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INTRODUCTION 

 
Research relevance, aim and objectives 
 

High-precision positioning often plays the key role in many modern 

electromechanical and mechatronic devices and systems in a wide range of scale, 

with a sub-nanometer-size highly expected in the nearest future. Such fields as 

microscopy, metrology, precise machining, robotics, biomedicine, etc. significantly 

benefit from angular (rotary) positioning stages [1–7].  

Conventional (electromagnetic) motors, extensively designed and employed as 

actuators for high-precision positioning applications, in particular, high-tech 

products (e.g. mobile medical robots, drugs delivery systems, space satellites, smart 

photo cameras, hand watches, etc.), can no longer meet the constantly increasing 

new technical requirements, including (but not limited to) compactness, simple 

structure, high precision, low manufacturing costs, and others. They also suffer from 

noise, backlash and drift, run-out errors, slow response, and so on. Therefore, a lot 

of effort have been put on the worldwide scale into finding alternatives. The motors 

based on the electrostatic, magnetostrictive, photo-thermal, thermoelectric, shape-

memory and other principles are considered to be potential options [8]. However, 

due to their merits, piezoelectric motors (particularly, resonant ultrasonic) constitute 

probably the most prominent category. That is mainly governed by the ability of 

these devices to fulfil most of the aforementioned requirements and offer such 

properties as fast response, relatively large output torque at low speed, no 

electromagnetic interference, low noise, etc. 

Although resonant ultrasonic standing-wave motors have been widely 

explored so far as potential drivers for the rotary stages and positioners, they still 

face issues associated with insufficiently high precision, scalability, structural 

complexity, wear of contacting surfaces, and relatively high manufacturing costs. 

Hence, a number of various design and technological methods are applied to solve 

these problems. 

The aim of this research is to design, fabricate and characterise high-resolution 

standing-wave-driven piezoelectric rotary stage with integrated incremental scales. 

In order to achieve the aim, the following objectives were raised: 

1. To perform a comprehensive literature review of the existing high-

precision rotary stages, placing the highest emphasis on the piezoelectric 

ones, and identify the possibilities of using the incremental scales for 

achieving high-resolution rotary motion of the stage. 

2. To develop analytical and numerical models for the investigation of vibro-

impact interaction dynamics and transient responses of piezocylinder and 

rotor.  

3. To experimentally investigate the dynamic characteristics of high-

resolution piezoelectric rotary stage and identify their dependence on the 

driving signal and applied external load. 
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4. To fabricate and experimentally characterise polymeric incremental scales 

by using contact-free and contact-based methods for the evaluation of their 

surface morphology and optical properties. 

5. To develop geometric virtual and physical models of the designed high-

resolution piezoelectric rotary stage with an integrated closed-loop 

feedback control system. 
 

Research methods 
 

This work was prepared using theoretical and experimental investigation 

methods. The theoretical study was carried out by analytical and numerical methods, 

applying SolidWorks 2016, ANSYS 17.1, Matlab 2016 and Borland C++ Builder 6 

software packages. For additional graphical representation, Autodesk 3ds Max 

software was applied. 

The experimental research was executed in the Institute of Mechatronics and 

the Institute of Materials Science of Kaunas University of Technology. 

When performing the experiments, the analyser Wayne Kerr 6500B was used 

to determine the impedance characteristics of the piezoelement; a 3D scanning laser 

Doppler vibrometer (LDV) system Polytec PSV-500-3D-HV was employed to 

measure the displacement of the top surface of the piezocylinder and form motion 

trajectories of contact zone elements; the surface displacement of the analysed 

piezocylinder from qualitative point of view was evaluated by using a holographic 

interferometry-based measurement system PRISM 100 (Hytec); in combination with 

additional equipment, a single-point LDV system Polytec was utilised to measure all 

the major dynamic characteristics of the piezoelectric rotary stage; polymeric 

incremental scales were formed using a vacuum vapour deposition device YBH-

71D, optical lithographic equipment, and a reactive ion etching machine PK-

2420RIE.  
 

Scientific novelty 
 

The following scientific novelties are presented in the thesis: 

1. The topology of electrodes of piezocylinder, which ensures the generation 

of elliptical motion trajectories of three active contact zone elements of the 

piezocylinder; the influence of the defined trajectories on dynamic 

properties of the piezoelectric rotary stage.  

2. Lumped-parameter analytical model and distributed-parameter finite 

element model that take into account the vibro-impact interaction between 

the piezocylinder and rotor; the finite element model which enables to 

determine the dependence of rotor response in time on the applied external 

load. 

3. Experimentally investigated dynamic characteristics of high-resolution 

piezoelectric rotary stage, depending on the driving signal and applied 

external load. 

4. Novel polymeric incremental scales that can be employed instead of 

conventional glass-chromium incremental scales for ensuring precise 

angular positioning of piezoelectric stages. 
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Defended statements 
 

1. The original piezoelectric rotary stage, which is driven by standing-wave 

vibrations of the piezocylinder, ensures high-resolution bidirectional 

motion of the rotor. 

2. The developed finite element model of the piezocylinder is adequate to the 

experimental one and enables precise determination of motion trajectories 

of the contact zone elements. 

3. Uniformity of motion of the rotor depends on the excitation frequency of 

the piezocylinder with respect to resonant frequency and on the air gap 

between the rotor and the contact zone element of the piezocylinder.  

4. The fabricated novel polymeric incremental scales are comparable to 

conventional glass-chromium incremental scales in terms of surface 

quality and fidelity of raster pattern and can potentially replace them in 

cost-sensitive applications, ensuring the required level of precision in 

angular positioning. 
 

Practical value 
 

The designed, fabricated and characterised piezoelectric rotary stage can be 

applied for high-resolution angular translation of an object analysed by an optical 

microscope, positioning of optical elements in scientific/industrial research, dosage 

of liquid drugs in (bio)medical equipment, and so on. It can also be used as a 

teaching aid to demonstrate capabilities of mechatronic systems. 

The fabricated polymeric incremental scales can be employed in precise rotary 

encoders and positioning systems instead of conventional glass-chromium 

incremental scales and are favoured to the latter ones in terms of cost-performance 

ratio. 

The designed and fabricated high-resolution piezoelectric rotary stage with an 

integrated closed-loop feedback control system is comparable (or more competitive) 

to analogous devices on the market with respect to the main performance 

characteristics and superior in terms of cost-effectiveness.  
 

Research approbation  
 

The main results of this dissertation were published in seven scientific papers: 

four papers in Web of Science database-indexed journals with impact factor, one 

paper in a journal referred in another international database, and two national 

patents.  

The research results were also presented in four international scientific 

conferences: Vibroengineering-2013 (Druskininkai, Lithuania), Mechanika 2014 

(Kaunas, Lithuania), Vibroengineering-2014 (Katowice, Poland), and International 

Conference on Advances in Vibrations, 2015 (Porto, Portugal). 
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Structure of the dissertation 
 

The dissertation consists of an introduction, five chapters, general conclusions, 

a list of references, scientific publications on the topic of dissertation, and five 

appendices. 

A comprehensive literature review is provided in the first chapter. The 

performed analysis encompasses high-precision rotary positioning stages, 

conventional (electromagnetic) and piezoelectric rotary stages and their categories, 

and the major piezoelectric materials used in ultrasonic motors. The review also 

includes optical rotary incremental encoders and the scales typically exploited in the 

encoders, as well as the major ways of fabrication of the scales. 

In the second chapter, the novel design of high-resolution piezoelectric rotary 

stage is presented, with the developed computational model of the piezocylinder and 

relevant theoretical investigation results given afterwards. The analytical and 

numerical models for the investigation of interaction between the piezocylinder and 

rotor in the time domain were also developed in this chapter. 

The third chapter includes the main experimental results of the designed 

piezoelectric stage with respect to dynamic characteristics taking into consideration 

surface displacement of the piezocylinder, vibrational motion trajectories of the 

contact zone elements, resolution- and torque-related properties of the rotor, etc. 

when applying the optical and contact-based investigation methods. Also, a possible 

motion regime combining torsional oscillations concomitant with rotational motion 

of the rotary stage is revealed as a novel additional dynamic operational mode. 

The fourth chapter is devoted to the fabrication process and the 

characterisation of polymeric incremental scales by means of contact-free and 

contact-based methods so as to evaluate the surface morphology and optical 

properties of the formed scales. 

In the last chapter, geometric virtual and physical models of prototypes of the 

designed high-resolution piezoelectric rotary stage with integrated closed-loop 

feedback control system are presented.  

The results of the essential theoretical and experimental investigations are 

provided in general conclusions. 

Material supporting the main results of theoretical and experimental 

investigations is provided in appendices.  

The volume of the dissertation is 150 pages in total, including 40 formulae, 

114 figures, and 16 tables. The list of references contains 145 sources.  
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1. LITERATURE REVIEW 

 
1.1. Introduction to high-precision angular positioning systems 
 

The term “high-precision” refers to the concepts of micro-positioning and/or 

nano-positioning that are used to describe motor-driven stages capable of achieving 

micro-/nano-level displacement resolution and accuracy. High-precision positioning 

often plays the key role in many modern electromechanical or mechatronic devices 

and systems in a wide range of scale, with a sub-nanometer-size extension highly 

expected in the nearest future. Such fields as microscopy, metrology, precise 

machining, robotics, biomedicine [1–6], semiconductor and IT industries [7] and 

others significantly benefit from angular (rotary) positioning stages. 

Various precise rotary stages have been developed over the last fifty years. 

Despite the changes in design, each of them contained an actuator for motion 

generation (stator) and a driven output link (rotor). Essentially, these two 

components represent a motor (drive). If a position sensor with associated 

displacement readout and control units is present, the device is referred to as a stage, 

though a lot of cutting-edge stages have been ambiguously called ‘motors’ or 

‘drives’ in literature and elsewhere. Unlike translational positioning, a stage 

possessing 3 degrees of freedom (DOF) with respect to X, Y and Z axes, rotary 

stage enables the restriction of translational motion of the output link in all the stated 

directions but maintain the capability to exhibit rotation about those axes, i.e. roll, 

pitch, and yaw. 

Conventional (electromagnetic) motors have been extensively designed and 

employed as actuators for precise positioning applications all over the world and 

have significantly contributed to our society in both the academia and industry. With 

the pass of years, the relevant theories, design methods and production techniques 

have been developed so successfully that they undergo just incremental 

improvements. The ever-increasing demands in science and technology (in 

particular, high-tech products, e.g., drug delivery systems, space satellites, smart 

photo cameras, hand watches, etc.) are constantly raising new technical requirements 

for motors. The criteria include (but are not limited to) compactness, simple 

structure, high precision, and low manufacturing costs. Low noise and no 

electromagnetic interference are among the most desirable qualities as well. 

Nonetheless, the structure and operation principle of conventional actuators imposes 

limitations on the possibilities to meet these requirements. Therefore, a lot of effort 

have been put on the worldwide scale into finding alternatives. Motors based on the 

electrostatic, bionic, photo-thermal, shape-memory and other principles are 

considered to be potential options [8]. However, piezoelectric (particularly, 

ultrasonic) motors stand for probably the most prominent category. It is mainly 

governed by the ability of these devices to fulfil most of the aforementioned 

requirements and, in addition, offer such properties as a response of millisecond-

level order, relatively large output torque, etc. At the heart of the piezoelectric 

motor, there is a piezoelectric transducer converting electrical energy to mechanical 

one. Nowadays, piezoelectric motors are utilised as one of the major means in 
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various processes, where precision of micro-/nano-scale is demanded. Characterised 

by reliability, piezoactuators have been applied in medical engineering, aviation, 

nuclear sector, consumer devices, automotive industry, etc. 

In case of angular positioning, the precision of displacement measurement is 

substantially affected by the resolution of a system, not to mention the previously 

stated criteria, system dynamics, and mass of both the stage and the object to be 

positioned. According to [9], resolution is the smallest mechanical step which the 

machine (or a part of it) can make during point-to-point motion. Although the given 

definition is rather straightforward, it is actually referred to as a programmable part 

of positioning stage (e.g., the smallest increment of displacement encoder), whereas 

the minimal incremental motion is meant to express the adequate feature related to 

motion of the device. Resolution can be significantly smaller than the minimal 

actual motion of the output link, which is the key distinction disclosed very rarely. 

The factors potentially affecting the minimal incremental motion include friction, 

load, vibrations and inertia, system dynamics, external forces, and motion controller 

peculiarities [10]. Nonetheless, for the sake of simplicity, the concept of resolution 

will be used to characterize the overall performance of a system everywhere in this 

work later on. 
 

1.2. Conventional and piezoelectric rotary stages  
 

The application of proper design principles is critical for successful 

implementation of rotary positioning stages, thus each of the four previously 

enumerated components (i.e. actuator, output link, position sensor with displacement 

read-out unit, control unit) has to be carefully considered for its contribution to the 

performance of the device. Since these are the fundamental elements of any 

positioning stage defining how well the operation can be executed, they are worth to 

be explained in more detail.  
 

Conventional (electromagnetic) rotary stages 
 

A lot of technical processes and industrial applications involve conventional 

rotary positioning stages, each of which is directly dependent on the performance of 

the electromagnetic motor (EM). Despite the numerous choices of additional 

elements of rotary stage, they all fall into the major groups elaborated below. 

1) Motion generated by an actuator 

Examples of EM are mainly servomotors and stepper motors easily available 

in almost any size, with their power varying from a few milliwatts to several watts. 

Beside the distinction of the motors in terms of the number of magnetic poles, 

servoactuators offer a high speed and torque (even for short periods of time), 

reliability, quiet operation, and close-loop control ensuring the desired operation of 

the overall system. Efficiency value reaches 80–90%. Stepper actuators, on the other 

hand, are an alternative possessing a higher torque at lower speeds than servomotors 

of the same size, as well as the opportunity to provide a constant holding torque 

without the need for the motor to be powered. High power density, easy drive 

control (open-loop), variety in size, simplicity of the structure and relatively low 

cost are the benefits in this case as well [11, 12]. 
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2) Output link with a mechanical transmission 

All rotary stages consist of some form of a movable platform (output link) 

contacting with the motion generator via a mechanical transmission that allows 

rotation of the platform only about a single axis with respect to the housing (base). 

Acceptable performance of the rotary stage requires the surfaces of the platform to 

match not only those of mechanical transmission elements, but also the surface of 

the object to be positioned upon request. Therefore, such materials as stainless steel, 

aluminium, brass and granite are most commonly selected to manufacture the 

platform. Young’s modulus, density, yield strength, thermal conductivity and 

expansion are critical properties in making the right choices during the design phase. 

Worm drives and gear boxes encompass the mechanical transmission part. The 

first group is commonly used for rotary systems of a very low profile design. In 

order to eliminate backlash, both worm (screw) and worm wheel (gear) need to be in 

a perfect contact with each other, which requires a sophisticated worm preloading 

system with high transversal stiffness. High torque capacity and self-locking 

capability are the advantages of this kind of drive. Another way is to utilize 

gearboxes which act as reducers to obtain the required resolution, torque and speed, 

all of which are difficult or impossible to obtain with standard motors. Gearboxes 

can introduce considerable backlash and hysteresis to the motion [13]. The absence 

of the described measures in the transmission elements convert the rotary stage to 

the direct one (instead of indirect), thus easing its maintenance, decreasing the 

frictional effects, low inertia, etc. [14]. 

Bearings are the primary elements of mechanical transmission, which ensure 

smooth low-friction rotary motion between two surfaces. They account for the run-

out errors of the rotor; namely, eccentricity and wobble. The stiffness of the rotor 

(but not in the direction of travel) and its static load capacity are also influenced by 

the bearings. Dynamic load capacity, however, is primarily limited by the rigidity of 

the transmission drive train and power of the motor [13]. Ball bearings are among 

the most widely employed for the given purpose. Aerostatic, hydrostatic and 

magnetic types of guides are available as well. 

3) Position sensor with a displacement read-out unit 

The ability of allocating an accurate and unambiguous angular position value 

make the position sensor with a displacement read-out unit one of the most 

substantial links between the mechanical components and control system of the 

stage. The sensors are split into two groups – digital and analogue. Laser 

interferometers and grating scales fall into the first category, with encoders, 

capacitive, inductive and magnetic sensors comprising the second class. Due to the 

difficulties arising from the adaptation of digital sensors to conventional rotary 

stages, the analogue sensors are mainly exploited. Absolute or incremental encoders 

and capacitive sensors comprise the largest part of the relevant market, because they 

can come close to the highly-performing grating scales with respect to uncertainty, 

repeatability, resolution, bandwidth, and measuring range properties [14, 15]. 

4) Motion control unit 

The motion control unit is an electronic device physically separated from all 

the previously mentioned components of the system. It has the capability to store the 
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desired motion profile as a function of time or any other reference signal, process 

data related to the actual position feedback, calculate the error and send a command 

signal to the generator/amplifier of the driving signal as a complex function of the 

error and its derivatives, so that the desired angular position would be achieved. It 

can also monitor various I/O signals and communicate with additional peripheral 

devices (e.g., a computer) [16]. The most commonly used control mechanism is a 

PID (proportional-integral-derivative) or PWM (pulse-width-modulation) algorithm, 

but other ways are also possible. The control unit can be separated into the controller 

itself and the amplifier or integrate both elements in one box. 

 Representative commercial devices 

Commercial EM-driven rotary positioning stages can be classified into four 

groups depending on the type of actuator providing mechanical motion via 

direct/indirect drive. Several representative examples of similar dimensions and 

medium load capacity devices (without motion control unit) are shown in Fig. 1.1.  
 

 
a) Aerotech ANT130-R 

 

 
b) Newport RGV100BL 

 

 
c) Thorlabs CR1-Z7 

 

 
d) Newmark RM-3 

 

 
e) Newmark HR-3 

 

 
f) Primatics PLR190 

 

 
g) Thorlabs NR360S 

 
h) Dover RTR 

 

Fig. 1.1. Commercially available conventional rotary positioning stages containing a 

servomotor with direct (a, b) and indirect (c, d) transmission and a stepper motor with direct 

(e, f) and indirect (g, h) transmission [17–22] 
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Table 1.1 compares the given rotary positioning stages in terms of essential 

performance characteristics. Comparing the features, it can be stated that stages with 

direct transmission achieve better operational characteristics than the stages 

containing mechanical drives. In particular, the performance of servomotor-driven 

devices is of a rather high level. 
 

Table 1.1. Essential performance characteristics of commercial conventional rotary 

positioning stages (referring to Fig. 1.1) [17–22] 
 

Parameter Servomotor-driven stages Stepper motor-driven stages 

Notation in 

Fig. 1.1 
a) b) c) d) e) f) g) h) 

Gear drive No No Yes Yes No No Yes Yes 

Travel range 

(degrees) 
360 360 360 360 360 N/A 360 360 

Accuracy 

(arc sec) 
10 11 N/A 70 N/A 2 300 180 

Repeatability 

(arc sec) 
1.5 2 <60 5 N/A 1 10 36 

Resolution 

(arc sec) 
0.01 0.4 2.2 3.6 50.4 0.2 1 7.2 

Speed (rpm) 200 120 1 30 2,000 2.5 8.3 20 
 

 Issues and limitations 

Despite all positive aspects associated with conventional rotary positioning 

stages, there are many issues and limitations which constrain those devices from the 

perspective of high-precision positioning applications. As a rule, it is mainly 

determined by structural components; EM, mechanical transmission and rotational 

mechanism mostly impact it. The majority of issues and limitations are [8, 23–24]: 

1) Moderate accuracy, repeatability and resolution – these features are highly 

dependent on the number and distribution of magnetic poles inside the motor. 

