken to zero, thus the equation of motion can be rewritten as: 
 

𝑀𝑢̈ + 𝐾𝑢 = 0                  (2.21) 
 

Moreover, the modal properties of the horn-type waveguide are determined by 

the solution of the eigenvalue problem: 
 

(𝐾 − 𝜔𝑖
2𝑀)𝜙𝑖 = 0;                (2.22) 

 

where 𝜙𝑖 - 𝑖
𝑡ℎ – mode shape (eigenvector), 𝜔𝑖 – natural frequency of 𝑖𝑡ℎ mode 

shape. 

The FEM modelling and calculations of modal properties of horn-type 

waveguides is usually done using various FEM software packages, i.e. ANSYS [46, 

48], COMSOL Multiphysics [80], Elmer FEM [81], etc. 

As both analytical and FEM calculations methods show, the efficiency and 

performance of horn-type waveguides depend on a specific design and a relatively 

large number of parameters. Due to this, the design of a geometric shape of the horn-

type waveguide depends on the technological operation for which the horn-type 

waveguide will be used [48]. 

2.5. Theoretical research of horn-type waveguides 

It should be noted that all previously mentioned theoretical research was carried 

out when the horn-type waveguide was excited with a harmonic excitation signal on 

the smaller cross-sectional area and the displacement was obtained on the surface with 

a greater cross-sectional area. Therefore, modelling both with harmonic excitation 

signal on a smaller cross-sectional area and with impulse excitation, which 

corresponds with impact, must be carried out on the same surface. 

2.5.1. Modelling horn-type waveguides with harmonic excitation 

The dependence of excitation signals amplitude on the shape of horn-type 

waveguide when excitation is on the surface with a smaller cross-sectional area was 

investigated theoretically. Fig. 2.9 shows a computational model with boundary 

conditions created using the ANSYS Harmonic response software.  
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    a)       b) 

Fig. 2.9 The computational model of waveguides: a) A type (cylindrical shape) b) B 

type (conical shape) 
 

During the theoretical research, two types of waveguides were excited with a 

harmonic 1N force applied on the surface with the smaller cross-sectional area. The 

first type (A) was a cylindrical shape waveguide, 45 mm in diameter and 130 mm 

long, while the second type (B) was a conical waveguide, 45 mm and 20 mm in 

diameters and 130 mm in length. The dimensions of the force-applying body 

correspond with the dimensions of the cylindrical stack in the piezoelectric shock 

generator – 23 mm in diameter and 13 mm long. The computational model consists 

of 7,985 finite elements and 35,187 nodes with the A type waveguide, and of 22,925 

finite elements and 96,491 nodes with the B type waveguide. The excitation frequency 

was between 5 kHz and 30 kHz and the solution had 125 interval for both simulations. 

The properties of the materials used in both simulations are presented in Table 5. 
 

Table 5. The properties of materials used in simulations 
 

Parameter Measurement unit 
Waveguide 

material 

Excitation body 

material 

Density kg/m3 2770 7100 

Young’s Modulus GPa 71 110 

Poisson’s Ratio - 0.33 0.34 

Bulk Modulus GPa 69.6 114.58 

Shear Modulus GPa 26.69 41.045 
 

The deformation of waveguide surface with greater cross-sectional area in x 

direction and its frequency response in the same direction are presented in Fig.2.10 

and Fig. 2.11, respectively. 
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a) 

 
b) 

Fig. 2.10 Deformation of surface with greater cross-sectional area of x direction: a) A 

type waveguide b) B type waveguide 
 

 
a) 
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b) 

Fig. 2.11 Frequency response of the displacement amplitude in x direction: a) A type 

waveguide b) B type waveguide 
 

The results of the simulation show that the resonant frequency of longitudinal 

vibrations are 18.0 kHz of the type A waveguide and 15.8 kHz of the type B 

waveguide (see Fig. 2.11). The amplitude of longitudinal vibrations over the 

waveguide surface with greater cross-sectional area in x direction at resonant 

frequencies when the excitation conditions are identical is 0.314 µm when the 

waveguide is type A and 0.586 µm when the waveguide is type B. It could be 

concluded that the difference of longitudinal resonant frequency between the two 

types of waveguides is 2.2 kHz; the conical waveguide generates 1.87 times higher 

displacement of surface with greater cross-sectional area than the cylindrical 

waveguide. These results show that there is a need to theoretically investigate various 

shapes of horn-type waveguides when the excitation is on the smaller cross-sectional 

area. Since the presented piezoelectric impact energy harvester for burst-type signal 

generation involves impact-type excitation, further theoretical research is carried out 

with impulse excitation on the smaller cross-sectional surface of the horn-type 

waveguide. 

2.5.2. A simulation of horn-type waveguides with impulse excitation 

To investigate the dependence of mechanical impact parameters on different 

shapes of the horn-type waveguide, a computational model was created using ANSYS 

Explicit Dynamics software; it is presented in Fig. 2.12. Since the structure is 

symmetrical, only a quarter of the waveguide was modelled. During the simulation, 

the waveguides were made from Steel 1006, the excitation was by 1N force, applied 

for a certain period of time on surface B (20 mm diameter circle). Such excitation 

corresponds with an impact. Table 6 shows the properties of the material used in 

modelling. 
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Fig. 2.12 A computational model with boundary conditions when the horn is conical 
 

Table 6. The properties of the material (Steel 1006) used in modelling 
 

Parameter Measurement unit Value 

Density kg/m3 7896 

Gruneisen coefficient - 2.17 

Shear modulus GPa 81.8 

Yield stress MPa 350 
 

The boundary conditions were identical in all simulations: the horn-type 

waveguides were fixed on edge A (a certain distance from surface C) at 0 mm/s 

velocity in y direction and on two section planes – at 0 mm/s velocity in x and z 

directions, accordingly (Fig. 2.12).  

5 types of horn-type waveguides were modelled for this research. Their shapes 

and geometric dimensions are presented in Fig. 2.13. 
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a) b)               c)                   d)                              e) 

Fig. 2.13 The shapes and dimensions of the modelled waveguides: a) cylindrical, b) 

conical, c) stepped, d) close exponential, e) reverse close exponential 
 

The first simulation was carried out with the conical waveguide to investigate 

how the shape of excitation impulse influences the amplitude of surface velocity. 

During the entire simulation, a constant force amplitude (of 1 N) of the waveguide 

excitation impulse was maintained and applied for five different periods of time. 

These impulse shapes were selected to determine how the resonant oscillations of the 

waveguide depend on the duration of the impulse. The modelled shapes of the 

excitation impulse are presented in Fig. 2.14.  
 

 
 

Fig. 2.14 The shapes of excitation impulse used in modelling with the conical 

waveguide 
 

The maximum and minimum velocities in y direction of all surface C points 

were determined during the simulation. For example, Fig. 2.15 shows the maximum 

and minimum velocities in y direction of all surface C points when the waveguide has 

a conical shape. The green curve indicates the maximum directional velocity of the 

entire surface C while the red curve shows the minimum directional velocity of the 

entire surface C.  
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Fig. 2.15 Maximum and minimum velocities in y direction of all surface C points 

when the waveguide has a conical shape 
 

Due to the discrepancy between the maximum and minimum velocities of the 

surface C points determined in Fig. 2.15, the results (Fig. 2.16, Fig. 2.18 and Fig. 2.20) 

are presented as an average velocity amplitude.  

The dependence of the average velocity amplitude of surface C in y direction on 

the duration of the excitation impulse are presented in Fig. 2.16. 
 

 
 

Fig. 2.16 Average velocity of surface C in y direction amplitude’s dependency from 

excitation impulse duration 
 

The results show that the highest amplitude of velocity (0.51 mm/s) is generated 

using the excitation shape no. 3 (0.07 ms excitation impulse duration) and the lowest 

amplitude of velocity (0.29 mm/s) is generated with the excitation shape no. 5 (0.2 ms 

excitation impulse duration). These results imply that velocity is the highest when the 
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excitation frequency (impulse duration) is close to a half of the resonant frequency 

period of the horn-type waveguide.  

The second simulation investigated how the velocity amplitude depends on the 

location of the fixture in the conical waveguide. During the modelling the excitation 

shape was no. 3 (see Fig. 2.14), and the place of the fixture varied (the fixed edge 

distance L, mm from surface C). The modelling scheme is presented in Fig. 2.17.  
 

 
 

Fig. 2.17 The scheme of the second modelling 
 

The relationship between the average velocity of the amplitude of surface C in 

y direction and the place of the fixture L are presented in Fig. 2.18. 
 

 
 

Fig. 2.18 The average velocity (y direction) amplitude, mm/s, of surface C. Conical 

waveguide, excitation shape No. 3 
 

The analysis shows that velocity of y direction has the highest amplitude (0.51 

mm/s) when fixture is 49.12 mm from surface C. This distance corresponds with the 

conical shape waveguide’s centre of gravity. 

The third simulation investigated the influence of the waveguide shape on the 

velocity amplitude. During this modelling, horn-type waveguides of all geometrical 

shapes (see Fig. 2.13) were fixed at the centre of their gravity. The designed close 
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exponential and reverse close exponential shape waveguide schemes are presented in 

Fig. 2.19, which also depicts the process of forming such horn-type waveguides; –

arcs with variable centre were drawn between two parallel lines. 
 

          
             a)      b) 

Fig. 2.19 Schemes of forming waveguides –arcs with variable centre arc is drawn 

between two parallel lines: a) close exponential shape b) reverse close exponential shape 
 

Fig. 2.20 shows how the average velocity amplitude of surface C in y direction 

depends on the shape of the waveguide. 
 

 
 

Fig. 2.20 Average velocity (y direction) amplitude, mm/s, of surface C 
 

The results indicate that directional velocity has the highest amplitude (0.65 

mm/s) when the waveguide has the close exponential shape, and the lowest (0.17 

mm/s) when the waveguide is cylindrical. 