2) Size and performance – desired performance of the system is limited by the 

dimensions and complexity of the driving elements.  

3) Backlash and drift – the need for a gear drive to increase angular resolution 

magnifies the backlash and drift problems. 

4) Run-out errors – bearings are responsible for the presence of eccentricity 

and wobbling issues. 

5) Slow response – arises from the intrinsically highly inductive input 

impedance. 

6) Limited dynamic response – it is invariably limited by the motor inertia, 

inductance, and motor drive technology. 

7) Load-dependent performance – performance is sensitive to changes in load, 

particularly, in the absence of positional feedback mechanisms. 

8) Need for continuous power – continuous power supply is required even 

when the system is stationary (i.e. in a braked position).  

9) Need for keeping in position – continuous sensing of small positional errors 

is a must to hold the system locked on the target (i.e. at the desired position). 
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10) Loss of tracking – the risk of loss of the tracking-demanded position is 

present whenever the load exceeds the motor torque rating. 

11) Motor burnout – the risk of motor burnout, if the latter is jammed 

physically, when a continuous demand for movement is present. 

12) Stick-slip effect – non-linear dynamic phenomenon, when the initially 

applied driving force generates no motion (stick) of the system until the force 

exceeds static friction of the system, and there is a jump in position, which causes a 

small over-shoot (slip). Stick-slip imposes limitations on accuracy, resolution and 

speed of response of the system. 

13) Noise – the motor generates audible noise during operation, particularly at 

high speeds. 

14) Increased maintenance costs – a variety and complexity of structural 

components increases the maintenance costs. 

15) Sensitivity to electromagnetic noise – due to the operation principle, the 

motor is sensitive to external electromagnetic noise/interference. 

16) Environmental issues – constant demands for electricity cause extensive 

use of rare-earth elements for permanent magnets (e.g., neodymium) of motors, thus 

inducing long-lasting environmental issues in the global scale. 

 Market and applications 

Though conventional rotary positioning devices are inherently characterised 

by the revealed limitations, they are still used to a considerably large extent. The 

systems come in various dimensions and mounting types. Industrial robots, CNC 

machines, fibre optics and photonics, semiconductor equipment and 

micromachining, medical, office and household appliances are some of the areas 

where these products generate scientific and practical gain [23, 25].  
 

Piezoelectric rotary stages 
 

In order to compare a conventional angular positioning stage with a 

piezoelectric one, the actuators, as the crucial elements for motion generation, have 

to be considered. An output link with a mechanical transmission, a position sensor 

with a displacement read-out unit and a motion control unit should be neglected in 

this case, since these components are very similar to those employed in analogous 

electromagnetic-based stages. 

In a broad sense, a piezoelectric motor is an actuating device that creates a 

linear or rotary motion by means of converse piezoelectric effect – piezoelectric 

material is deformed under effect of applied electric field. The piezoelectric motor 

aims to move an object over a certain distance with a high resolution and accuracy 

[26]. This distance is very short, since the occurring deformations are very small – 

the maximal elongation is commonly less than 0.1% of the length of piezoelectric 

transducer [27]. 

Depending on the operation frequencies, piezoelectric motors are mainly 

classified into non-resonant (quasi-static) motors and ultrasonic motors (USMs). 

Usually, an ultrasonic motor utilises the mechanical resonance at high frequency to 

increase the output motion, whereas a quasi-static motor operates at low frequency 

with a stable response [26]. Based on wave propagation methods, the USMs are 
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classified into standing- and traveling-wave devices. Correspondingly, non-resonant 

motors are separated into those operating on the basis of stepping (including 

inchworm, seal and walking drives) or inertial principle (impact/stick-slip, self-

inertia, impact-inertia drives) [26, 28]. Each of these groups is discussed in greater 

detail further in this chapter. 

 Representative commercial devices 

Commercial piezoelectric rotary stages can be categorised according to the 

type of employed piezoelectric motor. Fig. 1.2 provides several examples of similar 

dimensions and medium load capacity devices (motion control unit is not included).  
 

 
a) Cedrat OPP120SM 

 

 
b) Piezomotor Piezo LEGS WavePlate 

 

 
c) Attocube ECR5050 

 

 
d) SmarAct SR5714 

 

 
e) PI Q-632 

 

 
f) Nanomotion FBR060 

 

 
g) PI U-628 

 

Fig. 1.2. Commercially available piezoelectric rotary stages containing non-resonant 

stepping (a – seal, b – walking), non-resonant inertial (c, d, e – impact), and resonant 

ultrasonic standing-wave motors (f, g) [29–35] 
 

The key performance characteristics of the shown piezoelectric stages are 

listed in Table 1.2. It is observed that non-resonant-type devices are mostly 
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distinguished by high resolution and developed torque, with resonant ultrasonic 

standing-wave-driven devices characterised by high speed.  
 

Table 1.2. Essential performance characteristics of commercial piezoelectric rotary 

stages (referring to Fig. 1.2) [29–35] 
 

 Non-resonant (quasi-static) 
Resonant ultrasonic 

Parameter Stepping Inertial 

Notation in 

Fig. 1.2 
a) b) c) d) e) f) g) 

Category Seal 
Walking 

drive 

Stick-

slip 

Stick-

slip 

Stick-

slip 

Standing- 

wave 

Standing- 

wave 

Gear drive No No No No No No No 

Travel range 

(degrees) 
N/A 360 360 360 360 360 360 

Accuracy N/A N/A N/A N/A N/A 10′′ N/A 

Repeatability N/A N/A N/A 5% 0.62′′ NA 21′′ 

Resolution 14 nm 0.01′′ 0.018′′ 0.72′′ 0.62′′ 0.5′′ 10.5′′ 

Speed (rpm) N/A 17 1.5 1.7 7.5 60 120 

Torque 

(mNm) 
N/A 20 50 40 6 N/A 25 

 

A summary of the major benefits and drawbacks of piezoelectric rotary stages 

is given below. 
  

Table 1.3. Major pros and cons of piezoelectric rotary stages [8, 26, 28, 37] 
 

No. Benefits Drawbacks 

1. Easy scalability 
Special requirements for amplitude, 

frequency and phase of control signal 

2. Simple design Difficult support of stator 

3. Fast response Heat generation inside stator 

4. High precision, accuracy, resolution Presence of stator hysteresis  

5. Noiseless operation Presence of stator creep 

6. No gear drive or brake mechanism Unsuitability for long continuous operation 

7. May/may not include bearings Low power output and efficiency 

8. No backlash Complex control circuitry 

9. No electromagnetic interference Short operational lifetime 

10. High output torque at low speed High cost 

11. High torque/weight ratio - 

12. High holding torque - 

13. Presence of self-locking - 

14. 
Compatibility with extreme environmental 

operational conditions 
- 

 

 Market and applications 

Despite of the limitations attributed to the piezoelectric rotary stages, both 

academia and industry still pay a lot of attention to them. This tendency is 

determined by valuable positive aspects, with most of them helping to address the 

performance properties of EM-driven positioning devices. A variety of operation 

principles and design configurations are practical solutions for different high-tech 

markets, including semiconductor technology (mask and wafer alignment), 
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biotechnology/life science (optical testing of specimens, cell sorting), aeronautics 

and space applications (satellite positioning), (micro)robotics (grippers and 

manipulators), consumer devices (toys, wristwatches, camera lenses), and so on. 

Some of these implementations are disclosed in Fig. 1.3. 
 

a)  b)  
 

Fig. 1.3. Examples of application of piezoelectric rotary stages for precise positioning of: a) 

satellite in space; b) self-learning geosystem measurement station [37–38] 
 

1.3. A review of piezoelectric rotary motors and drives 
 

There are two main groups of piezoelectric motors and drives used in angular 

positioning stages, i.e. non-resonant (quasi-static) and resonant ultrasonic devices. A 

schematic representation of classification of these devices is shown in Fig. 1.4. 
 

 
 

Fig. 1.4. A schematic representation of piezoelectric motors and drives classification 

[26, 28] 
 

1.3.1. Non-resonant stepping type 
 

In the stepping-based mechanisms, the piezoelectric motor consists of several 

piezoactuators that are integrated within a mechanical structure in a way to generate 

Piezoelectric motors and drives 

Non-resonant (quasi-static) type Resonant ultrasonic type 

Inchworm 

mechanism 

Seal 

mechanism 

Walking 

mechanism 

Impact drive 

(stick-slip) 

mechanism 

me 

Self-inertia 

mechanism 

Friction-

inertia 

mechanism 

Stepping type Inertial type Travelling- 

wave type 

Standing- 

wave type 
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motion by a sequence of expand-contract and/or clamp-unclamp cycles [28]. 

Piezoelectric motors based on the inchworm, seal and walking mechanisms are 

discussed further; their operation principles are shown in Appendix A and 

corresponding detailed descriptions are provided in Table 1.5. 
 

Inchworm mechanism  
 

Much attention has been paid to piezoelectric inchworm motors during the 

years, as most of them are suitable for precision instruments due to fine motion with 

nanometer accuracy [28]. Most of these motors have an angular step size less than 1 

mrad. However, some of them have difficulties in assembly because of a strict gap 

requirement between the stator and the rotor. Others are limited by their rotation 

ranges and output torques [39]. The three groups of inchworm motors found in 

literature are: a) “walker” (actuator moves through a fixed guide way); b) “pusher” 

(shaft moves through a fixed body of actuator); c) “walker-pusher” (hybrid mode). 

In general, the operation of these motors relies on the basis of “pusher” mode motion 

patented by Wiliam G. May in 1975 [40].  

It should be noted that until now most of the announced inchworm actuators 

have been linear, so rotary motors of this type are still being researched and 

developed. However, several examples are available; Li et al. constructed a novel 

drive which can realise stepping rotary movement with high accuracy by means of 

nine piezoelectric stacks and flexure hinges (Fig. 1.5). The fabricated prototype is 

featured by minimal stepping angle of 4.95 μrad, when the driving voltage is 20 V 

and the excitation frequency is 1 Hz; the maximal output torque (93.1 Nmm) is 

observed at 100 V driving voltage, with the maximal angular speed (6508.5 μrad/s) 

registered at 30 Hz [39]. Kim and Kim created a precise motor driven by inchworm 

motion using two belts. A lever structure with flexure hinges is designed to reduce 

the number of components and the assembly effort. A rotational motion with the 

step size of 2.36 μrad is obtained. The maximal speed (416,005 μrad/s) and 

developed torque (3 Nmm) was identified in the presence of 100 Hz and 40 V 

driving signal in this work [41]. Hu et al. proposed another version of the drive 

which is able to reach the minimal step of less than 2.6′′ induced by signal of 20 V 

and 5 Hz; the maximal speed of 430.4′′/s can be reached under the applied voltage of 

160 V [42]. Several other designs of motors were developed by the authors as well 

[43–44]. 
 

a)  b)  
 

Fig. 1.5. The model (a) and prototype (b) of a piezoelectric rotary inchworm motor [39] 
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Seal mechanism  
 

A seal mechanism is another clamping and feeding mechanism that has nearly 

the same structure as the inchworm-driven actuator. It consists of friction devices 

(elements) A and B connected with a piezoelectric extension device. Element A is 

passive and applies constant frictional force, while element B is controlled by an on-

off action, thus, causing clamp-release operation at the base. The following relation 

has to be satisfied in order to initiate the motion of actuator [26, 45]: 
 

 𝐹𝐵𝑂𝑓𝑓 < 𝐹𝐴 < 𝐹𝐵𝑂𝑛; (1) 
 

here 𝐹𝐴 is the constant frictional force between the friction device A and base, 𝐹𝐵𝑂𝑛 

is the frictional force, when the friction device B adheres (i.e. is clamped), and 

𝐹𝐵𝑂𝑓𝑓 is the frictional force, when the friction device B is free (i.e. is released).  

So far, only a couple of motors of this type are known. All of them were 

designed by Furutani et al. In 2001, the team proposed a mobile device with three 

DOF for a scanning probe microscope. The motor is comprised of two 

piezoactuators, two controlled electromagnets, and an electromagnet generating 

constant friction. The control of the two main electromagnets enables one to 

alternate corresponding frictional forces. With extended/contracted piezoelements, 

the operation of the third electromagnet (and thus, the motor) is executed. In the 

presence of 100 V, the resulting displacements per cycle in X and Y directions were 

8.8 µm, and angular displacement was 0.19 mrad [45]. The performance of the 

improved motor design was reported in [46–47].  
 

The walking mechanism 
 

In the walking-type motors, several drive elements (piezo-actuated legs) 

alternately engage and disengage in a frictional contact to a movable slider. Both 

clamping and releasing of the slider are realised by the same piezo-actuated legs, in 

contrast to the separate set of clamping and extensional actuators in the inchworm 

motor. Due to the nature of up-down as well as the forward-backward movement of 

the piezo-actuated legs, this mechanism is considered to simulate a walking 

sequence of biological species [26, 48].  

One of the first motors of this type using the classical walking mechanism was 

proposed by Brisbane in 1968 [50]. It was mainly composed of two piezoelectric 

disc-shaped plates functioning as actuators attached to a hollow cylinder (i.e. 

movable member) at both ends. Galutva et al. developed a motor which is the same 

in operation but slightly different in structure in 1972 [51]. 23 years later, Marth et 

al. created a motor which contained four piezo-actuated legs that press a slider to 

make a linear motion, with each piezo-actuated leg able to be controlled separately 

[52]. This motor became a predecessor to the novel walking mechanism practically 

implemented by the Swedish company PiezoMotor Uppsala [53]. The rotary stage 

based on this operation principle was already presented in the previous subchapter. 

A similar motor was developed by Physik Instrumente (PI) in Germany. In this case, 

the device makes use of clamping and feeding actions achieved by longitudinal and 

shear actuators contained in four piezo-actuated legs [28].  



22 

 

 In general, all the clamping-feeding mechanisms described in this section are 

characterised by a rather high output force/torque but low speed, complicated 

structure and control. There are also some issues regarding the reliability and 

applications of the mechanism in a small space, as well as weak signal 

measurements [26]. 
 

1.3.2. Non-resonant inertial-type mechanisms 
 

In the inertial-type mechanisms, the piezoelectric motor operates mainly on the 

basis of inertia of a moving mass connected to some sort of a shaft (usually, made of 

metal) which, in turn, is attached to a piezo-actuator. The motors driven by 

piezoelectric friction-inertial actuators (PFIA) are known for their long-range and 

high-resolution motions [54]. There are three motion generation mechanisms [28, 

55]; each of them is schematically illustrated in Appendix A, with the corresponding 

principles presented in Table 1.5. 

 Impact drive (stick-slip) mechanism 

 Self-inertia mechanism 

 Friction-inertia mechanism 

It should be noted that actuators (and thus, motors) based on the impact drive 

(stick-slip) and self-inertia mechanisms are commonly called piezoelectric friction-

drive actuators (PFDA), and those relying on the friction-inertia mechanism are 

commonly named piezoelectric inertial-drive actuators (PIDA) [54]. A typical 

structure of a PFDA- and PIDA-driven motor involves the following (see Appendix 

A): a supporting frame (ground), a piezoactuator (PA), a driving object, and an end-

effector (slider) [54]. The two latter (c-d) actuators are also called the impact drive 

mechanism (IDM) and smooth impact drive mechanism (SIDM), respectively. The 

only difference between them is that the counter object in the SIDM is supported by 

the ground with a very small friction. This makes SIDM more stable than IDM in 

terms of lateral movement of the counter object [26, 54]. 

Since the introduction of the first well-known PFDA and PIDA-driven motors 

proposed by Pohl in 1986 and Higuchi in 1990 [36], many translational motors of 

this type for different applications have been designed. Some of them were 

commercialised by such companies as PI, SmarAct, Nanomotor, Attocube, etc. [28]. 

Nonetheless, literature does not extensively describe the rotary versions of these 

motors and drives (particularly, those of 1-DOF). In 2010, Gao et al. developed an 

impact drive (stick-slip) motor (45 x 45 x 35 mm
3
) capable of generating linear and 

rotational motion (Z-θZ), where the moving member (steel cylinder) is supported 

and actuated by two driving units, each of which consists of two piezoelectric 

elements and a friction component realised by a permanent magnet (Fig. 1.6a–b). 

The piezoelectric motor was found to achieve the angular speed of 1.1 rad/s and a 

resolution of 48.5 μrad [56]. Chen et al. developed a friction-inertial motor based on 

asymmetrical clamping structures (Fig. 1.6c–d). The designed actuator with 

symmetrical electrical signals produces a rather large inertial driving moment 

difference because of the existence of the bias unit. In this case, the angular speed is 

5.39 rad/s, resolution is 14.3 μrad, and torque is 3.62 Nmm [62]. 
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a) 

 

b) 
 

  
c) d) 

 

Fig. 1.6. The model and prototype of piezoelectric rotary impact drive (stick-slip) motor (a, 

b) [56] and friction-inertial motor (c, d) [62] 
 

The performance characteristics of other relevant analysed motors are 

summarised and provided in the table below. Since no information about the 

designed self-inertia motors was found, they are not included in this table.  
 

Table 1.4. Performance characteristics of typical piezoelectric non-resonant inertial-

type motors 
 

Author Motor type Speed Resolution Torque Size 

Gao et al. [56] 

Impact drive 

(stick-slip) 

1.1 rad/s 48.5 μrad N/A 45 × 45 × 35 

Morita et al. [57] 2.83 rad/s N/A 5.5 mNm Φ16 × 40 

Bergander et al. 

[58] 
0.21 rad/s N/A N/A 10 × 10 × 0.5 

Wang et al. [59] 0.024 rad/s 0.13 μrad N/A N/A 

Zhang et al. [60] 2.4 rad/s N/A 1.6 mNm Φ8 × 10 

Peng et al. [61] 1.57 rad/s 10.2 μrad N/A 11 × 11 × 5.7 

Chen et al. [64] 

Friction-

inertia 

5.39 rad/s 14.3 μrad 3.62 Nmm N/A 

Buechi et al. [62] 6.28 rad/s 0.1 μrad 0.3 mNm 10 × 7 × 7 

Cheng et al. [63] 4.02 rad/s 0.85 μrad 2.48 Nmm N/A 

Van de Wulp et al. 

[65] 
0.5 rad/s N/A N/A N/A 

Shim et al. [66] 1 rad/s 0.64 μrad N/A 50 × 50 × 50 

Zhang et al. [67] 0.2 rad/s 1 μrad 20mNm 55 × 40 × 40 
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To sum up, PFIA-driven motors are relatively simple in structure and compact 

in size. In addition, they are characterised by rather simple operation and high 

accuracy and resolution in comparison with other types of piezoelectric motors. On 

the other hand, they are not very rigid, as well as prone to vibration. Their developed 

angular speed, output torque and efficiency are relatively low due to the quasi-static 

operation, friction coupling mechanism, and sliding friction dissipation [26, 28]. 

Operation principles with the main advantages and disadvantages of 

piezoelectric non-resonant-type motors and drives are summarised and given further. 
 

Table 1.5. Operation principles, advantages and disadvantages of piezoelectric non-

resonant-type motors and drives 
 

1. Stepping type. Inchworm mechanism (see Appendix A) 

The motor usually has two sets of clamps and a mechanism for generating rotor motion. One clamp is 

fixed to the stator and the other is attached to the rotor. A repetition of clamping and feeding motion 

cycles enables the shaft to be driven continuously over a long range. The direction of the shaft can be 

reversed by changing the clamping sequence of the two clamps. The stroke of each cycle is limited by 

the maximum displacement of the central piezoactuator. 

Advantages include compactness, no backlash, high precision and accuracy, high output force/torque, 

etc. On the other hand, at least three phases of operation are needed which makes the motor complex. 

The operation principle leads to vibration of the shaft (or other driven element). High precision in 

manufacturing is also a challenge required to be met so that the clamps would operate reliably [26]. 

2. Stepping type. Seal mechanism (see Appendix A) 

The motion of the actuator is described by the following sequence: 1) The extension device is 

contracted, and friction device B is off; 2) Due to the presence of 𝐹𝐵𝑂𝑓𝑓 < 𝐹𝐴 at friction device B, the 

actuator moves to the right; 3) Friction device B is powered on; 4) Because 𝐹𝐴 < 𝐹𝐵𝑂𝑛 at friction 

device B is valid, friction device A is retracted towards friction device B. The motion direction can be 

reversed by changing the sequence of extension and contraction of the piezoelectric element. The 

presented operational regime is known as the coarse mode, since movable range is virtually infinite. 

When friction element B is off, it can be driven with a finer step by changing the length of the 

extension device continuously. The latter regime is called the fine mode. 

The seal mechanism utilises passive elements, thus decreasing the number of controlled actuators but 

retaining the same performance characteristics as those of the inchworm mechanism [26, 45]. 

3. Stepping type. Walking mechanism (see Appendix A) 

The walking motors can usually operate in the stepping mode and/or bending mode. In the first case, 

two of piezo-actuated legs are in contact with the rod until the other two acquire the rod. A four-phase 

electrical excitation signal is necessary for this mode. If, for instance, a sinusoidal signal is applied, 

there should be a 90° phase shift between phases 1 and 2. Phases 3 and 4 should be shifted by 180° 

with respect to phases 1 and 2, respectively. In the case of bending mode, four piezo-actuated legs 

generate a constant clamping contact with the rod and move forward and backward simultaneously. So 

as to induce this motion, a 90° phase shift between the two phases is sufficient [49]. 

The walking mechanism, comparing to the inchworm mechanism, has a more complex structure but 

allows for the clamping motion of one piezo-actuated leg during its feeding phase. Therefore, it can 

cooperate with the movement of the shaft fed by other piezo-actuated legs. Hence, the walking drive 

mechanism can move continuously and smoothly with high rigidity [26]. 

4. Inertial type. Impact drive (stick-slip) mechanism (see Appendix A) 

When applying a saw-tooth voltage signal, each cycle consists of a slow deformation (extension) of the 

piezoactuator (PA), with the driving object followed by an abrupt jump backwards (contraction). 

During the slow deformation, the slider follows the piezoactuator together with the driving object 

because of friction (‘stick’), whereas it cannot follow the sudden jump back because of its inertia 

(‘slip’). 

This mechanism provides long displacements at a relatively high velocity (typically up to 5 mm/s) and 

resolution (on average 200–400 nm) [26, 55]. 
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5. Inertial type. Self-inertia mechanism (see Appendix A) 

During self-inertia motion, the actuation force generated from the inertia of the slider primarily is 

smaller than the static friction force between the driving object and the ground. Therefore, the driving 

object ‘sticks’ on the ground. When the voltage rapidly decreases, the actuation force becomes larger 

than the friction force between the piezoelement and the slider. As a result, the PA, the slider and the 

driving object ‘slip’ rightward on the ground. Once the voltage decreases to the original level, the PA is 

back to the neutral state [54, 55]. 

This mechanism provides motion characterised by long range and high resolution [26, 55]. 

6. Inertial type. Friction-inertia mechanism (see Appendix A) 

Starting from a completely contracted state, the piezoactuator pushes the counter object with a small 

acceleration and makes a slow extension, which generates the inertial force that does not exceed the 

static friction between the main object and the ground. The main object keeps its position (‘stick’ 

phase). When the voltage rapidly decreases, the PA pulls the counter object with a large acceleration, 

and the slow extension is suddenly reversed into a very fast contraction, resulting into an inertial force 

higher than the static friction (‘slip’ phase). This causes a small step of the main body [54, 55]. 

This mechanism provides motion characterised by long range and high resolution [26, 55]. 
 

1.3.3. Resonant ultrasonic standing-wave type 
 

Unique design and operation principle enable the piezoelectric resonant 

ultrasonic motors to achieve nanometer/sub-nanometer level displacement accuracy 

and resolution. Hence, among the piezoelectric motors, USMs have been the most 

studied ones [36]. Ultrasonic (above 20 kHz) resonant mechanical vibrations are the 

driving source in this case. The operation of these motors is realised by converting 

the cyclic motion of piezoelectric element to an effective work of the rotor. This is 

achieved by means of a friction coupling between the stator and the rotor [8].  

Depending on the way to generate elliptical motion, resonant USMs are 

separated into two major groups: 1) standing-wave-type; 2) traveling-wave-type. 

There is no uniform further classification of these motors, but differentiation based 

on vibration modes of stator, contact state between the stator and rotor or the number 

of degree of freedom of rotor is found in literature. Considering that vibration modes 

are the basis for USMs design (in particular, for standing-wave type), the 

classification according to oscillation modes is considered to reflect the properties of 

these motors in the most reasonable way [8, 26, 28]. The major modes exploited 

when designing standing-wave motors are: longitudinal mode, bending mode, 

torsional mode, and radial mode. These characteristic modes are shown Fig. 1.7. 

Nevertheless, the majority of rotary motors are driven using the combined modes, 

including (but not limited to) orthogonal bending mode, longitudinal-bending mode, 

longitudinal-torsional mode, etc. [8, 26]. 
 

    
a) b) c) d) 

 

Fig. 1.7. The basic vibration modes used to generate motion in piezoelectric resonant USMs: 

a) longitudinal; b) bending; c) torsional; d) radial (in-plane) [26] 
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 Longitudinal vibration mode 

Longitudinal vibration mode is one of the essential modes frequently utilised 

in resonant ultrasonic standing-wave motors (RUSWMs). It is sometimes called the 

axial mode, and leads to the axial displacement of the piezocylinder. This mode is 

often combined with others, such as, bending or torsional, to achieve the desired 

motion. Commonly, this type of motors uses a well-known Langevin transducer 

with a high converting efficiency. However, the abrasion of the friction material on 

the contact surface is a serious issue. The first standing-wave linear motor proposed 

by Sashida employed this vibration mode. The classical piezoelectric resonant 

USMs designed by Lavrinenko in 1965, Barth in 1973, Vasiliev in 1981, 

Bansevičius in 1988 were based on this mode as well [8, 26]. In 2002, Wischnevskiy 

was granted a US patent [68], on the basis of which a lot of different linear and 

rotary motors have been produced by company PI. The core of these RUSWMs is a 

rectangular piezoelectric plate with two sectioned electrodes on the frontal side and 

a ground electrode at the back side (Fig. 1.8). A frictional (coupling) element is 

attached to the top of the plate, between the two separated electrodes. If one of the 

sections is excited by high-frequency electrical excitation signal, the longitudinal 

vibrations are induced within the plate in both longitudinal and transversal 

directions. This causes the friction tip to continuously contact with the runner and 

thus make it move. The principle is also valid for cylinder-shape piezoelectric stator.  
 

  
a) 

 

b) 
 

c)  
 

Fig. 1.8. Piezoelectric RUSWM design used by the PI (Physik Instrumente) company: a) the 

excitation of longitudinal vibration mode in piezoelectric plate-based drive; b) the 

application of piezoelectric plates in low-profile motor; c) the excitation of longitudinal 

vibration mode in piezocylinder [69] 
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In this case, the number of piezoplates are mutually connected in order to ensure a 

uniform motion of the rotor. So as to change the direction of motion, the opposite 

section (group of sections) has to be excited. 

 Bending vibration mode 

As it is indicated in Fig. 1.7, this mode is characterised by bending 

deformations perpendicular to the longitudinal axis of piezoelement [26]. The 

bending mode has not been widely applied, though several versions of these 

piezoelectric RUSWMs were proposed by Bansevičius and Ragulskis [70]. In 2011, 

He et al. developed a motor using only a single bending vibration mode of a 

piezoelectric tube containing four electrode sections to generate rotation. When the 

piezoelectric tube with special teeth bends, the diagonal motion of points on selected 

areas at the ends of the tube generates forces with tangential components along the 

same circumferential direction, thus, initiating the motion of the rotor. The obtained 

angular speed is 400 rpm and torque of about 300 μNm when applying a sinusoidal 

driving signal of ±50 V [71]. It should be noted that this oscillation mode is very 

popular in combination with other modes. 

 Torsional vibration mode 

In terms of physical expression, torsional vibration is angular vibration excited 

by shear deformation of the upper part of the stator. Torsional vibration mode is 

commonly used in combination with other orthogonal modes [26], and there are not 

many investigations performed with actuators of this type. A representative example 

is a miniature piezoceramic fibre wound with helical electrodes on its outer surface 

proposed by Pan et al. [72]. 

 Radial vibration mode 

In the case of radial vibration mode, the stator is deformed (and thus, 

displaced) in the radial direction. Commonly, the radial mode is always combined 

with the bending mode to generate the necessary elliptical motion [26]. 

 Orthogonal bending vibration mode 

Orthogonal bending vibration mode can be perceived using the illustration in 

Fig. 1.9a. Having the same piezoelectric element (e.g., beam) with multiple 

electrodes and supplying the corresponding two excitation signals at the same time, 

two orthogonal bending modes are created, resulting in the rotation of the beam and 

elliptical motion of the tip in X-Y plane [26]. One of the orthogonal bending 

vibration mode-driven RUSWMs was introduced by Kurosawa et al. in 1989 [73]. A 

short piezocylinder with free-free ends acted as the major component. The 

dimensions of the device were 20 mm in diameter and approximately 75 mm in 

length. The maximal output torque was 0.15 Nm, and load-free angular speed was 

up to 300 rpm. Due to its favourable properties, this piezoelectric motor was 

successfully applied in the focusing unit of Canon DSLR camera lenses [8, 73]. A 

compact ultrasonic motor (2.4 mm in diameter and 10 mm in length) operating at 

69.5 kHz was proposed by Koc et al. [74]. Its operation was based on the 

performance of a hollow metal cylinder, the outside surface of which was flattened 

on two sides at 90 degrees to each other, on which two rectangular piezoelectric 

plates were bonded. In this case, the maximal torque of 1.8 mNm was obtained, with 

angular speed being 60 rad/s. Another version of the motor which makes use of this 
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vibration mode was developed by Liu et al. in 2013 [75]. A miniature SQUIGGLE 

motor belongs to this type as well [26]. 
 

a)  
 

b)  

 

c)  

 

Fig. 1.9. The main vibration modes used to generate motion in piezoelectric resonant USMs: 

a) orthogonal bending; b) longitudinal-bending; c) longitudinal-torsional [26] 
 

 Longitudinal-bending vibration mode 

The generation principle of this mode is given in Fig. 1.9b. The early 

structures of these piezoelectric RUSWMs were intended for linear motion. Later, 

the rotary-type versions were designed [70]. After about 15 years, Suzuki et al. and 

Aoyagi et al. proposed miniaturised motors characterised by impressive angular 

speed [26]. By far, the motors of this category comprise the largest group of 

piezoelectric resonant USMs. An abundant amount of implementations with respect 

to dimensions, excitation frequency, voltage, output torque and angular speed can be 

found in literature [8, 28, 76]. 

Imagine a simplified version of the piezoactuator (Fig. 1.9b) with the tip 

attached and pressed against X-Y plane representing the rotor. Assume that the 

resonator is excited by a harmonic (sinusoidal) driving signal and that the natural 

frequencies of the resonator and the tip coincide. Then the resulting horizontal (x) 

and vertical (y) displacement locus of the tip point describes an ellipse defined by 

the laws provided further [76]: 
 

 𝑥 = 𝐴0 sin(ω𝑡 + α), (2) 
 

 𝑦 = 𝐴1 sin(ω𝑡 + β); (3) 
 

here 𝐴0, 𝐴1 are the vibrational amplitudes, ω is the angular frequency, 𝑡 is the time, 

and α, β are the vibrational phases. 

 The latter principle has been applied in the well-known piezoelectric 

RUSWMs owned by Nanomotion. Fig. 1.10 provides a schematic illustration of the 

employed actuator; the operation principle of the motor is as follows: four electrodes 

denoted as A, A′, B and B′ are bound to the front face to form a checkerboard pattern 
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of rectangles, with each electrode covering one-quarter of the surface area. The 

diagonally located electrodes A and A′ as well as B and B′ are electrically connected 

by wires. The rear face is fully covered by a single electrode which is grounded via 

the tuning inductor that can change the resonant frequency. The excitation of 

electrode sections A and A′ leads to motion generation. Reverse motion requires B 

and B′ electrodes to be energised. The movement of the motor is constrained by four 

support strings with large stiffness along the long edges [77]. 
 

a)  

b)  
 

c)  
 

Fig. 1.10. Piezoelectric RUSWM of Nanomotion Ltd: a) the structure of a piezoactuator; b) 

the excited longitudinal-bending vibration mode; c) motor (ER-15-4) design [77–78] 
 

 Longitudinal-torsional vibration mode 

A schematic depiction of this vibration mode is shown in Fig. 1.9c. In 1991, 

Kurosawa et al. developed one of the first motors of this type [28]. The Penn State 

University proposed a compact piezoelectric RUSWM (Fig. 1.11a), the stator of 

which is composed of the piezoelectric ring and two concave/convex metal endcaps 

with ‘windmill’-shaped slots bonded together in order to generate a coupled 

vibration of longitudinal-torsional-type. When driven at 160 kHz, the maximal 

angular speed equal to 600 rpm and torque of 1 mNm are obtained for 11 mm 

diameter motor [76].  

A more recent research enabled Watson et al. to create a miniature 

piezoelectric RUSWM (Fig. 1.11b); the stator is 250 μm in diameter, 1 mm in 

length, and it is driven by a single piezoelectric transducer at 652–682 kHz. At 28.1 

V, it outputs the maximal torque of 13 nNm and angular speed of 1295 rpm [79]. 

It should be noted that the discussed combined modes are the major ones. 

Nonetheless, there are also piezoelectric RUSWMs based on other modes, e.g., 

longitudinal-shear, radial-torsional, torsional-bending, and so on. Various modes are 

often applied not only for 1-DOF, but for multiple DOFs as well. Due to a wide 

range of possible designs, dimensions and performances (in particular, angular speed 

and output torque), RUSWMs act as a competitive alternative to resonant ultrasonic 
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travelling (propagating or ‘surfing’)-wave motors (RUTWMs) that will be discussed 

in the next section. 
 

  
a) b) 

 

Fig. 1.11. Piezoelectric RUSWMs utilising longitudinal-torsional vibration mode: a) 

‘windmill’ motor developed by the Penn State University [76]; b) miniature motor with 

stator of 250 μm in diameter and 1 mm in length proposed by Watson et al. [79]   
 

1.3.4. Resonant ultrasonic travelling-wave type 
 

In general, the operation of piezoelectric RUTWMs is partially similar to that 

of the RUSWMs. Elliptical motion is generated in the stator and then transferred to 

the rotor through friction coupling. However, it is not generated at one point within 

the stator; instead, every point on its surface undergoes elliptical locus due to the 

combination of longitudinal and transversal waves. 

Assuming that the standing wave of flexural vibration of the n-th mode is 

excited along an elastic ring (Fig. 1.12a), the out-of-plane displacement of an 

induced standing-wave can be expressed as [76, 81]: 
 

 𝑢𝑠1(𝑥, 𝑡) = 𝐴 cos(𝑛𝑥) cos(ω𝑡); (4) 
 

here 𝑥 is the angular position, 𝑡 is the time, 𝑛 is the integer number of vibration 

mode in the circumferential direction, and ω is the angular frequency of vibration. 

Another standing wave of the same order but shifted by 90° with respect to both 

space and time is written as: 
 

 𝑢𝑠2(𝑥, 𝑡) = 𝐴 sin(𝑛𝑥) sin(ω𝑥). (5) 
 

Then the resulting travelling (progressive) wave in the circumferential direction is 

obtained from the superimposition of both standing waves and defined by: 
 

 𝑢𝑡(𝑥, 𝑡) = 𝐴 cos(𝑛𝑥) cos(ω𝑡) + 𝐴 sin(𝑛𝑥) sin(ω𝑥) = 𝐴 cos(𝑛𝑥 − ωt). (6) 
 

One should assume that the electrode on the outer surface of the piezoring is divided 

into an appropriate number of sections to excite the two standing waves. By using, 

for example, a four-phase source (Vcos(ωt), Vsin(ωt), -Vcos(ωt), -Vsin(ωt)) as a 

driver the second-order (𝑛 = 2) vibration is induced within the piezoring (Fig. 

1.12b). The formed motion of a single particle on the surface of an elastic body 

transmitting a traveling wave is represented in Fig. 1.12c. 
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The shape of the elliptic motion and the ratio of the in-plane to the out-of-

plane displacement component are determined by the thickness and radius of the 

body and the mode order. The rotational speed is proportional to the in-plane 

vibration component, whereas the contact between the surface of piezoelectric 

transducer (vibrator) and the rotor is controlled by the out-of-plane component [81]. 
 

  

a) 
 

b) 
 

c)  
 

Fig. 1.12. The operation principle of the piezoelectric RUTWM: a) basic structural 

components; b) four-phase driving voltage application to generate traveling waves; c) the 

motion of a single particle on an elastic body transmitting a traveling wave [81] 
 

The nature of piezoelectric RUTWMs ensures sub-nanometer accuracy and 

displacement resolution to be exhibited in various angular positioning systems. On 

the other hand, both the amplitude of the propagating wave and the complex design 

of the motor have a detrimental effect on the scalability of these devices.  

The amplitude of the wave reduces linearly with the scale of the device. As a 

sub-millimetre scale actuator is approached, the vibration amplitude becomes so 

small that it becomes difficult to use as a driving mechanism in an actuator. 

Although the analysed RUTWMs are characterised by relatively low theoretical 

efficiency (max. 50%) compared to RUSWMs (up to 90%), they are capable of 

actuating bi-directionally, which is often an obstacle for the RUSWMs [76]. 

Probably the most famous and successful piezoelectric RUTWM was created 

and patented in 1984 [55] and commercialized one year later by Sashida in Japan. 

The basic structure and the produced motor are presented in Fig. 1.13. Due to the 

travelling wave induced within a thin PZT piezoring, a ring-shape slider contacting 

with a “rippled” surface of the elastic body bonded onto the piezoring is driven in 

both directions by exchanging the sine and cosine voltage inputs connected to two 

vibration sources (a and b). The teeth in the stator increase the flexibility of the 

motor and amplify the motion of the output link. The piezoelectric ring is divided 
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into 16 positively and negatively poled regions and two asymmetric electrode gap 

regions so as to generate the travelling wave of the ninth vibration mode at 44 kHz 

frequency. A prototype was composed of a brass ring of 60 mm in the outer 

diameter, 45 mm in the inner diameter and 2.5 mm in thickness bonded onto a PZT 

ring of 0.5 mm in thickness, with divided electrodes on the backside. The rotor was 

made of polymer coated by hard rubber or polyurethane. The application of the 

noted frequency and input voltage of 10.3 V led to the achievement of the maximal 

torque (around 100 × 103 μNm) and angular velocity higher than 30 rpm. The 

maximum power reached was 0.8 W, and the efficiency equal to 35%. Canon 

installed these motors in the in-lens automatic focus units [26, 76, 81].  
 

  
a) b) 

 

Fig. 1.13. Sashida’s piezoelectric RUTWM: a) patented design [81]; b) produced version 

(USR-60-4-100) [82] 
 

Other design involves Matsushita Electric which proposed a nodal line support 

method using a higher order vibration mode. In this model, the stator structure 

incorporates a wide ring supported at the nodal circular line, and the teeth are 

arranged on the maximum amplitude circle to obtain larger revolution [76]. Seiko 

Instruments miniaturized the RUTWM to 10 mm in diameter and 4.5 mm in 

thickness using basically the same principle. A driving voltage of 3 V and a current 

of 60 mA provides 6000 rpm (no load) and torque of 0.1 mNm [76]. Another 

intriguing variant is a ‘plate-spinning’ type proposed by Tokin, where a rotary 

bending vibration is excited on a PZT rod by a combination of sine and cosine 

voltages, and then a cup is made to contact the ‘spinning’ rod with the internal face 

for achieving rotation [76]. 