Considering that movement uniformity of horn-type waveguide surface with 

greater cross-sectional area is an important aspect for a piezoelectric impact energy 

harvester, the discrepancies between the maximum and minimum velocities in y 

direction of all surface C points should be also determined. The lower the difference 

between the maximum and minimum velocities is, the more uniformly surface C 
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moves. Table 7 presents the discrepancy between maximum and minimum velocities 

of all surface C points for all modelled shapes, when the waveguides were fixed at the 

centre of their gravity and excitation was no. 3.  
 

Table 7. Discrepancy between maximum and minimum velocities in y direction 
 

Waveguide shape 
Maximum velocity, 

mm/s 

Minimum velocity, 

mm/s 
Difference 

Cylindrical 0.25 0.15 0.1 

Conical 0.62 0.41 0.21 

Stepped 0.26 0.20 0.06 

Close exponential 0.75 0.56 0.19 

Reverse close exponential 0.53 0.38 0.15 
 

According to Table 7, the lowest difference between minimum and maximum 

directional velocities in y direction is when the horn-type waveguide has a stepped 

(0.06 mm/s) and cylindrical (0.1 mm/s) shapes. The largest difference between 

minimum and maximum directional velocities in y direction is when waveguide is 

conical (0.21 mm/s) and close exponential (0.1 mm/s). To verify the data, the 

simulation results of maximum and minimum velocities in y direction of all surface 

C points when waveguide is of the stepped shape, the fixture is at the centre of gravity 

and excitation is No. 3 (see Fig. 2.11) are presented in Fig. 2.21.  
 

 
 

Fig. 2.21 Maximum and minimum velocities in y direction of all surface C points 

when waveguide has stepped shape 
 

Comparing the results presented in Fig. 2.21 with those provided in Fig. 2.15, it 

is evident that the discrepancy is significantly lower when the horn-type waveguide 

has a stepped shape. 

Despite the fact that the largest discrepancy between minimum and maximum 

directional velocities in y direction generates close exponential shape waveguide (0.19 

mm/s), it generates the largest average amplitude (0.65 mm/s). The lowest 
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discrepancy generates the stepped shape waveguide (0.06 mm/s); on the other hand, 

it generates the average amplitude of only 0.23 mm/s. Therefore further research 

should combine these two shapes of horn-type waveguide; it could be called as 

stepped-exponential shape horn-type waveguide. 

2.6. Conclusions of the section 

In this section, theoretical researches of horn-type waveguides were carried out 

when the waveguide was excited on the surface with a smaller cross-sectional area 

and the displacement was obtained on the surface with a greater cross-sectional area. 

Because horn-type waveguides could have complicated geometry, the modal 

properties were determined using the FEM method with ANSYS Harmonic Response 

and Explicit dynamics software.  

The following conclusions were formulated: 

 Theoretical research of mechanical impact shows that the generated 

shock parameters, such as frequency and amplitude, significantly depend on the 

material of the colliding bodies. This indicates that in the developed piezoelectric 

impact energy harvester for burst-type signal generation, the parameters of the shock 

generator must be chosen very carefully, taking into account the parameters of the 

ultrasonic drive which should be controlled. 

 The modelling of horn-type waveguides with harmonic excitation on the 

surface with a smaller cross-sectional area shows that the conical waveguide generates 

1.87 times higher displacement of the surface with a greater cross-sectional area than 

the cylindrical waveguide under equal excitation conditions. 

 The modelling of horn-type waveguides with impact excitation shows 

that the highest average velocity amplitude of the waveguide surface with a greater 

cross-sectional area is generated with a waveguide which is excited for 0.07 s, which 

should be close to or correspond to a half of the resonant frequency period of the horn-

type waveguide.  

 The modelling of horn-type waveguides shows that vibrational velocity 

amplitude is significantly influenced by the waveguide’s fixture place; it is the highest 

when the horn-type waveguide is fixed at its centre of gravity. This modelling also 

shows that the velocity amplitude of a horn-type waveguide which has the close 

exponential shape is 3.8 times higher than that of a cylindrical horn-type waveguide 

shape, when boundary conditions are the same. It was also determined that that the 

stepped shape horn-type waveguide produces the lowest discrepancy between 

maximum and minimum velocities. Due to these results, further research combines 

the stepped and close exponential shapes of the waveguide and the new device is 

called stepped-exponential shape horn-type waveguide.  
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3. EXPERIMENTAL RESEARCH OF THE PIEZOELECTRIC IMPACT 

ENERGY HARVESTER FOR BURST-TYPE SIGNAL GENERATION 

3.1. Experimental research of mechanical impact 

In order to investigate the dynamic parameters of mechanical impact, 

experimental research was carried out on the basis of the theoretical modelling 

presented in section 2.3. The principal layout of the experimental setup is presented 

in Fig. 3.1. 
 

 
 

Fig. 3.1 The layout of mechanical impact experimental setup: 1 – impacting sphere, 2 

– accelerometer, 3 – potentiometer, 4 – impact plate, 5 – digital oscilloscope; 6 – power 

supply, 7 – PC 
 

During the experimental investigation, mechanical impact was created using an 

impacting sphere 1 (see Fig. 3.1) which was released from a certain height and 

impacted the impact plate 4 as a pendulum. Due to the measurement range of the 

accelerometer, the initial angle of the pendulum was α = 34˚ in all experiments. 

Acceleration of the impacting sphere was measured with the accelerometer 2 and the 

duration of pendulum’s movement was measured with the potentiometer 3. The data 

from the sensors was acquired and analysed using a PC and the experimental results 

were analysed with the MATLAB software package. 

The experiment was carried out in three stages. The first experiment was carried 

out when the impacting sphere, made of hardened steel C45E impacted into plate, 

made of the same material; the second part involved the same impacting sphere 

impacting a plate made of steel AISI304, and during the last experiment, the impacting 

sphere (made of hardened steel C45E) impacted a plate made of aluminium AL6061-

T6. The view of experimental setup is presented in Fig. 3.2. 
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       a)                             b) 

Fig. 3.2 The experimental investigation of mechanical impact: a) setup view b) 

impacting pendulum view: 1 – impacting sphere of 295 g, 2 – accelerometer KD91, 3 – 

potentiometer, 4 – impact plate, 5 – digital oscilloscope PicoScope 3424, 6 – power supply 

Mastech HY1803D, 7 – PC.  
 

The analysis shows that the voltage rate of the potentiometer is proportional to 

the velocity of the impacting sphere. These results are presented in Fig. 3.3 a). With 

regards to these results, the time of pendulum movement is determined – 0.1 s. The 

velocity change of a moving object could be defined as: 
 

∆𝑣 = 𝑣 − 𝑣𝑜 = 𝑎𝑡                  (3.1) 
 

where 𝑣𝑜 – initial velocity of a moving object, 𝑣 – velocity of a moving body 

after time 𝑡, 𝑎 – acceleration of a moving body. 

In our case, 𝑎 is considered as acceleration due to gravity and is equal 9.8 m/s2. 

Due to the fact that during the start phase the movement of the pendulum 𝑣𝑜 = 0 m/s, 

the velocity of impact could be calculated: 
 

𝑣 = 𝑎𝑡 = 9.8 · 0.1 = 1 m/s                 (3.2) 
 

These results imply that the impact velocity is ~ 1 m/s when the impacting 

sphere is released from a particular height and the initial angle of the pendulum is α = 

34˚. Since the material and the releasing height of the impacting sphere was not 

changed during the experiments, it is safe to conclude that the velocity and the initial 

conditions of the mechanical impact remained constant during all of the stages of 

investigation. 

The accelerometer signals obtained under identical conditions of mechanical 

impact are given in Fig. 3.3 b), c), and d). 
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                  a)                                        b) 

 
                    c)                                        d) 

Fig. 3.3 The experimental results: a) potentiometer voltage change during 

experimental investigation, b) accelerometer signal, impact plate made of steel C45E, c) 

accelerometer signal, impact plate made of steel AISI304, d) accelerometer signal, impact 

plate made of aluminium AL6061-T6 
 

The longest impact time (0.235 ms) is registered when the impacting sphere 

impacts with a plate made of aluminium, –and the shortest (0.105 ms) when the plate 

is made of steel. The highest impact amplitude is 15 V which is obtained when the 

impacting sphere impacts a steel C45E plate, and the lowest amplitude is 5.8 V which 

is registered when the plate is made of aluminium AL 6061-T9. 

These experimental results are consistent with the theoretical results, which 

shows that it is essential to match the materials of the impacting surface when using a 

mechanical impact in order to obtain the desired shock amplitude and duration 

(frequency). 

Despite the fact that such mechanical impact phenomena are rather simple, this 

method has some disadvantages, such as the repeatability of the impact parameters 

during some impacts. Another disadvantage of such a system is that the material of 

the impacting sphere or the impacting surface should be changed in order to obtain 

the desired shock parameters, what is rather complicated. Therefore, a piezoelectric 

shock generator could be used instead of a mechanical impact. 
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3.2. Experimental research of horn-type waveguides with harmonic excitation  

First of all, in order to make sure that the surface of a horn-type waveguide with 

a greater cross-sectional area moves in different way depending on its shape when the 

excitation is based on the surface with a smaller cross-sectional area, experiments 

were carried out with a harmonic excitation signal.  

Firstly, frequency responses of two horn-type waveguides (A and B types) with 

the same piezoelectric stack as the harmonic vibrations exciter (made of 19 piezo 

rings, dimensions of 23x13x0.5 mm, capacity 60 nF) located on the surface with a 

smaller cross-sectional area were obtained using an impedance meter Wayne Kerr 

6500B. The principal layout of A and B horn-type waveguides, cylindrical and 

conical, respectively, with their dimensions and location of excitation are presented 

in Fig. 3.4, while Fig. 3.5 presents the measured impedances with phase angles 
 

 
 

Fig. 3.4 The principal layout of horn-type waveguides with their dimensions and 

location of excitation: on the left – A type waveguide, on the right – B type waveguide 
 

 
a) 
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b) 

Fig. 3.5 The impedance and phase angle of the piezoelectric stack attached to the 

waveguide: a) type A waveguide; b) type B waveguide 
 

As the experimental results (Fig. 3.5) show, the longitudinal resonant frequency 

of type A waveguide with piezoelectric stack is approximately 18.1 kHz, when type 

B produces a frequency of approximately 15.6 kHz with the same piezoelectric stack; 

the phase angles are 305° and 290°, respectively. 