 Another type of piezoelectric RUTWMs is the surface acoustic wave (SAW) 

motor, also known as a Rayleigh wave. Basically, it is an acoustic wave traveling 

along the surface of an elastic material. The resulting wave couples longitudinal and 

shear wave and has a normal displacement component to a boundary [26]. Kurosawa 

et al. is known to have proposed the first motor of this type in 1996, with an updated 

modified version in 2006 [26]. A micromotor based on the rotation of the arbitrary 

axis was reported by Tjeung et al. in 2011 [26]. 

Summing up, it can be stated that piezoelectric RUTWMs exhibit less abrasion 

on the contact surfaces due to continuous drive of the rotor by travelling wave. High 

frequency allows for high accuracy of motion of the rotor. Due to the dual-signal 
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drive, the RUTWM possesses easier control of bidirectional motion. From the point 

of view of demerits, these motors can be used in applications requiring short-time 

operation, since heat dissipation is challenging. The complex structure of stator, 

dual-signal drive and the linear reduction of the needed amplitude of the wave with 

the size of the device make it difficult when trying to miniaturise the RUTWM. Last 

but not least are the manufacturing costs of the motor, which are high because of 

two vibration sources necessary to generate one wave [28]. 
 

1.4. Piezoelectric materials for ultrasonic motors 
 

As it was already mentioned, when an electric field is applied to piezoelectric 

material, its shape is changed. A selection of this material for the purpose of 

actuation is highly important, since it determines the operation quality of a device.  

Although there are a lot of piezoelectric materials, they all can be classified 

into the following categories [28]:  

1) Inorganic piezoelectric materials (piezoelectric monocrystalline materials 

and piezoceramics). Typical examples are quartz (SiO2), lead zirconate titanate 

(PZT), barium titanate (BaTiO3), lead titanate (PbTiO3), lead magnesium niobate-

lead titanate gallium (PMN-PT), langasite (La3Ga5SiO14), potassium niobate 

(KNbO3), bismuth ferrite (BiFeO3), etc. Piezoelectric monocrystalline materials 

benefit from the factor of high mechanical quality and excellent stability but low 

piezoelectric coefficient and dielectric constant. In addition, the machining of these 

materials is often troublesome. Piezoceramics are characterised by a strong 

piezoelectric coefficient and high dielectric constant, but they face low mechanical 

quality factors, large electric losses, and poor stability. Therefore, inorganic 

piezoelectric materials are mostly applied as actuators, sensors, filters, etc. [28, 83]. 

2) Organic piezoelectric materials (piezoelectric polymers). Typical examples 

include polyvinylidene fluoride (PVDF), polyvinylidene difluoride (PVDF2), and 

other co-polymers. These materials exhibit excellent flexibility, low density, small 

impedance, and low piezoelectric coefficient. These characteristics enable 

piezoelectric polymers to be utilised in the fields of ultrasonic measurement, 

pressure sensing, energy harvesting, etc. [28, 83]. 

3) Composite piezoelectric materials (a combination of inorganic (mostly, 

piezoceramic) and organic materials). One of the advanced materials are active fibre 

composites (AFCs) and macro fibre composites (MFC). As well as any other 

composite materials, composite piezoelectric materials are intended for a better, 

enhanced performance which often requires high piezoelectric coefficient, high 

strength, low density, and easy machinability. Such materials are gaining a lot of 

attention, because they can be applied in such fields, as bio(medicine), 

electroacoustics, hydroacoustics, and so on [28, 83]. 

The production of piezoelectric resonant USMs mostly uses the ceramics 

(particularly, in the monolithic form). Despite the brittleness, which induces 

limitations in terms of strain of the piezoceramics, and susceptibility to fatigue crack 

growth (when these materials are subjected to high frequency cyclic loading), they 

are still exploited a lot, with PZT acting as the preference in various engineering 

fields, particularly, mechatronics. Such a wide spread is mainly caused by high 
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coupling factors as well as piezoelectric and dielectric constants of PZT over 

extended temperature and stress ranges [84]. Low production costs, chemical 

inertness and relatively high operating temperature are other positive qualities [83]. 

There are three substantial properties of piezoelectric material that have to be 

seriously considered for potential application in piezoelectric resonant USM. These 

are as follows: 1) electromechanical coupling factor (k); 2) dielectric constant (ε); 3) 

mechanical quality factor (Q). The indicated parameters should be as high as 

possible for the analysed purpose. Table 1.6 contains the essential piezoelectric 

constants of common piezoelectric materials. 
 

Table 1.6 Material properties of commonly used piezoelectric materials [8, 84–85] 
 

Property PZT BaTiO3 PVDF 

Coupling factor, k33 (CV/Nm) 0.68 0.49 0.18 

Coupling factor, k31 (CV/Nm) 0.33 0.21 0.12 

Piezoelectric constant, d33 (10-12 C/N) 300 191 33 

 Piezoelectric constant, d31 (10-12 C/N) -11 -79 23 

Dielectric constant, /0 1,300 1,680 12 

Mechanical quality factor, Qm 1,000 1,300 4 

Young’s modulus, E (GPa) 50 67 3 

Curie temperature, Tc (
oC) 330 115 170 

 

1.5. Rotary encoders as a means to determine angular displacement  
 

High resolution is indispensable to cutting-edge rotary positioning stages. For 

this reason, further emphasis is placed on digital rotary encoders allowing one to 

measure angular displacement precisely. The operation of the encoders is commonly 

based on one of the following methods [86]: 

 Optical (photosensor)  

 Sliding contact (electrical conducting)  

 Magnetic saturation (reluctance)  

 Proximity sensing 

Even though all of them are widely utilised in practice, the first one gains most 

attention when considering resolution, compactness, and reliability. A simplified 

classification of the latter encoders is illustrated in Figure 1.14. 
 

 
 

Fig. 1.14. A simplified classification of optical encoders [87] 
 

Knowing that the opportunity to define distances between individual ‘steps’ is 

more important than determination of an absolute position in the case of high-
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resolution rotary stage, incremental encoders were selected for further analysis. A 

typical encoder of this type consists of incremental (grating) scale (usually, made of 

glass) used as a measurement reference, an optical head unit (e.g., photodiode) for 

reading the scale graduations, and associated electronics [88–89].  

The following three techniques are applied to generate electrical signals 

obtained from a relative movement of the angular grating (scale) with respect to the 

optical head(s) in the optical incremental encoders: 1) geometric masking; 2) Moiré 

effect; 3) laser interference (interferential read-out). 

 Geometric masking 

a) Light transmission 

Geometric masking relies either on light transmission or reflection 

phenomenon. A transmissive encoder is composed of an emitter, a detector and 

associated electronics located at the opposite sides of the code wheel. The light from 

the emitter (LED) collimated by a lens passes through the rotating disc (moving 

grating) and propagates through the stationary one (mask or index grating). The 

scale is scanned by a photodetector (reading head) to generate an electrical output 

(i.e. angular displacement) according to the amount of light on its sensitive surface. 

b) Light reflection 

Fig. 1.15a shows a schematic operation principle of the reflective encoder. 

Most of its elements coincide with those of the transmissive transducer. 

Nonetheless, the emitter, detector and board of electronics are located at the same 

side of the code wheel. The light beam falling on the reflective area (rasters) of the 

code wheel is reflected back to the photodetector. The latter component generates 

the output signal according to the amount of the received light. These encoders do 

not require any masking element, which significantly simplifies the overall system 

design [90]. A common scheme of arrangement of optical and electronic elements in 

the reflection-based encoder is depicted in Fig. 1.15b. 

Due to the simplicity, small dimensions, reliability and low cost-performance 

ratio, encoder of this type is considered as the most suitable one to register angular 

displacement in high-resolution piezoelectric rotary stage presented in this thesis. 
  

  
a) b) 

 

Fig. 1.15. Geometric masking technique based on light reflection: a) the interaction of 

optical head with incremental scale of the encoder [93]; b) the smallest commercial three-

channel optical reflective encoder AEDR-850-100 (Avago) [94] 
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 Moiré effect 

Moiré is an optical technique for the full-field and non-contact measurement of 

in-plane and out-of-plane deformations [95]. The Moiré pattern is an interference 

pattern (fringes) typically created when the light passes through two periodic 

gratings (scales) overlaid at a certain angle (superposition) or when they have 

slightly different mesh sizes (periods). In such cases, one of the gratings is 

stationary, while another one moves. A source of light is placed on the moving side 

of the plate, and the photosensor(s) is(are) located on the opposite side (as for 

transmissive encoders). During the motion of the scale, a pulse train is generated by 

the photodetector, and the output signal can be used to determine the desired 

displacement and/or velocity.  

 Laser interference (interferential read-out) 

The encoders of this type are successfully referred to as encoders of physical 

optics, in opposite to the geometrical ones. When a light wave passes through the 

scanning reticle, it is diffracted into three partial waves of orders +1, 0, and –1 with 

approximately equal luminous intensity. The partial waves are diffracted by the step 

reticle (main scale acting as the measuring standard) and meet again at the phase 

grating of the scanning reticle (of the same period as the main scale), where they are 

diffracted again and interfere. This produces essentially three wave trains which 

leave the scanning reticle at different angles. Photodetectors convert alternating light 

intensity into electrical signals as an output [30–31]. 
 

1.6. Incremental (grating) scales 
 

With circular incremental scales being indispensable to successful angular 

displacement measurement in rotary positioning stages, it is obvious that there is a 

high need for the mentioned structural elements to be not only qualitative and 

reliable, but also featured by a competitive cost-performance ratio. When seeking for 

alternatives, the fabrication techniques and materials have to be considered. 
 

1.6.1. Fabrication methods 
 

For many years, conventional UV-lithography has been used to fabricate 

rotary incremental scales of various diameters, thickness, and grating period. One of 

the best-known approaches utilised in practice joins an ordinary lithographic 

technique with physical vapour deposition. The combination is commercially 

available and ensures high throughput in terms of formation of the grating scales (in 

particular, relatively large in size). This process also ensures high accuracy and 

renders the scales extremely resistant to chemical and mechanical abrasion [97–98]. 

Glass-chromium incremental scales are mostly obtained in this way. However, the 

described formation method is subject to limitations dealing with the physics of 

diffraction and the interactions of high energy photons, thus, causing the restricted 

smallest pitch to be about 40 nm. Moreover, this method is not suitable for the 

formation of an easy pattern on the polymeric or curved substrates. Also, large areas 

with significant resolution in a single step cannot be patterned. Probably the 

essential issue attributed to this technique is high capital and operational costs 

correspondingly causing high cost-performance ratio of the scales [98]. 
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Nanoimprint lithography (NIL) has been flagged as an extremely promising 

process for next-generation lithography due to its simplicity, low operational costs, 

high replication fidelity (lines up to 15 nm in thickness), and relatively high 

throughput when fabricating micro-/nanometer scale patterns [97]. NIL is based on 

the principle of mechanically modifying a thin polymer film (mechanical 

deformation of resist) using a template (mould or stamp), which contains micro-

/nano-pattern, by using a thermo-mechanical or UV-curing process (UV-NIL). Thus, 

NIL is separated into thermal nanoimprinting (hot embossing) and UV-

nanoimprinting (UV-casting). These processes are schematically represented in the 

figure below. The disadvantages of the T-NIL include high temperature resulting in 

difficulty of demoulding and significant residual thermal stress due to different 

coefficients of thermal expansion between the mould and the polymer. As a result, 

the embossed devices suffer from global warpage or distortion due to mechanical 

and residual thermal stresses [100]. Compared to T-NIL, UV-NIL requires much 

lower imprinting force, and it can be carried out at room temperature. In addition, it 

is a rapid and very precise (high aspect ratios can be obtained) technique [98]. 
 

  
a) b) 

 

Fig. 1.16. Two fundamental processes of nanoimprint lithography (NIL): a) thermal 

nanoimprinting (hot embossing); b) UV-nanoimprinting (UV-casting) [99] 

 

1.6.2. Substrate materials 
 

Substrates necessary to produce incremental scales play a crucial role in order 

to achieve the desired results in both the academia and industry. When the scales are 

fabricated by using conventional UV-lithography, they are usually made of glass. 

Soda-lime (float) glass is the basis for this purpose due to its favourable material 

properties (light transmission, optical clarity, mechanical strength, etc.) and 

sufficient surface adhesion with respect to the coating of chromium or other similar 

substances that form the final pattern of these scales. However, the cost of this 

material is quite high, thus, being the major issue. Nonetheless, everyday products 

and devices, for instance, architectural building windows, automobile glass, 

household mirrors, solariums, greenhouses, solar cells make use of this glass [102]. 

The essential material properties of the float glass are listed in Table 1.7. 
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Polymers are increasingly attractive alternatives to inorganic materials in many 

photonic devices, including surface relief structures and grating scales. They offer 

several unique advantages over the existing semiconductor and inorganic 

technologies, such as cost-effective fabrication, adequate transparency in the visible 

and near-infrared spectra, as well as versatility in structures and grades [103]. 

Polymers are lightweight, making the produced devices possible to be integrated 

with the existing silicon/non-silicon-based technologies. The optical properties of 

polymers can be engineered to give the desired refractive index, loss, transparency 

or electro-optic coefficient. Moreover, the emerging lithographic technologies 

(including NIL) are well-suited to affordable mass production of polymeric 

structures [104–105]. It is known that thermal nanoimprinting is compatible with 

polymethylmethacrylate (PMMA) and other methacrylate-based polymers, 

polystyrene, co-polymers containing aromatic components, siloxane co-polymers, 

etc. [98]. Also, different acrylates are widely applied in UV-NIL because of their 

commercial availability and suitable inherent material properties [98]. Polyethylene 

terephthalate (PET) is one of the substances which have lots of opportunities to be 

used as a substrate for potential grating scales. In its natural state, PET (C10H8O4) is 

a colourless, semi-crystalline or rigid, lightweight, strong resin. Table 1.7 contains 

the essential material properties of PET. According to the given data, being not as 

elastic as float glass and exhibiting larger value of thermal expansion coefficient, 

PET is still very attractive due to the remaining properties and low cost-performance 

ratio. 
 

Table 1.7. Material properties of float glass and PET [101, 106–107]  
 

Property Float glass PET 

Density, kg/m3 2,500 1,380 

Young’s modulus, GPa 72 3 

Poisson’s ratio 0.23 0.4 

Optical transmission, % 90 90 

Refractive index 1.51 1.58 

Coefficient of thermal expansion, 10-6/oC 8.3 60 

Thermal conductivity, W/m oC 0.94 0.25 
 

1.7. Chapter conclusions and the objectives of the thesis 
 

This chapter presented a comprehensive review of recent publications, 

technological means and descriptions of the existing high-precision rotary 

positioning stages. Based on this, the following conclusions were made: 

 Piezoelectric rotary stages outperform the ones driven by electromagnetic 

motors in terms of compactness, simple structure, high precision, other 

technical properties, and low manufacturing costs. 

 Resonant USMs are among the most popular piezoelectric motors used for 

high-precision positioning applications. RUSWMs and RUTWMs are the 

two categories of these motors; the first group is characterised by high speed 

and torque, simple excitation, easy support of stator at the nodal points/lines, 

theoretical efficiency up to 98%, and decreased manufacturing costs because 

of a single vibration source. The disadvantages encompass insufficiently 
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high precision, scalability (in some cases), complexity of the structure and 

discontinuous rotor motion causing wear of contacting surfaces. The second 

group benefits from high accuracy of rotor motion and less abrasion of the 

contacting surfaces due to continuous drive of the rotor. Nonetheless, the 

challenges include heat dissipation in the stator, its complex structure, 

difficult miniaturisation of the motor and decreased manufacturing costs due 

to the necessity of two vibration sources. 

 For the production of piezoelectric resonant USMs, inorganic materials 

(ceramics) have been most widely applied, with PZT often acting as the 

preference mainly because of high coupling factors as well as piezoelectric 

and dielectric constants over extended ranges of temperature and stress. 

 Optical rotary encoders are very popular when considering their application 

in high-precision rotary stages. The optical reflection technique is found to 

be the most suitable when generating an output signal for applications 

requiring a small space, high resolution, and low cost-performance ratio. 

 Nanoimprint lithography has been flagged as a highly promising technique 

to form polymeric incremental scales due to its simplicity, low operational 

costs, high replication fidelity, and relatively high throughput. This method 

can take the form of T-NIL or UV-NIL; the first one results in difficulty of 

demoulding and significant residual thermal stress, whilst the second one is 

rapid, very precise, requires a rather low imprinting force, and can be carried 

out at room temperature. Due to its favourable properties, PET is one of the 

polymers which has lots of opportunities to be used as a substrate for 

incremental grating scales fabricated by UV-NIL. 
 

Aim and objectives 

According to the literature review and the findings, the aim and objectives of 

this work were formulated.  

The aim of this thesis is to design, fabricate and characterise a high-resolution 

standing-wave-driven piezoelectric rotary stage with integrated incremental scales. 

In order to achieve the aim, the following objectives were raised: 

1. To develop analytical and numerical models for the investigation of vibro-

impact interaction dynamics and transient responses of piezocylinder and 

rotor.  

2. To experimentally investigate the dynamic characteristics of high-

resolution piezoelectric rotary stage and identify their dependence on the 

driving signal and applied external load. 

3. To fabricate and experimentally characterise polymeric incremental scales 

by contact-free and contact-based methods for the evaluation of their 

surface morphology and optical properties. 

4. To develop geometric virtual and physical models of the designed high-

resolution piezoelectric rotary stage with an integrated closed-loop 

feedback control system.  
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2. THEORETICAL INVESTIGATION OF A HIGH-RESOLUTION 

PIEZOELECTRIC ROTARY STAGE 

 
Based on the findings of literature review and the formulated objectives, the 

high-resolution piezoelectric stage has to be theoretically investigated before 

proceeding to the next steps. This chapter presents the information regarding the 

design and operation principle of the developed object, followed by the presentation 

of geometric model of the stage. A computational model of piezocylinder (PC) is 

provided afterwards, placing an emphasis on harmonic and modal analysis as well as 

the motion of contact zone (driving) elements. Lastly, analytical and numerical 

approaches are used to analyse the interaction between the contact zone elements 

and the rotor. 
 

2.1. Design and operation principle 
 

The rotary stage was developed in cooperation with the Lithuanian high-tech 

company Precizika Metrology specialising in the production of various cutting-edge 

measurement systems, rotary encoders, and incremental scales (i.e. limbs). 

Considering the professional expertise, technological capabilities and requirements 

of the mentioned enterprise, it was decided upon the form, dimensions and 

characteristics of the actuator, which would be novel in the scientific field and 

attractive for the commercial market. Moreover, in the case of high-quality operation 

of the stage, a range of different scale (including miniature) devices will be 

generated in the future. Considering all these details, the design of the conceptual 

stage model was created and proposed initially (Fig. 2.1). The stage is composed of 

housing (1), three supporting base elements (2), a piezocylinder (3), three contact 

zone elements (4), a rotor (5), a rotor shaft (6), a precise bearing (7), a magnet (8), 

non-magnetic material (9), an incremental scale (10), and an optical head with a 

displacement read-out unit (11). Since PC is the heart of the stage, this work 

describes it first, and the relevance of other parts is discussed in greater detail further 

in the thesis. To begin with, axially polarised ceramics PZT-401 (Morgan Advanced 

Materials) was employed. The dimensions of the piezocylinder were as follows: the 

outer diameter (OD) – Ø32 mm, the inner diameter (ID) – Ø28 mm, the height (H) – 

14 mm. The element is schematically depicted in Fig. 2.2. PZT-401 is an all-round 

hard piezoelectric material, capable of producing large displacement amplitudes 

while maintaining low mechanical and dielectric losses. It is characterised by long-

lasting stability, high Curie temperature, coupling and mechanical quality factors. In 

addition, it can be used under constant and periodic excitation conditions; this makes 

it ideal for the piezoelectric stage. Typical applications include high-power 

transmitters, medical transducers, different sensor types (e.g. level, flow, NDT), and 

so on [108–109]. The main properties of the used piezoceramics are summarised and 

listed in Appendix B. 
 

Operation principle 
 

The operation principle of the newly designed piezoelectric rotary stage is 

explained referring to Fig. 2.3. A combined tangential-axial vibration mode of the 
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PC is used to generate rotor motion and achieve the desired dynamic properties of 

the device. This vibration mode was selected as the most suitable one for generating 

symmetrical elliptical motion trajectory of the contact zone elements (Fig. 2.3b). On 

the contrary to the conventional unsymmetrical (‘egg-like’) trajectory, the adopted 

vibration mode provides no displacement of the neutral axis of the PC. This 

behaviour is determined by the topology of the sectioned electrodes (see Fig. 2.3a). 
 

 
 

Fig. 2.1. The design of conceptual high-resolution piezoelectric rotary stage: a) top view 

(rotor is not shown); b) cross-sectional front view (rotor is shown). Parts: 1 – housing; 2 – 

supporting base elements (three units); 3 – piezocylinder; 4 – contact zone elements (three 

units); 5 – rotor; 6 – rotor shaft; 7 – precise bearing; 8 – magnet; 9 – non-magnetic material; 

10 – incremental scale; 11 – optical head with a displacement read-out unit 
 

 
 

Fig. 2.2. A schematic depiction of the piezocylinder (OD/ID – outer/inner diameter, H – 

height) 

a) 

b) 

OD 

ID 

H
 



42 

 

The application of a single-phase high frequency electrical signal Ucos(ωt) via 

signal amplifiers to the given configuration of wiring connecting one group of three 

electrodes leads to the generation of standing-wave-type vibrations in the PC. The 

latter part is positioned on three equally spaced supporting base elements (see Fig. 

2.1) firmly attached to the housing. The top surface of the PC is in contact with the 

rotor via three contact zone elements located in one plane and displaced equally with 

respect to the axis of rotation (Z direction). The rotational motion of the 

piezoelectric stage is initiated by the friction force acting between the contact zone 

elements and the rotor. The rotor shaft is rigidly mounted in precise ball bearing 

centring the rotor in a plane perpendicular to its rotational axis. A presence of 

neodymium magnet ensures a sufficient, even and constant pulling force between 

the housing and the rotor. Moreover, the magnet ensures the rotor to be centred with 

respect to its axis of rotation. This combination of the bearing and the magnet 

enables the required balance of both radial and axial load, resulting in uniform 

rotational motion. If another three electrodes are excited, the direction of rotational 

motion is reversed. Since travelling-wave vibrations are not exploited in this drive, 

the overall system design and structure becomes much simpler, because additional 

components associated with phase shifting of electrical signal are not necessary. In 

such a way, the potentially induced motion errors of the rotor are eliminated. The 

angular position of the rotor is determined by the optical encoder consisting of the 

glass-chromium incremental scale attached to the rotor, and a miniature optical 

reflection-based head with a displacement read-out unit fixed to the housing. 
 

  
a) b) 

 

Fig. 2.3. A layout of the piezocylinder with sectioned electrodes (R – the external radius of a 

piezocylinder) (a) and induced symmetrical elliptical radial resonant oscillations of each 

contact zone element (b) 

 

2.2. A geometric model of the piezoelectric stage 
 

This section aims at providing some supplementary visual information meant 

to support the design of the rotary piezostage and its operation presented above. 

Therefore, the emphasis is placed on the generation of geometric model of the stage, 

with its major structural components described afterwards.  

A virtual model of the proposed object was designed by using a commercial 

parasolid-based software SolidWorks applied in many engineering fields [110–111].  

An enlarged assembly view of the designed piezoelectric rotary stage is given 

in Fig. 2.4. The dimensions of the actuator are Ø66 × 25 mm. The major structural 
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components are listed below, providing a short description of each part, including 

the size, role, and the motivation behind material selection. 
 

 
 

Fig. 2.4. An enlarged assembly view of the designed high-resolution piezoelectric rotary 

stage with indicated major parts: 1 – housing; 2 – supporting base elements (three units); 3 – 

piezocylinder; 4 – contact zone elements (three units); 5 – rotor; 6 – rotor shaft; 7 – precise 

bearing; 8 – magnet; 9 – non-magnetic material; 10 – incremental scale 
 

1) Housing  

The housing (Ø66 × 18 mm) is a cylindrical structure, on which all other 

system components rest. At the same time, it protects the internally located elements 

of the piezoelectric stage from external environmental effects. Anodised aluminium 

was selected for housing, since it is sufficiently strong light-weight material featured 

by significantly increased corrosion resistance, very low electrical and magnetic 

conductivity, easy machinability, and a variety of surface colours [112–114]. 

2) Supporting base elements 

Three units of customized rectangular (4 × 2 × 2 mm
3
) soft rubber 

characterised by high grip, damping and shock-absorbing were selected to act as 

1 

2 

4 

3 

5 

6 

7 

8 

9 

10 
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supporting elements between the piezocylinder and the housing. Furthermore, rubber 

is a strong dielectric, which makes it highly compatible with piezoceramics and 

anodised aluminium. 

3) Piezocylinder 

Piezoceramics PZT-401 (Ø32 × Ø28 × 14 mm) was chosen for the designed 

piezoelectric stage. More information about selection of the material was given in 

Section 2.1. 

4) Contact zone elements 

These are the essential components for generating sufficiently high friction 

between the PC and the rotor so that the latter part could receive oscillations 

transmittable from the piezocylinder, and exhibit the desired angular motion. This is 

ensured by combining three units of customized rectangular (4 × 2 × 1 mm
3
) 

frictional material. Considering the reasons for the selection of material, sintered 

ceramics (composition of clay and porcelain bonded to copper flakes and filaments) 

was chosen as the best option. The same material can be found in many cars, where 

it is employed as a pad in the braking system.  

5) Rotor 

The rotor (Ø66 × 5 mm) functions as an output link of the piezoelectric stage 

and protects the internal constituents from external environmental effects. So as to 

transfer mechanical energy from the contact zone elements to the rotor, a constant 

and continuous interaction between these structural parts has to be ensured. For this 

reason, a sufficient pressing force has to be maintained, which requires a sufficient 

weight of the rotor. Consequently, the rotor was designed to be made of austenitic 

stainless steel, as it is very suitable for parts which are extensively exposed to 

abrasion and friction. Such properties as high Young’s modulus, yield stress, tensile 

strength, low electrical and magnetic conductivity and easy processing make it 

particularly attractive and suitable for the given purpose [112, 115–116]. 

6) Rotor shaft 

The rotor shaft (Ø5 × 11 mm) was designed to be made of the same steel as the 

rotor. The purpose of the shaft is to keep the rotor stable and centred with respect to 

its rotational axis and the plane perpendicular to it. This is achieved by the 

interaction of the shaft with the precise bearing and the magnet. 

7) Precise bearing 

As it was explained before, the precise ball bearing is applied to keep the shaft 

rigidly mounted and prevent from unnecessary motion in the direction perpendicular 

to the axis of shaft rotation. For this reason, the miniature (Ø10 × Ø5 × 4 mm) SKF 

bearing (type WBB1-8705-2RZ) made of stainless steel was chosen. 

8) Magnet 

The presence of the disc-shaped magnet ensures a sufficient and constant 

pulling force between the housing and the rotor. The magnet causes the rotor to be 

centred with respect to its rotational axis. In order to implement that, a neodymium 

magnet (Ø6 × 3 mm, grade N42) was employed. 

9) Non-magnetic material 

The piezoelectric stage also includes a screwed piece of disc-shaped (Ø12 × 4 

mm) non-magnetic material to which the magnet is immovably and permanently 
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attached. By using a fine-adjustment screw, it is possible to adjust the gap between 

the magnet and the rotor shaft in order to increase/decrease the resulting pulling 

force. Referring to the application, austenitic stainless steel was selected, particularly 

because of the favourable material characteristics listed above. 

10) Incremental scale 

The primary goal of the incremental scale is to precisely and accurately 

register the angular displacement of a rotor. High-resolution periodic microstructure 

and very high reflection index of chromium rasters (optical reflection read-out 

principle is used) are two of the main challenges to be considered carefully. A well-

known chromium-on-glass grating scale (Ø64 × Ø32 × 4 mm, period of 80 µm) was 

selected for this task, since it fully meets the mentioned criteria. In addition, the 

scale can be easily attached to the rotor. However, the cost-performance ratio of 

such scale is high, thus, being a significant limitation. That is why UV-casted 

polyethylene terephthalate (PET) substrates coated by acrylic photopolymer and 

aluminium are a very promising alternative which is considered and presented in this 

thesis as well (see Chapter 4). 

It should be pointed out that since this section mainly deals with the 

piezoelectric stage from the mechanical point of view, electronic elements were not 

included in the figures and structural components description, provided above. 

Despite this fact, a miniature optical head with a displacement read-out unit (AEDR-

8400, 3 × 3.2 × 1.3 mm
3
) fixed to the housing plays a very significant role in 

determining the angular position of the rotor, data processing, etc. More details 

regarding the latter sub-system are given in Chapter 3 and Chapter 5. 
 

2.3. A computational model of the piezocylinder 
 

After creating the geometric model of the analysed object, the design process 

continues. The next step is to create a computational model of the piezocylinder and 

perform finite element (FE) analysis acting as the basis for corresponding 

experimental investigation explicitly discussed in the next chapter of this 

dissertation. If there is a match between the numerical and the experimental research 

results, it is proven that the generated FE model is suitable for solving dynamics-

related problems of similar systems. 

In this subchapter, harmonic and modal analyses of the piezocylinder are 

discussed, followed by a description of the effect of voltage on both displacements 

and motion trajectories of the contact zones of the PC. 
 

Modelling steps in finite element analysis 
 

The following steps were taken during FE modelling of the PC: 1) geometry 

development; 2) material and its properties assignment; 3) imposition of boundary 

and loading conditions; 4) mesh generation; 5) running analysis; 6) plotting the 

static or dynamic solution. 

The FE analysis of the PC was executed using a versatile simulation software 

ANSYS which is widely applied in various areas of engineering [117–120].  

The finite element method was employed to perform frequency response and 

modal analyses. In the initial step, a mathematical model evaluating the coupled 
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mechanical and electrical behaviour of the actuator was constructed. The basic 

dynamic equation for the piezocylinder is derived from the principle of minimum 

potential energy, piezoelectric equations, and can be written as [121]: 
 

 {

[𝐌]{𝐮̈} + [𝐂]{𝐮̇} + [𝐊]{𝐮} + [𝐓𝟏]{𝛟𝟏} + [𝐓𝟐]{𝛟𝟐} = {𝐅}

[𝐓𝟏]𝐓{𝐮} − [𝐒𝟏𝟏]{𝛟𝟏} − [𝐒𝟏𝟐]{𝛟𝟐} = {𝐐𝟏}

[𝐓𝟐]𝐓{𝐮} − [𝐒𝟏𝟐]𝐓{𝛟𝟏} − [𝐒𝟐𝟐]{𝛟𝟐} = {𝟎}

;  (7) 

 

here [𝐌], [𝐊], [𝐓], [𝐒] and [𝐂] are the matrices of mass, stiffness, electroelasticity, 

capacity and damping, respectively, {𝐮}, {𝐅}, {𝐐𝟏} are the vectors of structural 

displacement nodes, external mechanical forces and charges coupled with the 

electrodes, respectively, and {𝛟𝟏}, {𝛟𝟐} are the vectors of nodal potentials of the 

nodes associated with the electrodes. Index 1 denotes the electrodes connected to the 

signal generator. Index 2 denotes the free electrodes. The values of {𝛟𝟏} are known 

from the signal generator. 

The natural frequencies and modal shapes of the piezocylinder are derived 

from the system solution which is expressed as [121]: 
 

 det([𝐊∗] − ω2[𝐌]) = {𝟎}; (8)  
 

here [𝐊∗] is the modified stiffness matrix, and ω is the natural frequency. In the 

analysed case, the modified stiffness matrix takes the following form [121]: 
 

 [𝐊∗] = [𝐊] + [𝐓𝟐][𝐒𝟐𝟐
−𝟏][𝐓𝟐]𝐓. (9) 

 

To perform the actual analysis, the PC was divided into finite elements (Fig. 

2.5). The model consists of piezoelectric hexahedral (brick) elements SOLID5; each 

element has 8 nodes, with each node having 6 DOF (i.e. translation in X, Y and Z 

directions and rotation about X, Y and Z axes) and electrical potential.  
 

  

a) b) 

 

Fig. 2.5. The finite element model of the analysed piezocylinder: a) fixed locations (at the 

bottom) representing imposed mechanical boundary conditions; b) isometric view 
 

The mechanical displacements of fixed surfaces of the PC are equal to zero. 

These surfaces denote the locations of three equally displaced supporting base 
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elements (Fig. 2.5a), with each location coinciding with the intersection of two 

adjacent electrodes.The electric charges of the piezocylinder, which are not coupled 

with electrodes, are also equal to zero (i.e. the electrical boundary conditions were 

defined by the second and the third formula in Eq. (7)). The layout of electrodes 

corresponds to the topology shown in Fig. 2.3a. This represents the imposed 

boundary conditions. Damping applied in the given model was defined by the 

constant structural damping coefficient determined by material properties of the 

selected piezoceramics (i.e. an evaluation of the damping based on experimental 

dynamic characteristics of the PC is very complicated due to high frequency 

excitation signal inducing necessary vibration modes of higher orders which, in turn, 

lead to the displacement of the piezocylinder in three spatial directions). 
 

2.3.1. Evaluation of resonant frequencies and vibration modes 
 

In this study, harmonic analysis was conducted to check the dynamic 

behaviour of the piezocylinder within the range of 100–140 kHz. The investigated 

PC was subjected to cosinusoidal voltage of 60 V (peak-peak) in this case, as it is an 

intermediate level value for the used piezoceramics. The obtained amplitude-

frequency plot is revealed in Fig. 2.6. It denotes the displacements of centres of the 

contact zones (see A–C in Fig. 2.8) and thus, the contact zone elements, in X 

(tangential), Y (radial), and Z (axial) directions. According to the constructed plot, 

the vibrations in the axial direction dominate in the entire frequency range. This 

represents an expected and desired tendency. The respective maximal displacement 

amplitude (Az) is registered at approximately 128.8 kHz. Nevertheless, the following 

aspects should be reminded and taken into consideration before choosing the 

operational resonant frequency for the designed piezoelectric rotary stage. 

 

 
 

Fig. 2.6. Frequency response of piezocylinder, with denoted displacements of centres of the 

contact zones in different directions 
 

1. Rotational motion generated by the piezocylinder has to be caused by 

oscillations in both axial and tangential directions, so the corresponding 

displacement amplitudes have to be as high as possible. 
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2. A suitable vibration mode does not necessarily correlate only with the 

maximal amplitudes of displacement. 

3. Significant changes in frequency response curves commonly indicate such 

vibration modes which could possibly be used to generate uniform motion of the 

rotor. 

Evaluating the plot more carefully, it can be observed that there is a need to 

analyse the range between 124 kHz and 134 kHz, showing potential operational 

frequency interval. Thus, in the second step, harmonic analysis plot is formed (Fig. 

2.7), where three intervals denote the most characteristic changes in each curve, 

which were determined based on the three previously disclosed aspects. In the first 

interval (125.8–126.6 kHz), tangential displacement amplitudes (Ax) are slightly 

higher than those in the radial direction (Ay). The maximal values are 0.28 µm and 

0.27 µm, respectively. A corresponding Az value is equal to 0.59 µm. It should be 

noted that Ax values in this range are the highest compared to the ones in the second 

and third intervals. The second interval should be split into two parts, i.e. 128.4–

128.9 kHz and 129–129.4 kHz, with the tangential vibrations prevailing over the 

radial ones in the first interval; here the maximal values of Ax, Ay and Az reach 0.23 

µm, 0.17 µm and 1.15 µm, respectively. The radial vibrations dominate over the 

tangential ones in the second part, so it is not very meaningful for further analysis. 

Similarly, in the third interval, there is also a difference between two sub-ranges, 

where 131–131.4 kHz range is treated as irrelevant due to the same reason as 

mentioned before, while the range of 131.5–132 kHz features a proper dynamic 

behaviour, with the highest values of Ax, Ay and Az being 0.25 µm, 0.24 µm, and 

0.62 µm, accordingly. 
 

 
 

Fig. 2.7. Frequency response of the piezocylinder, with denoted displacements of centres of 

the contact zones in different directions within three potential operational frequency 

intervals: 1) 125.8–126.6 kHz; 2) 128.4–129.4 kHz; 3) 131–132 kHz 
 

Taking into account the primary results of frequency response analysis, it is 

obvious that the potential operational frequency can lie in any of all three 
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characteristic intervals, which raises a demand for further investigation. To fulfil this 

requirement, modal analysis was conducted. It allowed to determine the exact 

resonant frequencies and the associated vibration modes. The most important result 

is given in Fig. 2.8 showing the vibration mode of the PC at 60 V in the axial 

direction, when the resonant frequency is 126.23 kHz (the range of 125.8–126.6 

kHz). The latter direction represents the most characteristic displacement of the 

structure. This vibration mode results in three regular equally displaced zones (A–C) 

at the top surface, where the maximal positive displacements appear. By analogy, 

similar zones (D–F) displaced approximately by 60° are indicated at the bottom 

surface. They define the areas subjected to the maximal negative displacements. The 

minimal displacement occurs in the middle part of the PC with respect to its height. 

The resulting topology of displacement fields should lead to uniform motion of the 

rotor and thus, a successful operation of the rotary piezostage to be developed. 
 

 
 

Fig. 2.8. Axial displacement of the piezocylinder (modal analysis) caused by the vibration 

mode at resonant frequency of 126.23 kHz (125.8–126.6 kHz interval; U = 60 V)  
 

In the examined range of 128.4–129.4, there were three vibration modes found 

(128.61 kHz, 128.67 kHz and 128.78 kHz), with one mode (128.67 kHz) obtained in 

the range of 131–132 kHz (see Appendix C). However, all of them cause irregular 

distribution of the A–C and D–F zones. Hence, due to the exhibited behaviour, they 

are unacceptable for generating the rotor motion. 

In order to verify this choice, it was necessary to calculate the domination 

coefficients. They enable one to identify the prevalent oscillation type (e.g., 

tangential, radial, axial, etc.) in a piezoactuator and distinguish the vibration modes 

more accurately. Generally, the need to determine the coefficients is caused by a 

tendency for the piezocylinder of the same geometry but different dimensions to 

attain a varying distribution of vibration modes with respect to a range of resonant 

frequencies commonly sorted in the ascending order. Sometimes the situation 

becomes even more complicated because domains of different frequencies overlap. 