The movement uniformity of the surface with a greater cross-sectional area was 

also analysed experimentally. First of all, holographic tests of the horn-type 

waveguides (Fig. 3.4) were performed using a holographic interferometry system 

PRISM 100 (HYTEC Inc., USA). During holographic tests, excitation was generated 

on the surface with smaller cross-sectional area and displacement of the surface with 

greater cross-sectional area was obtained. Both types of horn-type waveguides were 

fixes at the centre of their gravity and excited with the same harmonic excitation signal 

generated by the same piezoelectric stack as in the experiment with the impedance 

meter. During this experiment, the frequency ranged from 0 kHz to 100 kHz. Fig. 3.6 

presents the holograms of cylindrical and conical horn-type waveguide surfaces with 

greater cross-sectional area when these surfaces move uniformly and non-uniformly. 
 

  
                       a)                   b) 
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                         c)                      d) 

Fig. 3.6 Holograms of waveguide surfaces with greater cross-sectional area – a) 

cylindrical waveguide, excitation frequency 60.55 kHz; b) cylindrical waveguide, excitation 

frequency 17.9 kHz; c) conical waveguide, excitation frequency 43.56 kHz; d) conical 

waveguide, excitation frequency 15.5 kHz 
 

As the holograms show, the surface of the cylindrical waveguide with greater 

cross-sectional area moves uniformly when the excitation signal is 17.9 kHz (Fig. 3.6 

b) and the surface of the conical waveguide with greater cross-sectional area moves 

uniformly when the excitation signal is 15.5 kHz (Fig. 3.6 d). Non-uniform movement 

of both cylindrical and conical waveguide’s surfaces with greater cross-sectional area 

are presented in Fig. 3.6 a) and c), respectively. Also it should be noted that excitation 

frequency of waveguides when they move uniformly is close to their resonant 

frequencies of longitudinal mode, obtained both theoretically (2.5.1 section) and with 

the impedance meter (Fig. 3.5).  

Next, the study investigates the quantity of surface’s movement. For this 

investigation, excitation was generated using the same piezoelectric stack (made of 

19 piezo rings of 23x13x0.5 mm dimensions, capacity 60 nF) located on the surface 

with a smaller cross-sectional area; surface displacement was measured with a laser 

vibrometer at 5 gauge points of the measured surface with a greater cross-sectional 

area. The principal scheme of measurement points is presented in Fig. 3.7, and the 

layout and stand view of the experimental setup are given in Fig. 3.8.  
 

 
 

Fig. 3.7 The scheme of gauge point locations on the measured surface with a greater 

cross-sectional area 
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a) 

 
b) 

Fig. 3.8 Experimental setup for investigating the uniformity of waveguides surface 

movement: a) scheme b) stand view: 1 – signal generator, 2 – voltage amplifier, 3 – piezo 

stack, 4 – waveguide, 5 – laser sensor head, 6 – vibrometer controller, 7 – digital 

oscilloscope, 8 – PC 
 

During this experimental investigation, the excitation of piezoelectric stack 3 

(made of 19 layers 23x13x0,5 mm piezo rings, C = 68 nF) was generated by the signal 

generator 1 (Tabor WW5064) and amplified with the voltage amplifier 2. The same 

harmonic signal was used to excite both types of waveguides (Up-p= 5V) and the 

frequency ranged from 0 to 34 kHz. The waveguide 4 was fixed at the centre of its 

gravity and the displacement of surface with greater cross-sectional area was 

measured with a laser sensor head 5 (Polytec OFV-505) and a laser Doppler 

vibrometer controller 7 (Polytec OFV-5000). The data were acquired and analysed 

with a digital oscilloscope 7 (PicoScope-6403) and a PC 8. 

Fig. 3.9 presents the amplitude-frequency characteristics of type A and B 

waveguides obtained with a laser vibrometer and using the same excitation signal for 

both horn-type waveguides. 
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a) 

 
b) 

Fig. 3.9 Amplitude-frequency characteristics obtained with a laser vibrometer: a) type 

A waveguide b) type B waveguide 
 

Experiments (Fig. 3.9) show that the average maximum displacement of 5 gauge 

points of type A horn-type waveguide surface with a greater cross-sectional area are 

obtained at approximately 18.1 kHz resonant frequency; it reaches 1.3 µm when the 

harmonic signal with peak-to-peak amplitude of 5V is used for excitation. The average 

maximum displacement of 5 gauge points of type B horn-type waveguide surface with 

a greater cross-sectional area is obtained at approximately 15.6 kHz resonant 

frequency and reaches 1.65 µm under the excitation conditions as type A waveguide. 

These results also indicate that the surface movement of the conical shape waveguide 

(B type) is more uniform than that of the cylindrical waveguide (B type) because the 

discrepancy of the 5 gauge points is lesser with type B waveguide than with type A.  

It could be concluded that the conical shape horn-type waveguide generates 1.27 

higher displacement of the surface with a greater cross-sectional area than the 

cylindrical waveguide under the same excitation signal. Also it is seen that the entire 

larger surface moves more uniformly when the waveguide has a conical shape rather 

than a cylindrical one. Resonant frequencies are 18.1 kHz and 15.6 kHz when the 

waveguide is cylindrical and conical, respectively. These frequencies are similar to 
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the resonant frequencies at which the waveguides move uniformly (determined during 

the holographic tests and obtained with an impedance meter). 

In order to confirm the results presented above, another experimental 

investigation was carried out using a different technique. The layout and the stand 

view of it are presented in Fig. 3.10.  
 

 
a) 

 
b) 

Fig. 3.10 Experimental setup for investigating the movement uniformity of horn-type 

waveguides: a) layout; b) stand view: 1 – piezo stack, 2 – waveguide, 3 – laser scanning 

heads, 4 – laser vibrometer, 5 – PC. 
 

During this investigation (Fig. 3.10), the same cylindrical and conical 

waveguides (type A and B, respectively) were excited with the same periodic chirp-

type signal on the smaller cross-sectional surface. The horn-type waveguide 2 which 

is fixed at the centre of its gravity is excited using the same piezoelectric stack 1 as in 

the experiments presented above (made of 19 layers 23x13x0,5 mm piezo rings, C = 

68 nF). The movement of waveguide’s larger cross-sectional surface is measured with 

three laser scanning heads (Polytec PSV-500 scanning heads) and a laser Doppler 

vibrometer 4 (3D Polytec PSV-500 vibrometer). The data were acquired and analysed 

using a PC 5. 

The characteristics of the amplitude frequency obtained with a 3D Polytec 

vibrometer of both type A and B waveguides are presented in Fig. 3.11. 
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a) 

 
b) 

Fig. 3.11 Amplitude-frequency characteristics obtained with a 3D laser vibrometer: a) 

type A waveguide b) type B waveguide 
 

As these results show, the peak of velocities of the larger cross-sectional surface 

are obtained at frequencies of 17.63 kHz and 15.25 kHz, respectively, with the 

cylindrical (A) and conical (B) waveguides. The displacement of greater cross-

sectional surface of both waveguides under the same excitation amplitude (Up-p = 5V) 

and frequencies of 17.63 and 15.25 kHz for type A and B waveguides, accordingly, 

are presented in Fig. 3.12. 
 

 
a) 
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b) 

Fig. 3.12 The greater cross-section surface displacement obtained with a 3D laser 

Doppler vibrometer: a) type A waveguide b) type B waveguide 
 

Research shows that the displacement amplitude of larger cross-section surface 

is 119.7 nm when the waveguide is type A, and 206 nm when the waveguide is type 

B. These result also indicate that at resonant frequencies of 17.63 and 15.25 kHz, 

respectively, the larger cross-section surface of type A and B waveguides moves 

uniformly. Similar to the results obtained with the methods of another investigation 

(theoretically, with a laser vibrometer at 5 points), it is seen that the conical waveguide 

generates 1.72 higher displacement than the cylindrical waveguide when the fixture 

and excitation conditions are the same. 

Table 8 compares the results of the cylindrical and conical (A and B, 

respectively) waveguide harmonic excitation on the smaller cross-sectional surface 

obtained using different methods, such as theoretical calculation using ANSYS 

Harmonic response software, experimental investigations using an impedance meter, 

a 1-point laser vibrometer, a 3D laser vibrometer and holographic tests. 
 

Table 8. A comparison of harmonic excitation of waveguides on the smaller 

cross-sectional surface 
 

Method 

Resonant frequency of 

longitudinal mode 

Displacement of surface with 

greater cross-sectional area 

A type 

waveguide 

B type 

waveguide 

A type 

waveguide 

B type 

waveguide 

Theoretical calculation 18.0 kHz 15.8 kHz 0.314 µm 0.586 µm 

Impedance meter 18.1 kHz 15.6 kHz - - 

Holographic tests 17.9 kHz 15.5 kHz - - 

1 point laser vibrometer 18.1 kHz 15.6 kHz 1.3 µm 1.65 µm 

3D laser vibrometer 17.6 kHz 15.3 kHz 119.7 nm 206 nm 
 

As presented in Table 8, resonant frequencies of both type A and B horn-type 

waveguides is similar to each other, regardless of the method used for investigation. 
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The displacement of the greater cross-sectional surface differs due to the excitation 

conditions; depending on the method used, the excitation amplitude varies. Even 

though excitation does not coincide in both research methods, it was identical for the 

analysis of both types of waveguides during each investigation. Therefore, it is easier 

to compare how many times the greater cross-sectional surface displacement of B type 

waveguide is higher than that of type A waveguide when the excitation conditions are 

equal. It should be noted that this factor varies from 1.27 times during investigation 

with 1-point laser vibrometer up to 1.87 times during theoretical calculation. This 

difference may be caused by the imperfectly steady fixture conditions during different 

investigations and is relatively small, so it can be concluded that the results are 

consistent and the shape of a horn-type waveguide has a very significant impact on 

the greater cross-sectional surface displacement. Therefore, the shape of a horn-type 

waveguide is important for piezoelectric impact energy harvester for burst-type signal 

generation and must be selected properly depending on its application. 