A solution to the indicated problem was proposed by Lithuanian scientists 

[121]. Assuming that the resonant frequencies and vibration modes of a 

piezoactuator have been calculated, the following sums can be formed for the 𝑛-th 

resonant frequency [121–122]: 

A 

C 

B 

D E 

F 
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 𝑆τ
𝑛 = ∑ (𝐴𝑖τ

𝑛 )2𝑟
𝑖=1 , (10) 

 

 𝑆ϕ
𝑛 = ∑ (𝐴𝑖ϕ

𝑛 )
2𝑟

𝑖=1 ,  (11) 
 

 𝑆ζ
𝑛 = ∑ (𝐴𝑖ζ

𝑛 )
2𝑟

𝑖=1 ,  (12) 
 

 𝑟 =
𝑙

𝑘
;  (13) 

 

here 𝑘 = τ, ϕ, ζ is the number of DOF in a node, 𝑙 is the number DOF of nodes in 

the model, 𝑟 is the size of vector of the vibration mode for the 𝑘-th coordinate, 𝐴𝑖𝑘
𝑛  

is the value of a vector of the vibration mode of the 𝑖-th element. Then the 

following ratios can be formulated [121–122]: 
 

 𝑠τ
𝑛 =

𝑆τ
𝑛

𝑆τ
𝑛+𝑆ϕ

𝑛+𝑆ζ
𝑛 , (14) 

 

 𝑠ϕ
𝑛 =

𝑆ϕ
𝑛

𝑆τ
𝑛+𝑆ϕ

𝑛+𝑆ζ
𝑛 , (15) 

 

 𝑠ζ
𝑛 =

𝑆ζ
𝑛

𝑆τ
𝑛+𝑆ϕ

𝑛+𝑆ζ
𝑛; (16) 

 

here 𝑠τ
𝑛,  𝑠ϕ

𝑛, 𝑠ζ
𝑛 are the oscillation energy ratios of the 𝑛-th resonant frequency in the 

τ, ϕ and ζ coordinate directions, and 𝑆ζ
𝑛, 𝑆ϕ

𝑛, 𝑆ζ
𝑛 are the oscillation energies of 

the 𝑛-th resonant frequency in the 𝑘-th direction. 

𝑠τ
𝑛,  𝑠ϕ

𝑛 and 𝑠ζ
𝑛 are also called partial domination coefficients, since they 

estimate the energy only in two coordinate directions. These coefficients have 

several drawbacks. Firstly, they are not normalised, so their values vary from zero to 

infinity. Secondly, there are six coefficients in the three-dimensional case, which 

makes the analysis very difficult.  

To avoid the described issue, a change in algorithm was applied, according to 

which, it is necessary to find the sum of vibration amplitude squares of the 

piezoactuator in all directions with respect to DOF of a point, i.e. the overall energy 

of a system in all directions. Then the respective ratios become [121–122]: 
 

 𝑠τ
𝑛 =

𝑆τ
𝑛

∑ 𝑆𝑖
𝑛𝑘

𝑖=1

 ,  (17) 

 

 𝑠ϕ
𝑛 =

𝑆ϕ
𝑛

∑ 𝑆𝑖
𝑛𝑘

𝑖=1

 ,  (18) 

 

 𝑠ζ
𝑛 =

𝑆ζ
𝑛

∑ 𝑆𝑖
𝑛𝑘

𝑖=1

; (19) 

 

here 𝑠𝑗
𝑛(𝑗 = τ, ϕ, ζ) is the oscillation domination coefficient corresponding to the 𝑛-

th vibration mode. The index 𝑗 indicates the direction in which the vibration energy 

is the highest during analysis. 𝑗 can be expressed in terms of notations written before 

(τ, ϕ, ζ), or any other symbols, including numbers (e.g., 1, 2 and 3), to stand for X, 
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Y, and Z directions. These coefficients are normalized, so their values vary within 

the range between zero and one. Therefore, a comparative investigation is easy to 

perform. 

During the executed numerical study, the domination coefficients were 

calculated for the chosen vibration mode. It was determined that 𝑠τ = 0.562, 𝑠ϕ = 

0.197, and 𝑠ζ = 0.241. These results imply that the analysed PC mostly vibrates in 

the tangential and axial directions (i.e. coefficients are the highest) which coincide 

with the directions governing a well-defined and uniform rotational motion of the 

piezoelectric rotary stage. The results confirm that the resonant frequency and 

vibration mode (and thus, geometry) of the piezocylinder were selected correctly. 
 

2.3.2. An evaluation of surface displacement 
 

After the previously conducted studies of the piezocylinder, the evaluation of 

its surface displacement was performed using additional harmonic analysis in order 

to realise how the surface of the examined object is affected in different directions 

under the influence of operational resonant frequency. The view of the total 

displacement of the analysed PC subjected to harmonic electrical excitation signal 

(60 V) of 126.23 kHz is provided in Fig. 2.9; the top surface is divided into three 

nearly even in shape maximal displacement zones (A–C), on which the contact zone 

elements should be attached. When affected by induced vibrations, they should 

move in an elliptical trajectory and generate the motion of the rotor. The 

displacement of the middle zone with respect to the height of the piezocylinder is 

negligible. Meanwhile, the bottom surface is mostly displaced in three zones (D–F) 

similar in shapes and amplitudes to the ones observed at the top surface but slightly 

different in displacement locations. The latter phenomenon can be explained by the 

imposed mechanical boundary conditions (see Fig. 2.5). In the case of no constrains, 

the zones at both the top and bottom surfaces would be identical.  
 

 
 

Fig. 2.9. The total displacement of the piezocylinder (harmonic analysis) caused by vibration 

mode at resonant frequency of 126.23 kHz (U = 60 V) 
 

Displacement of the PC in the tangential, radial, and axial directions is 

provided in Appendix C. The zones of tangential and radial displacement are 

A C 

B 

D 

E 

F 
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distributed similarly, i.e. three highest positive displacement zones are registered at 

the top and bottom surfaces; the two maximal negative displacement areas are 

located at the top and bottom surfaces, with one zone at each surface, accordingly. In 

the case of axial displacement, the so called ‘pattern of three zones’ takes the most 

obvious form, with the three regularly distributed peak zones of positive 

displacement at the top surface, and three peak zones featured by negative 

displacement at the bottom surface. The axial vibrations prevail when compared to 

the ones in two other directions. The middle-region pattern indicates the lowest 

displacement of the PC in all inspected directions. 

Another part of the evaluation of surface displacement is intended to ascertain 

what influence the applied voltage has on the displacements of the contact zones in 

different spatial directions. For that reason, the amplitude-frequency characteristics 

in tangential, radial and axial directions were obtained (Fig. 2.10) at the operational 

resonant frequency of 126.23 kHz. A general tendency for the amplitudes to increase 

with a rise of applied voltage is observed. The average increase rate is equal to 0.005 

µm/V with respect to the tangential and radial directions and 0.01 µm/V with respect 

to the axial direction. It is also observed that the amplitudes attain the values of 0.28 

µm, 0.27 µm, and 0.59 µm, respectively, at the operational voltage (60 V) in the 

mentioned directions. Similar differences in the amplitudes are noted under the 

effect of other values of the driving voltage. The maximal voltage amplitude of 80 V 

was chosen so as not to induce the overheating phenomenon in piezoceramics. It can 

be stated that an increase in driving voltage leads to linear rise in displacements of 

the contact zones. It should also be noted that there is a minor difference between 

the tangential and radial displacements at the same frequency and different voltage. 

However, the tangential displacements are slightly higher than the radial ones. The 

maximal displacements are registered in the axial direction. These results confirm 

the outcome of the modal analysis described earlier in this chapter, i.e. the 

investigated object vibrates most intensively in the tangential and axial directions. 
 

a)  
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b)  
 

c)  
 

Fig. 2.10. Amplitude-frequency characteristics of the piezocylinder showing the influence of 

applied voltage on the displacements of contact zones in tangential (a), radial (b) and axial 

(c) directions (fres = 126.23 kHz) 
 

2.3.3. An evaluation of vibrational motion trajectories of contact zones 
 

An elliptical motion trajectory is a well-known distinct feature of standing- 

and travelling-wave ultrasonic resonant-type motors and drives. If a shape of ellipse 

is regular, the motion of a rotor is uniform and can be used for various positioning 

applications. On the other hand, when the latter shape is distorted, the top surface of 

the piezocylinder is inappropriately deformed, causing irregular motion of the 

contact zones and thus, the rotor. This plays a very meaningful role when evaluating 

the dynamic properties of the system. Taking that into consideration, it was decided 

to examine the chosen PC in terms of generated vibrational motion trajectories of the 

contact zones in all XYZ planes. In addition, the influence of voltage amplitude on 
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the motion trajectory in each case was disclosed. As in the previously conducted 

investigations, the PC was subjected to harmonic electrical excitation signal at the 

operational frequency of 126.23 kHz. In Fig. 2.11a, the plot showing motion 

trajectories in XY plane is given. The obtained shapes of all curves in this plot are 

elliptical but quite contracted. Such tendency appears due to the dominating 

vibrations in the tangential direction. 0.09 µm (20 V) and 0.38 µm (80 V) are the 

lowest and the highest values of displacement amplitude in the latter direction, 

correspondingly. 0.09 µm and 0.36 µm are the respective amplitudes in the radial 

direction. Motion trajectories in the YZ plane are presented in Fig. 2.11b. Here the 

shapes of the curves become even more extended, which is caused mainly by the 

prevalent oscillations in the axial direction. The minimal and maximal amplitudes 

attributed to the axial direction are 0.2 µm (20 V) and 0.79 µm (80 V), respectively. 
 

a)  
 

b)  



55 

 

c)  
 

d)  

 

Fig. 2.11. The relationship between applied voltage amplitude and motion trajectories of 

contact zones of the piezocylinder in XY (a), YZ (b) and XZ (c) planes and the 3D space (d) 
 

Table 2.1 summarises all maximal displacement amplitude values. Fig. 2.11c 

presents the vibrational motion trajectories in the XZ plane. As explained in Section 

2.3.2, tangential and axial oscillations contribute to the formation of the highest 

displacements. Therefore, the appropriate trajectories are defined by the most 

regular elliptical shape, leading to the generation of the most uniform motion of both 

the contact zones (and thus, the contact zone elements) and the rotor. In order to 

visualise better, all obtained resultant motion trajectories are provided in 3D space 

(Fig. 2.11d). Considering the constructed plots and results of the previously 

conducted numerical studies, it can be stated that the value of the adopted resonant 

frequency can be confirmed as suitable for application in the designed piezoelectric 

stage. 
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Table 2.1. The amplitude values of maximal displacement of contact zones under 

the effect of applied voltage 
 

 20 V 40 V 60 V 80 V 

X direction 0.09 µm 0.19 µm 0.28 µm 0.38 µm 

Y direction 0.09 µm 0.18 µm 0.27 µm 0.36 µm 

Z direction 0.20 µm 0.39 µm 0.59 µm 0.79 µm 
 

The analysis of the influence of the applied voltage amplitude on the motion 

trajectories revealed the same tendency as the previous section, i.e. an increase in 

electrical potential initiates higher displacement amplitudes; that, in turn, provides 

more extended in shape elliptical motion trajectories of the contact zones. 
 

2.4. A mathematical model of interaction between the piezocylinder and the 

rotor 
 

In order to understand how the oscillations induced within the excited PC are 

transmitted to the rotor, a mathematical model describing the contact between these 

two structural elements has been developed and is presented further. 

A lumped-parameter model defined by five DOF and representing the 

interaction between the PC with contact zone element (1) and the rotor (2) is 

depicted in Fig. 2.12. The contact zone element of the piezocylinder performs a 

forced motion in two orthogonal directions, causing the rotor to move in the 

clockwise or opposite direction. The two corresponding positions (points) of the 

interacting components are denoted as 𝐴1(𝑥1, 𝑦1) and 𝐴2(𝑥2, 𝑦2), where 𝑥1 = 𝑥2 =
𝑥; displacement of the rotor at the contact area in the normal direction is expressed 

as 𝑣 = 𝑙 − 𝑦2.  

It is assumed that the point of the rotor undergoes displacement in the 

tangential (𝑢) and axial (𝑣) directions when interacting with the contact zone 

element. The respective deformation forces acting on the PC and rotor are: 
 

 𝑃𝑦1 = 𝑚1𝑦̈1 + 𝐻𝑦1
𝑦̇1 + 𝐶1𝑦1 − 𝐵cos(ω𝑡), (20) 

 

 𝑃𝑦2 = 𝐻𝑦2
𝑦2̇ + 𝐶2(𝑦2 − 𝑙), (21) 

 

 𝑃𝑥1 = 𝑚1𝑥̈1 + 𝐻𝑥1
𝑥̇1 + 𝐶𝑥1

𝑥1 − 𝐴sin(ω𝑡), (22) 
 

 𝑃𝑥2 = 𝑃𝑢 = 𝐻𝑢𝑢̇ + 𝐶𝑢𝑢, (23) 
 

 𝑃𝑠 = 𝑚2𝑠̈ + 𝐷𝑠̇; (24) 
 

here 𝑚1 is the mass of the piezocylinder with the contact zone element, 𝑚2 is the 

mass of the rotor, 𝐻𝑥1
 and 𝐻𝑦1

 are the coefficients of viscous friction of the 

piezocylinder in the tangential and axial directions, respectively, 𝐻𝑢 and 𝐻𝑦2
 are the 

coefficients of viscous friction of the rotor in the tangential and axial directions, 

respectively, 𝐶𝑥1
 and 𝐶1 = 𝐶𝑦1

 are the coefficients of stiffness of the piezocylinder 

in the tangential and axial directions, respectively, 𝐶𝑢 and 𝐶2 = 𝐶𝑦2
 are the 

coefficients of stiffness of the rotor in the tangential and axial directions, 

respectively, 𝐴sin(ω𝑡) and 𝐵cos(ω𝑡) are the external (excitation) forces of the 
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piezocylinder, 𝑠̇ is the velocity of the rotor, and 𝐷𝑠̇ is the force of resistance to the 

motion of the rotor. It should be noted that in the system of coordinates XOY, the 

equilibrium position of the piezocylinder with a contact zone element in the axial 

direction is observed, when 𝑦1 = 0, and the respective position of the rotor is 

observed, when 𝑦2 = 𝑙.  
 

 
 

Fig. 2.12. Lumped-parameter model representing the interaction between the piezocylinder 

with a contact zone element (1) and the rotor (2) 
 

The following substitutions of the terms are introduced so as to simplify the 

equations presented previously: 𝑝2 =
𝐶1

𝑚1
, τ = 𝑝𝑡, 𝑦̇1 =

𝑑𝑦1

𝑑𝑡
= 𝑝

𝑑𝑦1

𝑑(𝑝𝑡)
= 𝑝𝑦1

′ , 

𝑦̈1 = 𝑝2𝑦′′, 𝑥̇1 = 𝑝𝑥1
′ , 𝑥̈1 = 𝑝2𝑥′′, ℎ𝑦1

=
𝐻𝑦1

√𝑚1𝐶1
, ℎ𝑦2

=
𝐻𝑦2

√𝑚1𝐶1
, ℎ𝑥1

=
𝐻𝑥1

√𝑚1𝐶1
, 

ℎ𝑢 =
𝐻𝑢

√𝑚1𝐶1
, 𝑑 =

𝐷

√𝑚1𝐶1
, 𝐶21 =

𝐶2

𝐶1
, 𝐶𝑥11 =

𝐶𝑥1

𝐶1
, 𝐶𝑢1 =

𝐶𝑢

𝐶1
, 𝑃̅ =

𝑃

𝐶1
, 𝑎 =

𝐴

𝐶1
, 𝑏 =

𝐵

𝐶1
, 

μ =
𝑚2

𝑚1
, ν =

ω

𝑝
, and 𝑇τ =

2π

ν
; here 𝑝 and ω are the natural and angular frequencies of 

the piezocylinder, correspondingly. Then the Eq. (20–24) become: 
 

 𝑃̅𝑦1
= 𝑦1

′′ + ℎ𝑦1
𝑦1

′ + 𝑦1 − 𝑏cos(ν𝑡), (25) 
 

 𝑃̅𝑦2
= ℎ𝑦2

𝑦2
′ + 𝐶21(𝑦2 − 𝑙), (26) 

 

 𝑃̅𝑥1
= 𝑥1

′′ + ℎ𝑥1
𝑥1

′ + 𝐶𝑥11𝑥1 − 𝑎sin(ν𝑡), (27) 
 

 𝑃̅𝑢 = ℎ𝑢𝑢′ + 𝐶𝑢1𝑢, (28) 
 

 𝑃̅𝑠 = μ𝑠′′ + 𝑑𝑠′. (29) 
 

The following are the two cases describing the absence and presence of the 

interaction between the PC with a contact zone element and the rotor. 
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 Case 1 (𝑦1 > 𝑦2) 

In this case, the contact zone element does not interact with the rotor. Thus, the 

expressions of the forces take the forms: 𝑃̅𝑦1
= 0, 𝑃̅𝑦2

= 0, 𝑃̅𝑥1
= 0, 𝑃̅𝑢  = 0, 𝑃̅𝑠 = 0. 

 Case 2 (𝑦1 = 𝑦2) 

In this case, the contact zone element interacts with the rotor. Therefore, the 

following expressions are valid: 𝑃̅𝑦1
+ 𝑃̅𝑦2

= 0, 𝑃̅𝑥1
+  𝐹̅𝑓 = 0, 𝑃̅𝑢 − 𝐹̅𝑓 = 0, 

𝑃̅𝑠 − 𝑃̅𝑢 = 0; here 𝐹̅𝑓 is the friction force between the contact zone element and the 

rotor, and it is expressed as 𝐹̅𝑓 = 𝐻0|𝑃̅𝑦2
|sgn(𝑥′ − (𝑢′ + 𝑠′)). A more detailed form 

of the latter expression is provided further: 

𝐹̅𝑓 = {(−1, +1)

+𝐻0|𝑃̅𝑦2
|, 𝑤ℎ𝑒𝑛 (𝑥′ − (𝑢′ + 𝑠′)) > 0

   𝐻0|𝑃̅𝑦2
|, 𝑤ℎ𝑒𝑛 (𝑥′ − (𝑢′ + 𝑠′)) = 0

−𝐻0|𝑃̅𝑦2
|, 𝑤ℎ𝑒𝑛 (𝑥′ − (𝑢′ + 𝑠′)) < 0

. 

The obtained differential Eq. (25–29) were solved numerically by using the 

Newmark method, by means of software Borland C++ Builder 6, taking into account 

the expressions described in Case 2. The calculations were performed using such 

values of the relevant dimensionless parameters which would represent and 

characterise the real analysed system as much as possible: ℎ𝑦1
= ℎ𝑥1

= 0.1, 

ℎ𝑦2
= ℎ𝑢 = 0.1, 𝐶21 = 4, 𝐶𝑥11 = 1, 𝐶𝑢1 = 4, μ = 4, 𝑑 = 0.1, 𝑎 = 𝑏 = 1, ν = 1; 

1.25; 1.43, 𝑙 = -0.8; 0; 0.8. 

The responses of the analysed system were registered in the steady state of 

motion in the presence of varying excitation frequency of the piezocylinder (ν) and 

distance of the rotor from the equilibrium position in the axial direction (𝑙). One of 

the most representative groups of the obtained responses is given below. In this case, 

resonant excitation frequency was applied, and the distance of the rotor from the 

equilibrium position was -0.8 (i.e. a small gap between the interacting parts). In 

order to provide a better understanding of the time-dependent plots (Fig. 2.13a–c), 

two periods of the respective motion in the negative (counter-clockwise) direction 

are shown. The positions of two contacting points in the axial direction versus time 

are observed in the first plot (a). In the beginning, the contact zone element of the 

piezocylinder moves according to the harmonic excitation law and does not interact 

with the rotor that stands still. Afterwards, interaction begins, and the contact zone 

element moves along with the rotor down and up in the axial direction due to 

respective deformation induced within the rotor. Then the contact zone element 

continues moving up (i.e. retraction takes place), while the rotor remaining at rest 

(i.e. equilibrium position) until the next repeated interaction. The second plot (b) 

illustrates the resulting corresponding tangential displacement of the rotor. When 

affected by the contact zone element, the rotor slightly moves forward because of 

acting friction force, which causes a little slip, and then moves backward due to 

acting sufficient deformation force in the normal direction. When the influence of 

this force decreases (i.e. due to specific motion trajectory of the contact zone 

element), a slip occurs, making the rotor slightly move forward again until the next 

repeated interaction. The third plot (c) shows the total angular displacement of the 

rotor versus time, and the last plot (d) provides the motion trajectory of the contact 
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zone element with in the tangential-axial plane. As it is observed, a nearly elliptical 

shape is formed, thus leading to a well-defined motion of the rotor.  
 

  
a) 

 

b)  
 

  
c) d) 

 

Fig. 2.13. Response characterising the interaction between the piezocylinder and the rotor via 

a contact zone element during steady state motions, when ν = 1 and 𝑙 = -0.8: a) the positions 

of two contacting points in the axial direction versus time; b) the tangential displacement of 

the rotor versus time; c) total angular displacement of the rotor versus time; d) the motion 

trajectory of the contact zone element in the tangential-axial plane 
 

When comparing the described response with the other two (𝑙 = 0 and 𝑙 = 

0.8), it can be stated that the shorter distance (i.e. smaller gap) between the rotor and 

the contact zone element in the normal direction during the rotor motion is, the more 

distorted and non-uniform motion characteristics are obtained, when the resonant 

excitation frequency is applied to the PC. These two responses are given in 

Appendix D.  

In addition to the performed investigation, the responses of the same type were 

analysed, with the excitation frequency of the PC increased with respect to the 

resonance (ν = 1.25 and ν = 1.43). Comparing the respective responses (see 

Appendix D), it was found that the higher shift of the excitation frequency from the 

resonant frequency causes more irregularities and non-linear motion properties. 

Hence, the recommended operational regime of high resolution piezoelectric rotary 

stage to be developed should be equal to or span in the vicinity of resonant 

excitation frequency (i.e. maximum up to ν = 1.25). In addition, there should be a 

small (but sufficient) gap between the rotor and the contact zone element in the 

normal direction during the rotor motion.  
 

y1 

y2 
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2.5. Transient analysis of interaction between the piezocylinder and the rotor 
 

In the last part of this chapter, the emphasis is placed on the transient analysis 

of interaction between the piezocylinder and the rotor, which allows one to 

determine the response of the latter element in time under varying external load.  

A computational model of the contacting parts was composed (Fig. 2.14) with 

the boundary conditions being as follows: 1) gravitational force of the rotor (0.5 N) 

is present; 2) bearing-type fixture is applied to the shaft of the rotor; 3) friction 

coefficient between the contact zone elements and the rotor is equal to -0.5; 4) in the 

presence of external loading (0–2 kg), the central axis of the applied load coincides 

with the rotation axis of the rotor; 5) harmonic excitation signal (60 V, 126.23 kHz) 

is used to generate motion of the contact zone elements (i.e. it is assumed that the 

induced displacement and the resulting vibrational motion of the contact zone 

elements coincide with the behaviour of the excited piezocylinder at the contact 

zones, when the piezocylinder does not interact with any other structural elements, 

as it was presented in Subchapter 2.3). 
  

 
 

Fig. 2.14. FE model of the interaction between the piezocylinder and the rotor via three 

equally displaced contact zone elements 
 

Vibro-impact interaction of the contacting surfaces in the analysed 

piezocylinder-rotor system was implemented by applying the penalty method (pure 

penalty formulation) which utilises the 

imaginary stiff springs placed in 

between the contacting elements (Fig. 

2.15). In the given figure, the contact 

normal (𝐹𝑛) and tangential (𝐹𝑡) forces 

are exerted by the piezocylinder on the 

contact zone element which is pressed 

against the rotor. Both elements are 

treated as rigid bodies in this case. The 

pure penalty formulation is expressed 

by the first variation of potential 

energy of two interacting surfaces 

 

 
 

Fig. 2.15. The principle of penalty method 

applied for the analysis of two contacting 

surfaces 
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using the equation given below [123]: 
  

 δ ∏ = 𝐹𝑛δ𝑥𝑛 + 𝐹𝑡δ𝑥𝑡 = 𝑘𝑛𝑥𝑛δ𝑥𝑡 + sgn(𝑥𝑡)μ𝑘𝑛𝑥𝑛δ𝑥𝑡; (30) 
 

here 𝑘𝑛 is the contact stiffness in the normal direction, 𝑥𝑛 is the penetration along 

the normal direction, 𝑥𝑡 is the penetration along the tangential direction, and μ is the 

coefficient of friction between one contacting element with respect to another. 

This investigation was separated into two parts – the first one was devoted to 

the analysis of transient response of the overall system with respect to tangential 

displacement, and the second one was devoted to the analysis of an arbitrary 

selected point in the outer radial surface of the rotor with respect to the tangential 

and axial displacements. 

 Firstly, the rotor was not subjected to any external load. The further views 

(Fig. 2.16) of total displacement indicate the response of a piezocylinder-rotor 

system at different moments of time after the start of applied electrical excitation. It 

can be observed that only the locations of the rotor undergoing the induced 

vibrations are affected (maximal displacement reaches 1.2 µm), when the time is 

0.09 ms. Afterwards (at 0.25 ms), the displacement of the rotor is spread more 

widely, affecting the central part of the rotor (maximal displacement reaches 2.9 

µm). At the last instant of time (2 ms), the major outer part of the rotor is displaced 

(4.6 µm). So, different zones of the rotor become affected over time after the start of 

electrical excitation. Fig. 2.17a provides the respective transient response of the 

analysed piezocylinder-rotor system, just in terms of the maximal tangential 

displacement at the centres of the contact zone elements. Parasitic vibrations of the 

rotor take place for 2 ms, with no actual rotational motion occurring. Fig. 2.17b 

illustrates one of the most characteristic responses of the same system, when the 

applied external load is 2 kg. In this case, the parasitic vibrations vanish after 0.4 ms 

(settling time), and the actual rotor motion starts; the displacement non-linearly rises 

until 2 ms and reaches the peak of 28.85 µm. The corresponding responses of the 

piezocylinder-rotor system under effect of other external loads (0.1–1 kg) are shown 

in Appendix E. In general, the time required for the actual rotor motion to start 

differs depending on the applied load; the higher the load is, the less time it takes for 

the rotor to start moving and the faster parasitic oscillations diminish (see Fig. 2.18).  
 

a)  
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b)  

c)  
 

Fig. 2.16. Total displacement of the piezocylinder-rotor system (no external load applied) at 

different moments of time after the start of electrical excitation: a) at 0.09 ms; b) at 0.25 ms; 

c) at 2 ms 
 

This non-linear tendency can be explained by the presence of inertia of the rotor, 

which is directly related to the applied load; hence, the investigated piezocylinder-

rotor system is particularly sensitive to load ranging from 0 kg to 0.5 kg, as the 

settling time decreases significantly. 

When analysing the transient response of an arbitrary selected point which is 

located in the outer radial surface of the rotor (i.e. all points behave in the same way) 

with respect to the tangential displacement under varying external load (0–2 kg) the 

characteristic responses were collected, summarised and are illustrated in Fig. 2.19. 
 

a)  
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b)  
 

Fig. 2.17. Transient response of the piezocylinder-rotor system in terms of tangential 

displacement at the centres of the contact zone elements after the start of electrical excitation 

when the applied external load is: a) 0 kg; b) 2 kg 
 

 
 

Fig. 2.18. The dependence of settling time (actual motion start) of the rotor on the applied 

external load 
 

The application of low load (0–0.25 kg) causes a nearly linear increase in the 

displacement of the selected point. Nonetheless, the presence of higher loads results 

in a non-linear rise of displacement and a rather significant increase rate. The peaks 

are observed at the final moment of time (2 ms), with the lowest value of 1.24 µm (0 

kg) and the highest value of 28.85 µm (2 kg). It should be noted that all obtained 

curves are uniform in shape and width, with no parasitic vibrations determined. 

They represent a well-defined motion of the rotor in the inspected direction. 

In terms of axial displacement of the same point under identical loading 

conditions, the constructed most characteristic respective plots are provided in Fig. 

2.20, and the remaining plots are given in Appendix E. It can be stated that the 

generated displacements are more irregular than the tangential ones which can be 

explained by the possible influence of design imperfection of the analysed 

piezocylinder-rotor system or the presence of inertia of the rotor. However, the 

overall tendency for the response curves to attain a more regular periodic shape is 

observed, when the used loads are higher. That is mainly due to the resulting higher 

pressure force causing a more frequent interaction between the rotor and the contact 
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zone elements. The dependence of the latter frequency on the applied external load 

is depicted in Fig. 2.21. It is evident that a rise in the applied load from 0 kg to 0.5 

kg produces a substantial rise (1.92 kHz/kg) in the contact frequency values. 0.5 kg 

denotes the limiting (‘saturation’) value after which an increase in the load leads to a 

minor increase (0.17 kHz/kg) in the contact frequency. 
 

 
 

 Fig. 2.19. The transient response of the arbitrary selected point of the rotor with respect to 

tangential displacement after the start of electrical excitation when applying external load 
 

Referring to Fig. 2.19–2.20 and Appendix E, it should also be noted that the 

peak values of the tangential displacement of the arbitrary selected point of the rotor, 

which are related to the load-free condition and 0.1 kg, are lower than the 

corresponding axial displacement values; nonetheless, the tendency inverts 

significantly for higher loads (see Table 2.2). The application of the load beyond the 

indicated limit ensures a generation of higher pressure force; hence, the axial 

displacements decrease to a minimum, while the tangential displacements prevail 

and increase up to 28.85 µm. 
 

a)  
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b)  
 

Fig. 2.20. The transient response of the arbitrary selected point of the rotor with respect to 

axial displacement after the start of electrical excitation when applying an external load of: a) 

0 kg; b) 2 kg 
 

 
 

Fig. 2.21. The dependence of contact frequency in the axial direction between the rotor and 

contact zone elements on the applied external load 
 

Considering all the aspects discussed in this subchapter, it is possible to 

assume that if no other conditions are changed, a load varying between 0.1 kg and 

0.5 kg should provide the lowest minimal incremental step (highest resolution) of 

the investigated piezocylinder-rotor system. 
 

Table 2.2. A comparison between the maximal tangential and axial displacements of 

an arbitrary point of the rotor under the effect of external load 
 

 Applied external load 

 0 kg 0.1 kg 0.25 kg 0.5 kg 1 kg 2 kg 

Tangential 

displacement [µm] 
1.24 2.51 4.44 7.84 15.05 28.85 

Axial 

displacement [µm] 
7.70 4.12 2.31 1.61 1.21 0.74 
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2.6. Chapter conclusions 
 

This chapter has presented the theoretical investigation of high-resolution 

piezoelectric rotary stage driven by resonant ultrasonic standing-waves. Relying on 

and summarising the obtained results, the following conclusions are made: 

 Harmonic and modal analyses of the piezocylinder disclosed the 

operational frequency interval to fall in the range of 125.8–132 kHz, with 

the selected operational resonant frequency equal to 126.23 kHz. The 

research indicated that an increase in the applied driving voltage (20–80 

V) leads to a linear rise in the tangential, radial and axial displacements of 

the contact zones. It was also identified that elliptical motion trajectories 

of the contact zones in the axial-tangential plane form a well-defined 

rotational motion of the rotor. 

 Lumped-parameter analytical model defined by five DOF, which describes 

vibro-impact interaction dynamics between the piezocylinder and the 

rotor, was developed. The recommended operational frequency of the 

piezocylinder is equal to or span in the vicinity of resonant frequency, and 

there should be a small gap between the rotor and the contact zone element 

in the normal direction during the rotor motion. The model can be easily 

adapted to various piezoelectric friction-based rotary and linear motors. 

 Transient numerical studies of the piezocylinder interaction with the rotor 

under varying external loading (0–2 kg) conditions revealed that the time 

needed for the actual rotor motion to start is inversely and non-linearly 

dependent on the applied external load. It was also determined that the 

tangential displacement of the arbitrary selected point of the rotor is much 

more uniform when compared to the displacement observed in the axial 

direction.  
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3. EXPERIMENTAL RESEARCH OF A HIGH-RESOLUTION 

PIEZOELECTRIC ROTARY STAGE 

 
This chapter explores the high-resolution piezoelectric stage. Firstly, most of 

attention is paid to the main dynamic characteristics of the piezocylinder, followed 

by the motion trajectories of its contact zone elements, and the assessment of surface 

displacement demonstrated afterwards; 

properties related to the resolution and torque 

are determined further, with a possibility to 

generate torsional oscillations concomitant 

with rotational motion presented at the end. 

In order to examine the operation and 

performance of the piezostage, an 

experimental prototype was produced and 

tested (Fig. 3.1). 

Fig. 3.2 presents the design and 

structure of the system, both of which 

correspond to the ones thoroughly described 

in previous subchapters (2.1–2.2).  
 

 
  

 Fig. 3.2. Experimental model of high-resolution piezoelectric rotary stage with indicated 

components: 1 – housing; 2 – supporting base elements (three units; not visible from top 

view); 3 – piezocylinder; 4 – contact zone elements (three units); 5 – rotor; 6 – rotor shaft; 7 

– precise bearing; 8 – magnet; 9 – non-magnetic material; 10 – glass-chromium incremental 

scale; 11 – optical head and displacement readout unit 
 

3.1. Main dynamic characteristics 
 

Impedance measurement 
 

To verify the results of theoretical investigation related to the potential limits 

of the operational regime of the piezoelectric stage, it was initially subjected to 

impedance analysis. To carry out the aforementioned measurement, an impedance 

 

 
 

Fig. 3.1. An image of the experimental 

prototype of the piezoelectric stage 
 

11 

2 
4 3 5 6 7 

8 9 10 

1 
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analyser (Wayne Kerr 6500B) was used (see Fig. 3.3). In this particular case, the 

characteristics of the PC were explored. The obtained results are depicted in Fig. 3.4. 

In the beginning, a group of electrodes of the PC, which initiate a clockwise motion 

of the rotor, was excited. As it is observed in the spectrum (Fig. 3.4a), there are three 

resonant frequency intervals, where impedance and phase angle curves change 

mostly, with the most of distinction registered in 124–136 kHz range. Afterwards, 

the experiment was repeated when inspecting the response of the system in terms of 

the opposite motion. The formed spectrum (Fig. 3.4b) appears to be very similar to 

the one defining the clockwise motion in terms of number, shape and values of 

characteristic frequency intervals. However, the most significant change in the 

characteristic curves is observed in the range of 125–134 kHz. The differences 

between both of the mentioned intervals and the maximal and minimal values of 

impedance can be explained by the effect of tribological properties of contact pairs 

(i.e. interaction of contact zone elements and rotor) and transient processes occurring 

in the piezostage when the motion is reversed (i.e. mostly due to presence of inertia);   
 

 
 

Fig. 3.3. Impedance measurement setup: 1 – investigated high-resolution piezoelectric stage; 

2 – impedance analyser (Wayne Kerr 6500B) 
 

a)  

2 

1 
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b)  
 

Fig. 3.4. Impedance and phase angle as a function of PC excitation frequency generating 

motion of the piezostage in clockwise (a) and counter-clockwise (b) direction 
 

the possible inhomogeneity of the piezoceramics impacts that as well. Nevertheless, 

considering such a close similarity between both spectra, it is possible to state that 

the determined range values of 125–134 kHz are treated as potential operational 

regime limits for the designed actuator. It should be reminded that FE analysis 

revealed the resonant frequency of the piezocylinder, which is the most suitable to 

induce the required vibration mode, to be 126.23 kHz. 
 

Determination of the resonant frequency and vibration mode  
 

So as to clarify, if the impedance-revealed values are correct and to extend the 

understanding of the main dynamic properties related to the investigated piezostage, 

it was necessary to validate the results of theoretical harmonic and modal studies 

(see Chapter 2). This was achieved by applying the 3D scanning LDV technique. A 

simplified structural scheme of the laser Doppler vibrometer is given in Fig. 3.5. It 

contains three computer-controlled optical sensors (X, Y, Z scanning mirrors) and a 

video camera inside an optical head. The surface of the vibrating object to be 

analysed is scanned point-by-point by three lasers to provide a large number of very 

high spatial resolution measurements which allow for accurate dynamic movement 

detection of the object in different directions in space. As a consequence, the 

obtained structural vibration data can be used to compute and animate body 

vibration modes and deflection shapes in frequency and/or time domain upon 

request. The typical operational steps of 3D scanning vibrometry encompass the 

definition of measurement points, the investigated structure excitation, a scan to 

acquire vibration response at each point, visualisation, and data export for post-

processing analysis [125–127].  
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Fig. 3.5. A simplified structural scheme of laser Doppler vibrometer [124]  
 

The experimental equipment employed in this research is presented in Fig. 3.6. 

At the heart of the setup there is a full-field 3D scanning LDV system Polytec PSV-

500-3D-HV with PSV 9.2 software. In order to make an adequate comparison with 

the FE simulation results, the PC was separated from the housing of the piezoelectric 

stage, with the bottom surface of the PC immovably fixed (by means of double-

sided sticky tape) to a stand. The PC was analysed from clockwise and counter-

clockwise rotational motion point of view. The resonant frequencies inducing 

vibration modes which are most suitable for generating the well-defined rotational 

motion, were determined. In both experimental cases, the excitation signal frequency 

varied within 50–150 kHz interval. Amplitude-frequency characteristic in the 

clockwise direction (see bottom of Fig. 3.7a) indicate that there are seven possible 

operational resonant frequency values (56.1 kHz, 96 kHz, 123 kHz, 125.8 kHz, 

126.26 kHz, 132.9 kHz, 135 kHz) in the spectrum. Referring to the impedance 

measurement results discussed before (see Fig 3.4), the operational resonant 

frequency range lies between 125 kHz and 134 kHz. Therefore, just three of the 

obtained values were examined in detail. The operational frequency was determined 

on the basis of the same three criteria which were adopted when evaluating the FE 

simulation results in Section 2.3.2. Considering all the aforementioned aspects, 

126.26 kHz was approved as the most suitable frequency to generate clockwise 

rotational motion of the piezoelectric stage. The resulting displacement of the top 

surface of the PC at the initial time instant with respect to the non-displaced surface 

(represented by black mesh) at the selected vibration mode is shown in the upper 

part of Fig. 3.7a. There are three zones (A–C), where the displacements attain the 

maximal values; these zones correspond to the actual locations of contact zone 

elements. The experiment was repeated for the counter-clockwise case (Fig. 3.7b), 

with the operational resonant frequency found to be the same as in the previous case. 