3.3. Experimental research of ultrasonic motor control 

3.3.1. Experimental research of piezoelectric materials generating voltage from 

impact 

To compare how the amplitude of generated voltage depends on the properties 

of piezoelectric material, PZT-5A (“soft”) and PZT-4 (“hard”) were investigated 

experimentally. The properties of the two different piezoelectric materials –are 

presented in Table 2.  

The experimental layout and the stand view are presented in Fig. 3.13. During 

this experiment, the impacting sphere 1 made of steel C45E, with a diameter of 14 

mm and mass of 11.2g was released from a certain height and as a pendulum directly 

impacted the piezoelectric disk 2 (30 mm diameter, 10 mm height) at the initial angle 

of 50°. This angle of the pendulum was selected due to the geometric dimensions of 

the experimental stand. Data was acquired and analysed with a digital oscilloscope 3 

(PicoScope-6403) and a PC 4. 

The momentum of the impacting sphere could be described as: 
 

𝑝 = 𝑚𝑣;                   (3.3) 
 

where 𝑝 – quantity of motion (moment), 𝑚 – mass of impacting sphere, 𝑣 – 

velocity of the impacting sphere at impact time, which could be expressed as: 
 

𝑣 = √2𝑔𝐿(1 − cos 𝑎) ;                (3.4) 
 

where 𝑔 – acceleration due to gravity, 𝐿 – the length of the pendulum, 𝑎 – angle 

of the pendulum, at which the impacting sphere is released. In this way, velocity at 

impact time is equal: 
 

𝑣 = √2 · 9.81 · 0.25 · (1 − cos 51.3) =1.35 m/s              (3.5) 
 

And thus the quantity of motion in the experiment is: 
 

𝑝 = 0.0112 ∙ 1.35 = 0.015 kg·m·s-1                (3.6) 
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                   a)                                     b) 

Fig. 3.13 Experimental investigation of the voltage generated by the piezoelectric 

material: a) experimental layout, b) stand view 
 

During this study, the sphere impacted each piezoelectric disc (the “soft” PZT-

5A, and the “hard” PZT-4) three times with the same quantity of motion. The 

experimental results are presented in Table 9 , which shows that the “soft” 

piezoelectric material, PZT-5A, generates approximately 1.4 times higher voltage 

amplitude from the same impact. It should also be noted that the duration of the 

generated impulse is 1.14 times shorter when the piezoelectric material is the “hard” 

PZT-4.  
 

Table 9. The voltage generated by the piezoelectric disks 
 

Test no. 
Generated voltage, peak to peak, V Generated impulse duration, µs 

PZT-4 PZT-5A PZT-4 PZT-5A 

Test No. 1 105.6 153.6 49.03 55.15 

Test No. 2 116.7 160.9 49.02 56.38 

Test No. 3 113.3 150.3 47.48 53.92 

Average 111.9 154.9 20.62 18.14 

Since the generated voltage amplitude is an important aspect for the 

piezoelectric impact energy harvester for burst-type signal generation, further 

research uses the “soft” PZT-5A piezoelectric material. Impulse duration is chosen by 

altering the parameters of the horn-type waveguide and impact. 

3.3.2. Designing a piezoelectric impact energy harvester for burst-type signal 

generation 

The ultrasonic motor should be controlled. The one used in this study is USM-

50-3; it operates at 42.6 kHz frequency (more technical characteristics of the motor 

are presented in Table 10). A piezoelectric impact energy harvester for burst-type 

signal generation with longitudinal resonant frequency of 21.1 kHz, a stepped-
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exponential horn-type waveguide and a piezoelectric shock exciter for impact 

generation was designed and fabricated.  

The drawing and the 3D model view of the designed piezoelectric impact energy 

harvester are presented in Fig. 3.14. the impedance of this impact energy harvester 

measured with the impedance meter Wayne Kerr 6500B is presented in Fig. 3.15. 
 

Table 10. The characteristics of ultrasonic motor USM-50-3 
 

Characteristic Measurement unit Value 

Motor type - Piezoelectric, rotational 

Motor operating frequency kHz 42.6 

Rated RMS voltage V 21.28 

Rated torque Nm 0.004608 

Rated rotational speed rpm 56.075 

No-load maximum rotational speed rpm 78.947 

Maximum torque Nm 0.006912 

Resonance quality factor - 300 

Capacitance per phase nF 13 
 

The stepped-exponential shape (Fig. 3.14) of the horn-type waveguide is chosen 

based on previous theoretical research which has revealed that the close exponential 

shape waveguide has the highest amplitude magnification factor of the generated 

vibrations, when compared to the cylindrical, conical, stepped and reversed close 

exponential shapes. It has also been determined that the greater cross-sectional surface 

moves in the most uniform way in the longitudinal direction when the excitation 

conditions are the same as using a stepped horn-type waveguide. 
 

        
            a)                             b) 

Fig. 3.14 The fabricated piezoelectric impact energy harvester for burst-type signal 

generation: a) drawing b) 3D model view 
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Fig. 3.15 The impedance of the designed piezoelectric impact energy harvester for 

burst-type signal generation 
 

Resonant frequency of 21.1 kHz is determined considering that the ultrasonic 

motor which should be controlled operates at 42.6 kHz frequency. This frequency is 

close to the subharmonic frequency of 21.3 kHz, which resembles the resonant 

frequency of the designed piezoelectric impact energy harvester for burst-type signal 

generation. 

A piezoelectric shock exciter made of 46 PZT-5A piezoelectric rings 

(dimensions Ø23x Ø13x0.5 mm, total capacity of 260 Nf) was used to generate shock. 

This piezo stack can be described as a solid bar of PZT ceramics and when it is 

electrically discharged sufficiently fast, the internal stress upsurges instantaneously. 

The initial pressure is the blocking pressure, which causes an accelerated expansion 

of the piezo stack and creates shock. By coupling the PZT stack to another solid body, 

in this case the waveguide surface, the shock impulse can be transferred and a shock 

wave is propagated. In such way, the piezoelectric stack is generating inherently 

mechanical shock pulses by electrical pulse excitation [32]. 

In general, such a piezoelectric shock generator could be charged by an 

alternative energy supply, e.g. solar or photovoltaic panels, and when needed, the 

shock could be generated by shortening the poles of shock exciter. 

To convert mechanical energy into electric, this research uses a Langevin-type 

piezoelectric transducer made of 4 soft PZT-5A piezoelectric rings, with the total 

capacity of 6.56 nF. As shown in drawing (Fig. 3.14), the surface area of these piezo 

rings corresponds with the greater-cross sectional surface of the waveguide, thus the 

impact energy is transmitted to these piezoelectric rings from the entire surface.  

3.3.3. Experimental investigation of the burst-type signal generated with the 

piezoelectric impact energy harvester 

The dependence of the voltage generated with the piezoelectric impact energy 

harvester on the charging voltage of the piezoelectric shock exciter has been 
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determined experimentally. The principal scheme of the experiment is presented in 

Fig. 3.16.  
 

 
 

Fig. 3.16 The principal scheme of the experiment with the voltage generated with the 

piezoelectric impact energy harvester: 1 – power supply, 2 – piezoelectric stack–shock 

exciter: a piezoelectric ring made of 46 layers 23x13x0,5 mm piezo rings, 3 – stepped-close 

exponential horn-type waveguide, 4 – Langevin-type piezoelectric transducer, C = 6.56 nF, 5 

– digital oscilloscope PicoScope-6403, 6 – PC 
 

As Fig. 3.16 shows, the shock exciter (the piezoelectric stack made of 46 layers 

23x13x0.5 mm piezo rings, with total capacity of 260 nF) was charged using DC from 

traditional power supply 1 (Mastech HY5003 with a laboratory voltage amplifier) 

with variable voltage in the range of 200–500V and shortened afterwards. 

Consequently, a shock was generated and the energy thrown into the stepped-close 

exponential waveguide 3 was transmitted to the Langevin-type piezoelectric 

transducer 4. Voltage generated by the piezoelectric rings 4 (Langevin-type 

piezoelectric transducer made of 4 piezoelectric rings, with the total capacity of 6.56 

nF) was measured with a digital oscilloscope 5 (PicoScope-6403). Data was acquired 

and analysed with a PC 6. 

The results of the experiment are provided in Fig. 3.17 a), as an example of 

voltage generated by the piezoelectric impact energy harvester when the piezoelectric 

shock exciter is charged with 400V. Fig. 3.17 b) shows how the voltage generated 

with the piezoelectric impact energy harvester depends on the charging voltage of the 

piezoelectric shock exciter in the range of 200-500 V. 
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a) 

 
b) 

Fig. 3.17 The voltage generated with the piezoelectric impact energy harvester: a) 

when the shock exciter is charged with 400 V, b) charging voltage in range 200-500 V 
 

As experimental results show, the voltage generated with the Langevin-type 

piezoelectric transducer increases when the charging voltage of the shock exciter 

increases up to approximately 470 V. A When the charging voltage increases further 

over this limit, the voltage generated by the Langevin-type piezoelectric transducer 

varies only slightly. This is due to the geometric and technical characteristics of the 

piezoelectric shock-type exciter. Despite this fact, the generated voltage could be 

adjusted from 75V to 175V in the allowable range of shock exciter’s charging voltage. 

It should provide an opportunity to control the motor steps on demand. 

3.3.4. Experimental investigation of ultrasonic motor control using piezoelectric 

impact energy harvester 

This dissertation also investigates the possibility of USM control using the 

designed piezoelectric impact energy harvester for burst-type signal generation. The 

experimental layout and stand view are presented in Fig. 3.18. During the experiment, 

the shock exciter 2 (a piezoelectric stack made of 46 piezo rings, dimensions Ø23x 

Ø13x0.5 mm, material PZT-5, total capacity of 260 nF), was charged with DC power 



76 

 

supply 1 (Mastech HY5003 with a laboratory voltage amplifier) in a voltage range 

315-470 V. Then shock was generated by shortening the contacts of the shock exciter 

2, and the stepped-close exponential horn-type waveguide 3 transmitted the generated 

shock energy to the piezoelectric Langevin-type transducer 4 which consisted of 4 

PZT-5 piezoelectric rings, with the total capacity of 6.56 nF. The generated electrical 

energy was directly transmitted to the USM 5 and a discrete step movement of the 

rotor was obtained. The USM movement was measured with a laser vibrometer 6, 7 

(Polytec OFV-5000/505), data were acquired with a digital oscilloscope 8 

(PicoScope-6403) and a PC 9. The sensitivity of the Polytec vibrometer was 2 µm/V 

during the experiment.  
 

 
a) 

 
b) 

Fig. 3.18 Experimental setup of piezoelectric impact energy harvester for burst-type 

signal generation: a) layout b) stand view: 1 – power supply, 2 – shock exciter, 3 – stepped-

exponential shape horn-type waveguide, 4 – Langevin-type piezoelectric transducer, 5 – 

USM, 6, 7 – laser Doppler vibrometer, 8 – Digital oscilloscope, 9 – PC 
 



77 

 

The results of the experiment, i. e. the rotational steps of the motor when the 

shock exciter was charged with 370 V and 470 V before shortening them are presented 

in Fig. 3.19. 

These investigation (Fig. 3.19) shows that there is direct correlation between the 

charging voltage of the shock exciter and the height of the motor steps; higher 

charging voltage results in higher motors steps. The lowest rotational step (1.55 µrad) 

is obtained at the lowest charging voltage used in the study (315V). The highest 

rotational step (10.4 µrad) is produced when the charging voltage is 470 V. As 

mentioned above, higher charging voltage is not allowed due to the technical 

characteristics of the shock exciter. 

The research has also analysed the dependence of the motor step on the charging 

voltage of the shock exciter and the results are presented in Fig. 3.20.  
 

 
a) 

 
b) 

Fig. 3.19 The rotational steps of the motor: a) shock exciter before shortening charged 

with 370 V, b) shock exciter before shortening charged with 470 V 
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Fig. 3.20 The dependence of the motor rotational steps on the charging voltage of the 

shock exciter 
 

Based on the graph presented in Fig. 3.20, the appropriate charging voltage can 

be chosen based on the desired USM step.  

In real conditions, i.e. when power supply voltage is 450 V, but only 400 V are 

needed, the required charging voltage could be obtained by using additional resistance 

in the power circuit of piezoelectric shock exciter.  

3.3.5. Experimental investigation of the shock exciter’s power circuit using an 

additional capacitor 

In order to obtain more than one ultrasonic motor step from one charge of the 

shock exciter, the stud proposes a new technique for the power circuit of the shock 

exciter. The scheme of the proposed power circuit for the shock exciter and the 

experimental setup are presented in Fig. 3.21. 
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   a)                                             b) 

Fig. 3.21 The power circuit of the shock exciter: a) layout of the piezoelectric impact 

energy harvester with an additional capacitor, b) experimental setup: 1 – power supply, 2 – 

additional capacitor, 3 – switch, 4 –shock exciter, 5 – stepped-close exponential horn-type 

waveguide, 6 – Langevin-type piezoelectric transducer, 7 – USM, 8,9 – laser vibrometer, 10 

– digital oscilloscope, 11 – PC 
 

This power circuit of the shock exciter (Fig. 3.21) involves a DC power supply 

1 (e.g. solar panels, thermoelectric panels, etc.), an additional capacitor of 100 µF 2, 

a switch 3, a shock exciter 4, a stepped-close exponential waveguide 5, a Langevin-

type piezoelectric transducer 6 with the total capacity of 6.56 nF, a USM 7 (operating 

frequency 42.6 kHz), a laser Doppler vibrometer 8, 9 (Polytec OFV-5000/505), a 

digital oscilloscope 10 (PicoScope 6403) and a PC – 11. 

Such power circuit operates as follows: at the beginning, the additional capacitor 

which is located between the power supply and the shock exciter is charged up to 470 

V with a DC power supply; this research used the Mastech HY5003 with a laboratory 

voltage amplifier. Then the contacts of the shock exciter are shortened in different 

directions after every motor step and shock is obtained from one charge of the 

additional capacitor. 

Experimental results show that the presented technique for controlling the shock 

exciter (Fig 3.21) works correctly and generates up to 30 ultrasonic motor steps from 

one electric charge of the additional capacitor Cadd=100µF. As in the experiment 

without the additional capacitor, the highest step is obtained at the first step (10.4 

µrad) and is the same until the 21st. The lowest is the 30th step – 2.5 µrad. 

The last 10 motor rotational steps of the total 30 obtained during the experiment 

from one electric charge of the additional capacitor (up to 470 V) are presented in Fig. 

3.22. 
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Fig. 3.22 The last 10 motor rotational steps (of 30) from one electric charge of the 

additional capacitor up to 470 V 
 

Such power circuit could be especially helpful in areas where traditional DC 

power supply is unavailable, e.g. in space or nature, where alternative energy supply, 

such as solar etc. could be used. For example, solar panels could charge the additional 

capacitor through a certain control circuit, and after that, the ultrasonic motors steps 

could be obtained without a recharge after every step.  

3.4. The dependence of motor resolution on the burst-type excitation signal 

In order to investigate how parameters, such as amplitude and duration 

(frequency) of the burst type signal influence the USM steps additional experiment 

was carried out. The principal scheme and setup of the experiment are presented in 

Fig. 3.23.  

The excitation signal, as damped oscillation with variable frequency and 

amplitude, was formed using a signal generator 1 (Rigol DG103Z) and amplified with 

an amplifier 2 (EPA-104). Then this signal was transmitted directly to the ultrasonic 

motor 3 (USM-50-3, for more details see Table 10) and its movement – the rotational 

steps were measured with a laser Doppler vibrometer 4, 5 (Polytec OFV-5000/505), 

the data was acquired with a digital oscilloscope 6 (PicoScope-6403) and a PC 7. 
 

 
a) 
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b) 

Fig. 3.23 The experimental setup for analysing the influence of the excitation signal 

parameters on the USM steps: a) scheme b) setup: 1 – signal generator; 2 – voltage amplifier; 

3 – USM; 4, 5 – laser vibrometer; 6 – digital oscilloscope; 7 – PC 
 

The excitation signal generated with the signal generator under the frequency of 

21.3 kHz and voltage of 150 V peak-to-peak is presented in Fig. 3.24. 

 

 
 

Fig. 3.24 The excitation signal generated with a signal generator – voltage 150 V 

peak-to-peak, frequency – 21.3 kHz 
 

The first stage of the experiment was carried out under the same amplitude of 

the excitation signal (150 V), only the excitation frequency differed. Fig. 3.25 shows 

how the size of USM step is influenced by the excitation signal when the excitation 

frequency is between 9.8 and 56.4 kHz. 
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Fig. 3.25 The influence of the excitation signal frequency on the ultrasonic motor step 

when the excitation amplitude is 150 V peak-to-peak 
 

The results indicate that the size of the motor step increases to 16.7 µrad at the 

excitation frequency of 21.3 kHz, which is the subharmonic operating frequency of 

the USM (42.6 kHz). Besides this increase, a very significant peak is noticed at the 

excitation frequency of 42.6 kHz, which corresponds to the operating frequency of 

USM; the motor step increases up to 133.3 µrad. This step is 7.98 times higher than 

the step obtained at the subharmonic frequency of 21.3 kHz when the voltage is the 

same. This implies that in order to increase the efficiency and obtain the highest 

possible USM step, the frequency of the piezoelectric impact energy harvester must 

correspond with the operating frequency of the USM. If the maximum step is  not 

necessary, the piezoelectric impact energy harvester could also be used with the 

frequency which corresponds the subharmonic USM operating frequency. 

Moreover, the research has also investigated if and how the USM step is 

influenced by the excitation signal voltage peak to peak. During this experiment, the 

frequency of the excitation signal corresponded to the USM operating frequency (42.6 

kHz) and the voltage peak-to-peak varied in range from 0 up to 150V.  

The relationship between the motor step size and the excitation signal amplitude 

when the excitation frequency is 42.6 kHz and the amplitude varies from 0 to 150V is 

presented in Fig. 3.26.  

The results show that the minimum amplitude at which motor step is obtained 

when the excitation signal frequency corresponds with the USM operating frequency 

is approximately 25 V peak-to-peak. When the excitation amplitude increases to 75 

V, the motor step varies insignificantly, but when the excitation voltage rages between 

75 V and 150 V, the motor step size increases proportionally to the excitation 

amplitude and the dependency becomes linear.  
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Fig. 3.26 The relationship between the motor step and the excitation signal amplitude 

when the excitation frequency is 42.6 kHz 
 

It could be concluded that the minimum voltage amplitude of the excitation 

signal should be 25 V, and when it exceeds 75 V, the motor step increases linearly 

along the excitation signal amplitude while the excitation frequency is the same and 

corresponds with the operating frequency of the USM.  

3.5. Conclusions of the section 

This section has presented the experimental studies of the piezoelectric impact 

energy harvester for burst-type signal generation, which include experimental 

research of mechanical impact, horn-type waveguides and ultrasonic motor control. 

The experiments used 1D and 3D scanning laser Doppler vibrometers (Polytec Inc.), 

the holographic interferometry system PRISM 100 (Hytec Inc.), the impedance meter 

Wayne Kerr 6500B and high frequency accelerometers (Bruel and Kjaer). 

The following conclusions are formulated: 

 The results of the experimental investigation of mechanical impact are 

similar to results the obtained during theoretical calculations; they have shown that it 

is very important to match the surfaces of the impacting materials when using 

mechanical impact in order to obtain the desired shock amplitude and duration. 

 Experimental research of horn-type waveguides with harmonic 

excitation indicates that the displacement of greater cross-sectional surface of the 

conical horn-type waveguide is from 1.27 to 1.87 times higher than that of a 

cylindrical waveguide depending on the method used for investigation when the 

excitation conditions are the same. 

 The “soft” piezoelectric material (PZT-5A) provides 1.4 times higher 

amplitude of generated voltage than the “hard” piezoelectric material PZT-4 when the 

motion impact quantity is the same for both materials – 0.015 kg·m·s-1. 

 A piezoelectric impact energy harvester for burst-type signal generation 

with a resonant frequency of 21.1 kHz and stepped-close exponential horn-type 
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waveguide was designed and fabricated. Such a harvester generates rotary USM-50-

3 steps from 1.55 µrad up to 10.4µrad.  

 In order to obtain more than one ultrasonic motor step from one charge 

of the shock exciter, a power circuit for the shock exciter was proposed and 

investigated. Research shows that this circuit allows to drive the USM for up to 30 

steps from one electric charge of the additional capacitor. The steps obtained from one 

charge vary from 10.4µrad (the first step) to 2.5 µrad (the thirtieth step). 

 The USM step increases when the frequency of the excitation signal 

corresponds with the subharmonic operating frequency of the USM when the driving 

voltage is the same. The highest USM step – approximately 8 times higher than the 

step generated by the excitation with a subharmonic frequency – is generated with the 

excitation signal with a frequency which corresponds with the operating frequency of 

the USM when the amplitude is the same. These results suggest that in order to 

increase the efficiency of the harvester and obtain the highest possible USM step 

USM, the frequency of the piezoelectric impact energy harvester for burst-type signal 

generation must correspond to the operating frequency of the USM. To produce the 

higher USM-50-3 step, it is essential to design and manufacture the new piezoelectric 

impact energy harvester for burst-type signal generation with its resonant frequency 

close to 42.6 kHz.  
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4. DESIGN METHODOLOGY FOR CERTAIN ULTRASONIC MOTOR 

CONTROL 

Experimental results showed that in order to increase the efficiency of the 

harvester and obtain the highest possible step of the USM, the excitation signal 

frequency should correspond to the USM operating frequency. Therefore, a new 

piezoelectric impact energy harvester for burst-type signal generation must be 

designed, fabricated and tested. Moreover, since the piezoelectric shock-type exciter 

cannot be used where traditional or alternative energy sources are unavailable, a new 

type of shock exciter is needed. A novel piezoelectric impact energy harvester must 

be designed to control the USM-50-3; it should be human-operated thus eliminating 

the need for any type of energy sources. 

Using the methodology presented below, a piezoelectric impact energy 

harvester for USM with any operating frequency could be designed and investigated. 

4.1. Design and theoretical investigation of a piezoelectric impact energy 

harvester for burst-type signal generation 

The theoretical investigation is divided into two stages. First, the piezoelectric 

impact energy harvester for burst-type signal generation without a shock exciter is 

investigated, then only the shock exciter is analysed.  

To begin with, a new piezoelectric impact energy harvester without a shock 

exciter was designed, and its resonant frequency of the longitudinal mode was 

determined using the FEM computational software. The drawing including the 

dimensions and the 3D model of the impact energy harvester are presented in Fig. 4.1. 
 

        
                a)                               b) 

Fig. 4.1 A new piezoelectric impact energy harvester for burst-type signal generation 

without a shock exciter: a) drawing b) 3D model 
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As Fig. 4.1 indicates, such an impact energy harvester consists of a stepped-

close exponential horn-type waveguide and a Langevin-type piezoelectric transducer 

made of two PZT-5A piezoelectric rings, the surface area of which equals the greater 

cross-sectional surface of the horn-type waveguide. 

The theoretical investigation applied the Solidworks frequency analysis 

software. The stepped-close exponential horn-type waveguide and the backing mass 

material is Aluminium 6061-T6; its properties are presented in Table 4. The 

piezoelectric rings have been made of custom material of 7.75 g/cm3 density, what 

corresponds to the density of the “soft” PZT-5A material. The screw was made of 

steel 1006 (see Table 4). The contact between all parts – the waveguide, piezoelectric 

rings, the backing mass and the screw – was bonded. The computational model which 

consists of 50382 finite elements and 72962 nodes is presented in Fig. 4.2 a).  

The displacement of piezoelectric impact energy harvester at longitudinal mode 

which was obtained at the resonant frequency of 42.607 kHz is presented in Fig. 4.2. 
 

   
         a)                                  b) 

Fig. 4.2 Theoretical investigation of a piezoelectric impact energy harvester without a 

shock exciter: a) computational model b) longitudinal mode at resonant frequency of 42.607 

kHz 
 

So far, the modelling results show that the resonant frequency of the longitudinal 

mode of such a harvester is very similar to the operating frequency of the USM-50-3. 

Therefore, it is suitable for USM-50-3 control. 

To develop a shock exciter which could be used in areas where traditional or 

alternative energy sources are unavailable, a mechanical shock exciter operated by 

human force is designed. A drawing with dimensions and a 3D model of it are 

presented in Fig. 4.3. 
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a) 

 
b) 

Fig. 4.3 Human-operated mechanical shock exciter: a) drawing b) 3D model view 
 

Fig. 4.3 presents the components which make this shock exciter; it is composed 

of two springs, an impacting body, a holder frame and a pusher. The working principle 

is illustrated in Fig. 4.4; at the initial condition (Fig. 4.4 a) the pusher 1 is pushed 

down by human force, in this case, a finger, until the upper spring 2 is compressed 

and the maximum energy of this spring is generated. Then, the pusher 1 releases the 

impacting body 3 by chamfer and generating shock to the impacting surface of the 

horn-type waveguide 5 (Fig. 4.4 b). After the shock, the lower spring 4, which at this 
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time is fully compressed by the edge of the pusher (Fig. 4.4 c), pushes the impact body 

up to the initial condition.  
 

 
        a)               b)            c) 

Fig. 4.4 The operating principle of the mechanical shock exciter: a) initial condition b) 

shock beginning stage c) aftershock stage – return to the initial condition. Here, 1 – pusher, 2 

– upper spring, 3 – impacting body, 4 – lower spring, 5 – impacting surface 
 

The parameters of impact significantly depend on the materials used both for 

the impacting body and the surface, but mostly on the parameters of the upper spring. 

With regards to the fact that the USM generates the highest step when the 

excitation signal frequency corresponds to the operating frequency of the USM, the 

shock exciter should generate an impulse with approximately 23.5µs duration, which 

corresponds to 42.6 kHz frequency. For this purpose, three theoretical investigations 

of mechanical shock exciter were carried out. First of all, the influence of dimensions 

on the stiffness of the spring was investigated with the aim to determine the lowest 

and the highest stiffness of the upper spring according to the dimensions of the 

designed mechanical shock exciter. The possible extreme geometrical dimensions of 

upper spring are presented in Table 11.  
 

Table 11. Possible extreme dimensions of the upper spring 
 

Characteristic Value 

Minimum inner diameter 1.6 mm 

Maximum outer diameter 3.8 mm 

Number of active coils 7 

Non-compressed spring length 10.5 mm 

Compression stroke 4 mm 
 

In general, the stiffness of the spring is determined as [82]:  
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𝑘 =
𝐺𝑑4

8𝐷3𝑁
 ;                  (4.1) 

 

where 𝑘 – spring stiffness, N/mm; 𝐺 – shear modulus of the spring material, 

N/mm2; 𝑑 – wire diameter, mm; 𝐷 – mean coil diameter, mm; 𝑁 – number of active 

coils.  

The shear modulus of the spring steel used for the calculation is 81500 N/mm2. 

The wire diameter could be between 0.4 mm and 0.6 mm according to the geometrical 

dimensions. Therefore, the mean diameter of the coil is between 2.2 mm and 3.2 mm. 

Seven active coils were used for all theoretical investigations. 

 The relationship between the stiffness of the spring and the mean diameter of 

the coil when the wire diameter is 0.4, 0.45, 0.50, 0.55 and 0.6 mm, respectively, is 

presented in Fig. 4.5. 
 

 
 

Fig. 4.5 The relationship between spring stiffness and mean coil diameter 
 

According to the geometrical dimensions of the designed piezoelectric impact 

energy harvester for burst-type signal generation the lowest spring stiffness is 1.14 

N/mm when the upper spring wire diameter is 0.4 mm and mean coil diameter is 3.2 

mm. The highest spring stiffness is 17.71 N/mm when the spring wire diameter is 0.6 

mm and mean coil diameter is 2.2 mm.  

The second theoretical investigation determined the velocity of the designed 

mechanical shock exciter’s impacting body (during impact with waveguide’s surface) 

from the upper spring stiffness. For this purpose, a computational model presented in 

Fig. 4.6 was created using SolidWorks Motion analysis software.  

For the computation, the initial distance between the impacting body and the 

waveguide’s surface was 4 mm, which coincides with the real distance in the designed 

mechanical shock exciter. The spring force expression was linear – 1. The velocity of 

the impacting body was determined as the it hit the surface of the waveguide due to 

compressed spring stiffness, which varied from 1.14 N/mm up to 17.71 N/mm.. As an 

example, the velocity of the impacting body when the spring stiffness is 1.14 N/m is 

presented in Fig. 4.7. 
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Fig. 4.6 Computational model created using SolidWorks motion analysis software 
 

 
 

Fig. 4.7 Impacting body velocity when upper spring stiffness is 1.14 N/mm 
 

The theoretical influence of the upper spring stiffness on the velocity of the 

impacting body is presented in Fig. 4.8.  

These results (Fig. 4.8) show that the lowest possible impacting velocity is 12.5 

m/s, when the upper spring stiffness is 1.14 N/mm, and the highest is 47.5 m/s, when 

upper spring stiffness is 17.71 N/mm.  

With reference to the results presented in Fig. 4.5 and Fig. 4.8, it is possible to 

determine what impact velocity is generated by springs of different dimensions.  
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Fig. 4.8 The influence of upper spring stiffness on the velocity of the impacting body  
 

The third theoretical investigation determined the velocity and displacement 

generated by different springs. A computational model was created using the ANSYS 

Explicit dynamics software with AUTODYN solver. Since the horn-type waveguide 

is a symmetrical device, only a quarter of it and the impacting body were modelled. 

The computational model with boundary conditions and gauge points consists of 

93,472 finite elements with 87,775 nodal points; it is presented in Fig. 4.9. Gauge 

points 1 and 2 are located on the surface of the waveguide while gauge points 3 and 4 

are located on the surface of the impacting body.  
 

 
 

Fig. 4.9 The computational model with boundary conditions: A, B – section planes, C 

– waveguide’s surface, v0 – direction of initial velocity, 1, 2 – gauge points on the 

waveguide, 3, 4 – gauge points on the impacting body 



92 

 

 

The geometrical dimensions of the impacting body and horn-type waveguide 

are the same as those of the designed piezoelectric impact energy harvester for burst-

type signal generation presented in Fig. 4.1. The boundary conditions are as follows: 

both the waveguide and the impacting body are fixed by two section planes A and B 

(see Fig. 4.9) by 0 m/s velocity in z and x directions, respectively. The waveguide is 

fixed on surface C by 0 m/s velocity in y direction. The impacting body has the initial 

directional velocity in y direction, which, according to previous results (Fig. 4.8), 

varies from 0 m/s to 50 m/s. Due to this, the initial velocity impacting body impacted 

the surface of the horn-type waveguide and generated impact.  

This investigation was carried out in four different variations, and in all of them 

the impacting body was made of Steel 1006. The waveguide material varied: Al6061-

T6, Steel 1006, Al2024-T4 and steel SS304 were used in the four experiments, 

respectively. The properties of the materials used in this modelling are presented in 

Table 12. 
 

Table 12. The properties of materials used in modelling 
 

Parameter 
Measurement 

unit 

Steel 1006 Aluminium 

AL6061-T6 

Aluminium 

AL2024-T4 

Steel 

SS304 

Density kg/m3 7896 2703 2785 7900 

Gruneisen 

coefficient 

- 2.17 1.97 2.0 1.93 

Shear modulus GPa 81.8 27.6 28.6 77.0 

Yield stress MPa 350 290 260 340 
 

The displacement in y direction (Fig. 4.9) of gauge point no.3, which is located 

on the top of the impacting body when the waveguide is made of Steel 1006 and the 

initial velocity of the impacting body is 22 m/s is presented in Fig. 4.10.  
 

 
 

Fig. 4.10 Gauge point no. 3 displacement in y direction when the waveguide is made 

of Steel 1006 and the initial velocity of the impacting body is 22 m/s 
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The results show (Fig. 4.10) that at first, the displacement of gauge point no. 3 

goes to negative side and reaches the maximum value of approximately 0.98 mm 

before returning to positive value. After 24 µs, the displacement becomes 0 mm and 

then goes forward in positive direction. This curve coincides with the movement of 

the impacting body. According to the Newton law, it could be considered that it 

corresponds with the velocity rate and duration of the generated impact. Therefore, it 

could be concluded that impact with the initial velocity of 22 m/s when the impacting 

body is made of aluminium AL6061-T6 and the impacting surface (waveguide) is 

made of Steel 1006 generates 24 µs long impact which corresponds with the frequency 

of approximately 41.7 kHz. This generated impulse duration is rather close to the 

desired one (23.5 µs), but to generate an impulse with a duration closer to the desired 

one, a different impact parameter should be chosen. For this purpose, the modelling 

results of the displacement duration gauge point no. 3 in y direction, thus the duration 

of generated impact, when the horn-type waveguide is made from various materials 

(see Table 12) and the initial velocity is between 2 and 50 m/s are presented in Fig. 

4.11.  
 

 
 

Fig. 4.11 The duration of gauge point no. 3 displacement in y direction, when the 

horn-type waveguide is made from different materials and the initial velocity of the 

impacting body is between 2 and 50 m/s 
 

The results (Fig. 4.11) show that the generated impact duration of approximately 

23.5 µs is nearly several times longer: when the horn-type waveguide is made from 

Steel 1006, AL2024-T4 and SS 304 and the initial velocities are 30, 23.5 and 20 m/s, 

respectively. The results provided in Fig. 4.11, Fig. 4.8 and Fig. 4.5 help to determine 

the material of the waveguide’s impacting surface as well as the parameters of the 

upper spring depending on the desired generated impulse duration.  
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In our case, the desired generated impulse duration is 23.5 µs (according to 

USM-50-3 operating frequency of 42.6 kHz). Therefore, based on the experimental 

results, Al2024-T4 is chosen for the waveguide. Since the initial velocity of the impact 

body should be 23.5 m/s (when the waveguide is made from Al2024-T4), that the 

stiffness of the upper spring should be 4 N/mm. Finally, based on results presented in 

Fig. 4.5, it is clear that such stiffness of the spring is appears in three instances: when 

the wire diameter is 0.45 mm and the mean coil diameter is 2.45 mm, when the wire 

diameter is 0.5 mm and the mean coil diameter is 2.85 mm, or when the wire diameter 

is 0.55 mm and mean coil diameter is 3.2 mm. This research uses a spring of 2.85 mm 

mean coil diameter and 0.5 mm wire diameter, thus the inner spring diameter is 2.35 

mm and the outer diameter is 3.35 mm. 

Using this methodology, it is possible to determine how the desired upper spring 

depends on the parameters of the required impact, thus required to drive the USM. 

In order to create an ergonomic solution for a person to control the USM motor, 

a plastic frame was designed for the piezoelectric impact energy harvester. A 3D 

model of the piezoelectric impact energy harvester for burst-type signal generation 

with the ergonomic frame and a drawing with its dimensions are presented in Fig. 

4.12. The piezoelectric impact energy harvester for burst-type signal generation 4 with 

a shock exciter 1 on the smaller cross-sectional surface is fitted into the plastic frame 

2. The harvester is softly fixed at the centre of its gravity with a rubber bushing 3 and 

at the bottom with a rubber pad 5. The whole system is covered with a plastic cap 6 at 

the bottom and tightened with screws 7. 
 

 
a) 
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b) 

Fig. 4.12 A piezoelectric impact energy harvester for burst-type signal generation: a) 

3D model b) drawing: 1 – shock exciter, 2 – plastic frame, 3 – rubber bushing, 4 – 

piezoelectric impact energy harvester, 5 – rubber pad, 6 – plastic cap, 7 – screws for 

tightening 
 

The dimensions of the harvester presented above make it easily fit into a hand 

and comfortably operate. This harvester allows driving the USM whenever it is 

needed, completely independently from any source of energy.  

4.2. Experimental investigation of the piezoelectric impact energy harvester for 

burst-type signal generation 

In order to verify the results of theoretical investigation, the piezoelectric impact 

energy harvester for USM-50-3 control was analysed experimentally. A prototype of 

the piezoelectric impact energy harvester for burst-type signal generation was 

fabricated and investigated with regards to the dimensions obtained during theoretical 

investigation.  

First of all, impedance of the fabricated harvester with stepped-close 

exponential horn-type waveguide made of AL2024-T4 and a Langevin-type 

piezoelectric transducer which consists of 2 piezoelectric rings made of “soft” PZT-

5A piezoelectric material, with the total capacity of 3.5 nF and the dimensions of 

20x5.5x2, was measured with the Wayne Kerr 6500B impedance meter. The 

impedance is presented in Fig. 4.13. 
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Fig. 4.13 Impedance and phase angle of the fabricated piezoelectric impact energy 

harvester 
 

The resonant frequency of the longitudinal mode of the piezoelectric impact 

energy harvester for burst-type signal generation is approximately 42.6 kHz. The 

lower frequency range is not presented due to the fact that the developed piezoelectric 

impact energy harvester is intended for generating a burst-type signal in the ultrasonic 

frequency range. This verifies the theoretical calculations and proves the ability to 

control USM-50-3 using this type of harvester. 

The voltage generated by the piezoelectric impact energy harvester was 

experimentally researched to investigate the parameters of the excitation signal. The 

layout of the experiment is presented in Fig. 4.14. 
 

 
 

Fig. 4.14 The experimental setup for analysing the voltage generated by the 

piezoelectric impact energy harvester: 1 – mechanical shock exciter, 2 – stepped-close 

exponential horn-type waveguide, 3 – Langevin-type transducer, 4 – digital oscilloscope, 5 – 

PC 
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During the experiment, shock was generated using a mechanical shock exciter 

1 by human’s finger force and the transmitted generated energy to the Langevin-type 

piezoelectric transducer 3 made of two piezoelectric rings with total capacity of 3.5 

nF. The signal generated by two piezoelectric rings 3 was measured with a digital 

oscilloscope 4 (PicoScope-6403). Data was acquired and analysed with a PC 5. 

The signal generated by the harvester from one push of the mechanical shock 

exciter is presented in Fig. 4.15. 
 

 
 

Fig. 4.15 The signal generated by the piezoelectric impact energy harvester from one 

push of the mechanical shock exciter 
 

As it is seen from Fig. 4.15, the fabricated prototype of a piezoelectric impact 

energy harvester generates a signal with the peak-to-peak voltage of approximately 

216 V and the frequency of approximately 41.6 kHz. These parameters closely 

resemble the operating frequency of the USM-50-3; thus this prototype is suitable for 

driving the USM-50-3. 

Additionally, the dissertation analyses the size of USM step generated with the 

designed piezoelectric impact energy harvester for burst-type signal generation. The 

principal layout and stand view are presented in Fig. 4.16.  
 

 



98 

 

a) 

 
                              b)                                                           c) 

Fig. 4.16 The experimental setup of USM step generation using the designed 

piezoelectric impact energy harvester for burst-type signal generation: a) layout b) stand 

view c) prototype of the piezoelectric impact energy harvester: 1 – mechanical shock exciter, 

2 – stepped-close exponential horn-type waveguide, 3 – Langevin-type transducer, 4 – USM, 

5, 6 – laser vibrometer, 7 – digital oscilloscope, 8 – PC 
 

The mechanical impact was generated using the designed mechanical shock 

exciter 1. The electric signal generated by the Langevin-type piezoelectric transducer 

3 (with total capacity of 3.5 nF) was directly transmitted to the USM 4 (USM-50-3). 

The rotational steps were obtained with a laser Doppler vibrometer 5, 6 (Polytec OFV-

5000/505); data were acquired a digital oscilloscope 7 (PicoScope-6403) and a PC 

8.The rotational steps of the motor (USM-50-3) are presented in Fig. 4.17. 
 

 
 

Fig. 4.17 Rotational steps of the ultrasonic motor generated using a prototype of the 

piezoelectric impact energy harvester for burst-type signal generation 
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These results (Fig. 4.17) show that the designed piezoelectric impact energy 

harvester for burst-type signal generation works correctly and generates 102.6 µrad 

step of USM-50-3 from one push of the mechanical shock exciter.  

In order to obtain a smaller step of the USM, a potentiometer wired as a voltage 

divider [83] or an additional capacitor series wired [84] could be used in the power 

circuit between the Langevin-type piezoelectric transducer and the controllable USM.  

4.3. Noise measurement of piezoelectric impact energy harvester for burst-type 

signal generation 

The research has also evaluated how loudly the piezoelectric impact energy 

harvester for burst-type signal generation operates. The experimental layout and stand 

view of noise evaluation are presented in Fig. 4.18.  

As in previous experiments, shock was generated using the mechanical shock 

exciter 1 mounted on the piezoelectric impact energy harvester 2. The sound level was 

measured using a sound level meter 3 (Investigator 2260, Bruel and Kjaer A/S).  

Measurements were taken in one third octave bandwidth, in agreement with the 

LST EN ISO 1102:2010-09 standard “Acoustics – Noise emitted by machinery and 

equipment – Measurement of emission sound pressure levels at a work station and at 

other specified positions – Method requiring environmental corrections (ISO 

11202:2010)” [85]. 

Firstly, the environmental conditions were established using a climate 

measurement instrument TESTO 445. In order to measure the sound level precisely 

and accurately, the sound level meter was calibrated using the portable acoustic 

calibrator no. 4231 by placing it directly over the microphone. 
 

 
a) 
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b) 

 

Fig. 4.18 Experimental research of the noise generated by the piezoelectric impact 

energy harvester: a) layout b) stand view: 1 – mechanical shock exciter, 2 – piezoelectric 

impact energy harvester, 3 – sound level meter 
 

The distance between the microphone and piezoelectric impact energy harvester 

for burst-type signal generation was 0.91±0.05 m during the measurement. This 

distance, according to the measurement standard [85], corresponds to the distance 

from the seat plane to the top of the operator’s head, when s/he is in a position in 

which s/he can reach all controls comfortably.  

One factor that may influence the accuracy of measurements is the level of 

background noise compared to the level of sound being measured. Obviously, the 

background noise must not “drown out” the sound of interest. In practice this means 

that corrections of the sound measurement are unnecessary if the level of sound is 

least 3 dB higher than the background noise [86]. Therefore, background noise was 

determined before the measurements. Time-averaged A-weighted background noise 

pressure level LBAeq in a 10 s interval is presented in Fig. 4.19. 

The “A” weighting network was chosen because it measures a signal in a 

manner which approximates an inverted equal loudness contour at low sound pressure 

levels, whose sensitivity varies with frequency in the same way as the human ear, and 

is the most widely used nowadays [86].  
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Fig. 4.19 Time-averaged A-weighted background noise pressure level LBAeq 
 

The maximum peak background noise pressure level in the measurement 

environment is approximately 52.4 dB and the average time-averaged A-weighted 

background noise pressure level is 37.7 dB.  

The researched piezoelectric impact energy harvester generates the same sound 

level regardless of the number of clicks, thus the time interval was set to 10 s for sound 

measurement as well. During this interval, the mechanical shock exciter was clicked 

10 times and the sound pressure level was measured. The time-averaged A-weighted 

sound pressure level LAeq in a 10 s interval, during which the piezoelectric impact 

energy harvester generated 10 steps, is presented in Fig. 4.20. 

This result (Fig. 4.20) show that the maximum peak sound pressure level LApk is 

100.2 dB and the average time-averaged A-weighted sound pressure level LAeq is 63.8 

dB. Comparing the results to the background noise (Fig. 4.19), it is seen that the 

average sound pressure level during piezoelectric impact energy harvester operation 

is more than 3dB higher than the average background noise pressure level. Therefore, 

corrections of the sound measurement are unnecessary according to measurement 

standard [85].  
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Fig. 4.20 Time-averaged A-weighted sound pressure level LAeq 
 

The information in Fig. 4.20 also allows the conclusion that the piezoelectric 

impact energy harvester for burst-type signal generation with mechanical shock 

exciter is suitable for use in various industrial areas, because the average time-

averaged A-weighted sound pressure level does not exceed the maximum allowed 

time-averaged A-weighted sound pressure level, which, for example in laboratories 

with noise generating devices LAeq is 75 dB according to the standard [85]. Moreover, 

the maximum peak sound pressure level value also does not exceed the maximum 

allowed peak sound pressure level LApk of 110 dB. 

 

4.4 Conclusions of the section 

This section presented the methodology for designing the piezoelectric impact 

energy harvester for burst-type signal generation. A new piezoelectric impact energy 

harvester with mechanical impact exciter, ergonomic handle and a resonant frequency 

of 42,6 kHz which corresponds with the operating frequency of the USM-50-3 was 

designed and investigated. 

The following conclusions are formulated: 

 The new piezoelectric impact energy harvester has been investigated 

experimentally and the results show the burst-type signal generated by this type of 

harvester drives the USM-50-3 with a maximum rotational step of 102.6 µrad. 
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 The noise generated by the piezoelectric impact energy harvester has 

been evaluated according to the LST EN ISO 1102:2010-09 standard with the Bruel 

and Kjaer sound lever meter. The maximum peak sound pressure level LApk is100.2 

dB and the average time-averaged A-weighted sound pressure level LAeq is 63.8 dB. 

The results of the measurement show that both parameters LApk and LAeq do not exceed 

the maximum permitted values according to the standard. 

 The novel piezoelectric impact energy harvester for burst-type signal 

generation can be used both for linear and rotary ultrasonic motors. This reveals the 

possibility to use such a harvester in a wide variety of precise positioning applications 

such as laboratory microscope table, laser beam and laser mirror positioning devices, 

piezoelectric micro dispensing technologies, space technology positioning systems, 

etc. 
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CONCLUSIONS 

1. A literature review of the conventional energy harvesters has revealed the 

possibility to improve the effectiveness of the impact-based harvesting 

technique for generating ultrasonic-range frequency burst-type electric signal. 

2. A novel piezoelectric impact energy harvester for burst-type signal generation 

has been designed; it consists of a mechanical shock exciter, a specially 

designed horn-type waveguide and a piezoelectric transducer. The results of 

a modelling using the ANSYS 17.1 software package, has revealed that the 

close-exponential waveguide generates 3.8 times higher vibration amplitude 

of the greater cross-sectional surface. The stepped waveguide produces the 

lowest discrepancy as compared to the cylindrical one, when both waveguides 

are excited with the same impact applied on the smaller cross-sectional 

surface. The simulation of horn-type waveguides with impulse-type 

excitation has revealed that the highest vibration amplitude of the greater 

cross-sectional surface is achieved when the duration of the excitation 

impulse corresponds to half of the resonant frequency period of the horn-type 

waveguide.  

3. The results of theoretical research have been verified by experimentally 

researching the cylindrical and other shapes horn-type waveguides. A 

holographic technique and a 3D laser Doppler scanner were used to determine 

the modes and amplitude of vibrations of the researched waveguides. It has 

been determined that the conical waveguide produces an amplitude of 

vibrations of the greater cross-sectional surface which is from 1.27 to 1.87 

times higher than that of a cylindrical waveguide. Experimental results show 

that the voltage generated by the piezoelectric impact energy harvester can be 

increased by up to 1.4 times by using the “soft” (PZT-5A) piezoelectric 

material. A piezoelectric impact energy harvester for burst-type signal 

generation with a resonant frequency of 21.1 kHz and a stepped-close 

exponential horn-type waveguide has been developed and fabricated. 

Experimental results show that the subharmonic burst-type signal generated 

by this device drives the USM-50-3 with rotational steps from 1.55 µrad to 

10.4µrad. 

4. A new piezoelectric impact energy harvester with a mechanical impact exciter 

and a resonant frequency of 42.6 kHz, which corresponds to the operating 

frequency of the USM-50-3 has been designed and investigated using the 

developed methodology. The results of investigation show that the burst-type 

signal generated with such a harvester drives the USM-50-3 with the 

maximum rotational step of 102.6 µrad. The Bruel and Kjaer sound lever 

meter was used to measure the noise level according to the LST EN ISO 

1102:2010-09 standard. The level of noise generated by the developed impact 

energy harvester does not exceed the maximum permitted values according 

to the standard.  
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