The displacement of the top surface of the PC is slightly more regular when 

compared to the previous result, but the pattern of the maximal displacement zones 

(A’–C’) remains the same. From harmonic analysis point of view, the spectrum 

almost coincides with the one related to the clockwise direction; the curves 
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corresponding to tangential, radial and axial displacements are very similar in terms 

of the shape of curves and the maximal amplitude values. Generally, the vibration 

mode selected in both investigated cases indicates a close similarity to the one 

chosen in FE analysis (see Fig. 2.9). 
 

 
 

Fig. 3.6. Experimental equipment to determine the operational resonant frequency and 

vibration mode of the piezocylinder: 1 – optical table (1HT15-20-20, Standa Ltd); 2 – 3D 

scanning LDV system (Polytec PSV-500-3D); 3 – computer with PSV software; 4 – stand; 5 

– piezocylinder 
 

 

a) 
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b) 

 

Fig. 3.7. Displacement of the top surface of piezocylinder at selected vibration mode and the 

corresponding amplitude-frequency characteristics in clockwise (a) and counter-clockwise 

(b) directions (Ax, Ay, Az are the tangential, radial and axial displacement amplitudes)  
 

Continuing the experiment, the displacement of the top surface of the analysed 

PC in different spatial directions was inspected. The results given in Fig. 3.8 were 

obtained under excitation of electrodes at 126.26 kHz to induce rotational motion of 

the piezoelectric stage. Fig. 3.8a,c,e denote the displacements of the PC in the 

tangential, radial and axial directions, respectively, in case of clockwise motion. The 

resulting displacements attributed to the opposite direction of motion are observed in 

Fig. 3.8b,d,f, accordingly. In Fig. 3.8a, there are two maximal (red), two minimal 

(blue), and four intermediate (green and yellow) displacement zones; their exact 

locations are not highly important, because this is only a one-directional (tangential) 

displacement component. Referring to Fig. 3.8c, it is obvious that the maximal 

displacement zones are ‘shifted’ by 90° with respect to the axis of rotation which 

can be explained by perpendicularity between axes X and Y. Also, there are no 

minimal displacement zones, which implies that the radial vibrations are exhibited 

by nearly the entire structure. The most characteristic maximal displacement pattern 

is visible in Fig. 3.8e. Three equally displaced zones are located exactly at the top of 

the excited electrodes. It should be reminded that the axial and tangential oscillations 

have a pronounced influence on the generation of a well-defined motion of the 

piezostage. Analysing the views attributed to the counter-clockwise motion (Fig. 

3.8b,d,f), the number of the maximal, minimal and intermediate displacement zones 

is nearly the same for each respective vibrational direction compared to the 

previously discussed figures. The only difference is the opposite locations, i.e. the 

characteristic zones are ‘shifted’ by 90° for the tangential and radial displacements 

with respect to the axis of rotation and 60° correspondingly for the axial 

displacement. This is governed by the excitation of a group of three other electrodes. 
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To sum up, it can be stated that the selected resonant frequencies induce such 

oscillations in the piezocylinder which cause the formation of regular displacement 

of the top surface in all spatial directions. Based on that, the operational frequencies 

are confirmed to be chosen correctly. 
 

 
a) 

 

 
b) 

 

 
c) 

 

 
d) 

 

 
e) 

 
f) 

 

Fig. 3.8. Displacements of the top surface of PC in the tangential (a, b), radial (c, d) and axial 

(e, f) directions under the excitation of electrodes (f = 126.26 kHz) to induce clockwise (a, c, 

e) and counter-clockwise (b, d, f) rotational motion of piezoelectric stage [red zones indicate 

maximal displacements, while blue zones correspond to minimal displacements] 
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3.2. Motion trajectories of contact zone elements 
 

As it was already discussed in Chapter 2, elliptical motion trajectory plays a 

crucial role in standing- and travelling-wave ultrasonic resonant-type motors, since it 

determines how uniform the generated motion is. Therefore, in order to conduct a 

more in-depth research of the designed system dynamics and validate the FE 

modelling results, it was essential to form the vibrational motion trajectories of 

contact zone elements in all spatial planes. Moreover, the relationship between the 

applied voltage amplitude and induced motion trajectory was identified in each case. 

The experimental setup (including the piezocylinder) used in this investigation was 

the same as presented in the previous subchapter (see Fig. 3.6). Initially, 126.26 kHz 

harmonic electrical excitation signal was supplied to the PC to generate a clockwise 

motion of the contact zone elements. Fig. 3.9a shows a plot containing a series of 

motion trajectory curves in XY plane. All curves are characterised by a regular and 

even elliptical shape, which reveals a similarity between the tangential and radial 

oscillations. However, the amplitudes of displacements disclose the tangential 

vibrations to be predominant. In the latter direction, the minimal displacement 

amplitude value is 0.12 µm (20 V), while the maximal value is 0.45 µm (80 V). In 

the radial direction, the corresponding values are equal to 0.11 µm (20 V) and 0.41 

µm (80 V). Motion trajectories in the YZ plane are given in Fig. 3.9b. Here, the 

shapes of the curves are also elliptical but narrower when compared to the curves in 

the XY plane, because the axial oscillations are not as strong as the tangential and 

radial ones. The lowest and highest amplitudes of the vibrations in the axial 

direction reach 0.07 µm (20 V) and 0.29 µm (80 V). All maximal displacement 

amplitude values are summarised and presented in Table 3.1. Vibrational motion 

trajectories attributed to the XZ plane are plotted in Fig. 3.9c. The constructed 

shapes are very similar to the shapes of the YZ-related trajectories, just the 

amplitudes are higher. The contact zone elements move uniformly in the XZ plane, 

thus indicating the suitability of the chosen resonant frequency for successful 

generation of the rotor motion of the piezoelectric stage in a clockwise direction. 
 

a)  
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b)  
 

c)  
 

Fig. 3.9. The relationship between applied voltage amplitude and induced clockwise 

rotational motion trajectories of contact zone elements in planes: XY (a), YZ (b), and XZ (c) 
 

Observing the relationship between the applied voltage amplitude and induced 

motion trajectory in each case, it can be stated that a supply of higher electrical 

potential to the PC leads to a higher displacement amplitudes of the contact zone 

elements. This results in more extended elliptical motion trajectories. 

 

Table 3.1. Maximal displacement amplitude values of contact zone elements for 

clockwise rotational motion in the presence of applied voltage 
 

 20 V 40 V 60 V 80 V 

X direction 0.12 µm 0.22 µm 0.33 µm 0.45 µm 

Y direction 0.11 µm 0.20 µm 0.31 µm 0.41 µm 

Z direction 0.07 µm 0.14 µm 0.21 µm 0.29 µm 
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In the next step, the same experimental study was conducted with respect to 

the opposite rotational direction. As well as in the clockwise case, the PC was 

subjected to 126.26 kHz harmonic electrical excitation signal. At first, the curves, 

which define the motion in the XY plane, were plotted (Fig. 3.10a). The trajectories 

attain uniform elliptical shapes, so the amplitudes of the tangential and radial 

vibrations are very similar. The minimal tangential displacement (at 20V) is 

approximately 0.09 µm, and the relevant maximal displacement (at 80 V) is 0.35 

µm. The respective values for the radial oscillations reach around 0.09 µm and 0.33 

µm, accordingly. In the case of the YZ plane (Fig. 3.10b), the elliptical shapes are 

retained but they are contracted compared to the plot provided in Fig. 3.10a. That is 

caused by stronger radial vibrations than the axial ones. The lowest and highest 

amplitudes of these oscillations are equal to 0.08 µm and 0.29 µm, correspondingly. 
 

a)  
 

b)  
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c)  
 

Fig. 3.10. The relationship between applied voltage amplitude and induced counter-

clockwise rotational motion trajectories of contact zone elements in planes: XY (a), YZ (b), 

and XZ (c) 
 

Table 3.2 provides all summarised maximal displacement amplitude values related 

to the counter-clockwise direction. Fig. 3.10c illustrates the motion of the contact 

zone elements in the XZ plane. The tendency for elliptical trajectories to become 

narrower remains, with the tangential vibrations being prevalent. However, the 

obtained shape leads to well-defined motion, making the selected resonant frequency 

suitable to move the rotor of the piezoelectric stage in the analysed direction. 

The dependence of applied voltage amplitude on the induced motion trajectory 

with respect to all analysed planes shows the tendency for the displacement 

amplitudes of the contact zone elements to rise under the effect of voltage increase, 

causing the formation of more extended elliptical motion trajectories. 
 

Table 3.2. Maximal displacement amplitude values of contact zone elements for 

counter-clockwise rotational motion in the presence of voltage 
 

 20 V 40 V 60 V 80 V 

X direction 0.09 µm 0.17 µm 0.26 µm 0.35 µm 

Y direction 0.09 µm 0.16 µm 0.25 µm 0.33 µm 

Z direction 0.08 µm 0.14 µm 0.22 µm 0.29 µm 
 

In summary, comparing the results associated with clockwise and counter-

clockwise direction, it should be said that vibrational motion trajectories of the 

contact zone elements attain regular and well-defined elliptical shapes in all spatial 

planes. The only difference is a change in the values of displacement amplitude, i.e. 

the clockwise motion-based values associated with the tangential and radial 

directions are higher than the corresponding values attributed to the counter-

clockwise motion on average by 28% and 25%, respectively; the opposite tendency 

is identified for the axial direction, with an average difference of 1.6%. The highest 

amplitudes are also registered in the tangential and radial directions (for both 



78 

 

rotational cases). As a consequence, the plotted trajectories become wider compared 

to situation, when the axial displacements are involved. This tendency is valid for all 

range of applied voltage. Considering all discussed aspects and experimental results, 

126.26 kHz was proven to be the operational resonant frequency for generating bi-

directional rotational motion of the designed piezoelectric stage. 
 

3.3. Assessment of surface displacement of piezocylinder 
 

For systems characterised by high-frequency vibrations with amplitudes lying 

in a nano-/micrometer ranges, one of the most efficient and effective relevant 

methods is digital holographic interferometry. It is a powerful full-field real-time 

optical characterisation technique enabling a mapping of changes in the shape of 3D 

objects with high accuracy [128–129]. 

To investigate the piezoelectric stage with respect to surface displacement of 

the piezocylinder, the PRISM (Precise Real-time Instrument for Surface 

Measurement) holography system was applied [130–131]. PRISM is composed of 

the control block, an object beam splitter, and a camera. The overall experimental 

equipment used in the analysis is depicted in Fig. 3.11.  
 

 
 

Fig. 3.11. Experimental setup for investigating the surface displacement of piezocylinder by 

holographic interferometry: 1 – optical table (1HT15-20-20, Standa Ltd); 2 – control block 

(PRISM); 3 – object beam splitter (PRISM); 4 – camera (PRISM); 5 – signal generator 

(Agilent 33220A); 6 – amplifier (P-200); 7 – holder; 8 – piezocylinder; computer (not shown 

in the figure) 
 

The operation of the system is explained with reference to Fig. 3.12. A 20 mW 

laser (λ = 532 nm) is used as a coherent light source. Initially, the object beam is 

supplied from the control block to the beam splitter (lenses) and directed towards the 

main object. At the same time, the second (reference) beam is supplied to the camera 

(recording medium), where it is spread by lenses as well, thus interfering with the 

object beam reflected from the analysed vibrating PC. The generation of both beams 

is governed by the control block which also regulates/changes the ratio between 

these beams in order to achieve the best possible resolution of interference fringes. 

The ratio is usually about 1:2.2. A signal generator and an amplifier are applied to 
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ensure that the piezoelement vibrates at a necessary frequency. After an image is 

constructed in the camera, it is sent to a computer and processed with the specialised 

software PRISMA-DAQ allowing the user to observe the processes occurring inside 

and outside (surface) of the target. The influence of various internal and external 

causes on the object of investigation is registered in real time; so, if the 

piezoceramics is subjected to even a small deformation, relative phases of the two 

light fields alter, which leads to a corresponding change in the interference pattern 

and, consequently, the amplitude of surface displacement. 
 

 
 

Fig. 3.12. A structural scheme of holographic interferometry-based system for investigating 

the surface displacement of a piezocylinder 
 

The interference pattern (i.e. fringes) of an investigated oscillating element is 

registered using time-averaged holography. Using this technique, all views of the 

vibrating surface are registered over certain period of time. Let us assume that 

harmonic vibration of a vibrating body is defined by 
 

 𝑍(𝑥) sin ω𝑡; (31) 
 

here 𝑍(𝑥) is the amplitude of vibrations of a the body with respect to coordinate x, 

ω is the angular frequency of oscillations, 𝑡 is the time. According to [129, 132], the 

characteristic function, which defines the complex amplitude of the laser beam in the 

plane of the hologram, takes the form of 
 

  𝑀𝑇 = lim𝑇→∞
1

𝑇
∫ exp  (𝑖 (

4π

λ
) 𝑍(𝑥) sin ω𝑡) 𝑑𝑡

𝑇

0
; (32) 

 

here 𝑀𝑇 is the relevant time function, 𝑇 is the exposure time of the hologram 

(𝑇 ≫ 2π/ω), and λ is the wavelength of laser light. After a rearrangement of terms, 

the following equation is valid: 
 

 𝑀𝑇 = 𝐽0 [(
4π

λ
) 𝑍(𝑥)]; (33) 

 

here 𝐽0 is the Bessel function of the first kind and zero order. Then the resulting light 

intensity of illuminance 𝐼 of a single point (coordinates(𝑥, 𝑦)) on the hologram is 
 

  𝐼(𝑥, 𝑦) = 𝐴2(𝑥, 𝑦)|𝑀𝑇|2; (34) 
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here 𝐴(𝑥, 𝑦) is the distribution of the amplitude of the incident laser light beam. As a 

result, the midpoints of the formed bright fringes coincide with such points of the 

surface and such amplitude of vibrations 𝑍(𝑥) where the squared Bessel function 𝐽0
2 

attains the maximal values. When the values of the latter function are minimal or 

equal to zero, the pattern of dark fringes appears. 

As it was presented at the beginning of the section, this experiment is devoted 

to analyse the displacement of surface of the PC from the point of view of quality. 

The results of this investigation should allow not only to observe the maximal and 

minimal displacement zones of different surfaces, but also to verify whether the 

locations of three contact zone elements were chosen correctly. 

In order to induce ultrasonic standing-wave vibrations in the piezocylinder, 

electric wiring was prepared in the same manner as it was when measuring 

displacement of the top surface of the PC and vibrational displacements of the 

contact zone elements. The view of the PC with marked electrodes is given in Fig. 

3.13. High frequency electrical signal defined by Ucos(ωt) was used to excite one 

group of electrodes (1, 3, 5) at a time to initiate the oscillations required to generate 

clockwise motion of the rotor. Afterwards, another group of electrodes (2, 4, 6) was 

excited to cause the counter-clockwise rotational motion. In both cases, the common 

inner side of the piezocylinder was used for electrical grounding. During this 

investigation, the PC was mounted in a special holder in such a way that only its 

outer surface would be fixed (as shown in Fig. 3.11 and Fig. 3.14) so as the PC 

would be able to become deformed in the axial direction. Fig. 3.14 illustrates the 

holographic view of the top surface of the piezocylinder when it is not subjected to 

any voltage. In the figure, the added numbers denote the local elements of the 

experimental sub-setup. Fig. 3.15a indicates the effect of applied voltage (30 V) and 

operational harmonic excitation frequency of 126.26 kHz on the first group of PC 

electrodes to induce clockwise motion, as well as on the second group of electrodes 

to generate the opposite motion (Fig. 3.15b). In each case, the interferential pattern 

of bright and dark zones is well observed, though separate characteristic fringes are 

not clearly distinguished and visible because of relatively small vibrational 

amplitudes and limited sensing capability (i.e. resolution) of the applied equipment. 
 

 
 

Fig. 3.13. The investigated piezocylinder, with indicated sectioned electrodes equally 

displaced by every 60°
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Three dark zones coincide with a group of electrodes affected by the electrical 

potential, and three bright areas indicate the unexcited electrodes. Comparing the 

presented figures, a ‘shift’ of 60° is observed between the interferential zones. 

Afterwards, the performed experiment was repeated under the effect of electrical 

potential of 40 V (Fig. 3.16). The interferential pattern becomes more ‘intensive’ in 

terms of colours, showing an increase in strength of induced oscillations and thus, 

attained higher displacement. 

Since there was a need to have a 

more explicit understanding of how the 

PC is deformed, the object was rotated 

by 90° and mounted in the same holder 

in parallel to Z axis. Afterwards, the 

experiment was repeated exciting one 

electrode at a time. The applied voltage 

was 30 V for all measurements. The 

obtained holograms are shown in Fig. 

3.17. In general, the dark fringes of 

standing wave represent constructive 

interference and are responsible for the 

rotational motion generation. Bright 

fringes of the wave indicate destructive 

interference making certain locations to 

remain at rest, when a body oscillates. 

For the analysis of clockwise rotational 

motion, section 1 was examined (Fig. 

3.17a); the observed fringes partially 

represent the selected operational vibration mode. The four dark fringes at the top 

and bottom of the electrode indicate even displacement (anti-nodes) zones. The two 

thickest bright lines correspond to two nodal zones, where no displacement occurs. 
 

  

a) b) 
 

Fig. 3.15. Holographic views of the top surface of piezocylinder when exciting (U = 30 V,  

f = 126.26 kHz) a group of electrodes for motion in clockwise (a) and counter-clockwise (b) 

direction 
 

 

 
 

Fig. 3.14. Holographic view of the top 

surface of the piezocylinder, when harmonic 

excitation signal is not applied; the 

structural elements: 1) holder; 2) double-

sided sticky tape; 3) analysed piezocylinder 
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a) b) 
 

Fig. 3.16. Holographic views of the top surface of piezocylinder when exciting (U = 40 V,  

f = 126.26 kHz) a group of electrodes for motion in clockwise (a) and counter-clockwise (b) 

direction 
 

Since sections 3 and 5 were excited simultaneously with section 1, the relevant 

characteristic fringes were distributed nearly identically compared to the revealed 

figure and thus, not given here. Fig. 3.17b shows how the adjacent electrode 2 

behaves under the effect of voltage supplied to electrode 1. Interferential fields are 

formed here as well. The amount, width and uniformity of lines are different in this 

case, but it can be stated that the generated standing-wave oscillations are passed to 

the adjacent (i.e. not excited) electrodes as well. The same tendency is valid for 

sections 4 and 6. A reversal of rotational motion direction imparts an interchange of 

patterns on electrodes 1 (also 3 and 5) and 2 (also 4 and 6). This is confirmed by the 

holograms provided in Fig. 3.17c and Fig. 3.17d. Analysing the excited section with 

regards to characteristic fringes, it is necessary to note that the pattern is very similar 

to the one described in the first figure. However, all zones are slightly changed, 

considering their shifted positions and shapes.  

The performance of the PC indicates the suitability of both the selected 

topology of electrodes and excitation type for a uniform displacement of the top and 

side surfaces. That, in turn, can potentially lead to the generation of the well-defined 

motion of the rotor of the designed piezoelectric stage in both rotational directions.  
 

a)  
 

b)  
 



83 

 

c)  d)  
 

Fig. 3.17. Holographic views of side surfaces of piezocylinder in case of clockwise rotational 

motion (electrode 1 (a), electrode 2 (b); f = 126.26 kHz, U = 30 V) and counter-clockwise 

rotational motion (electrode 1 (a), electrode 2 (b); f = 126.26 kHz, U = 30 V) 
 

Nonetheless, due to the slightly shifting nodal zones (caused by motion reversal) in 

the excited electrodes, the exact constant positions for three contact zone elements 

and supporting base elements cannot be precisely determined; therefore, the most 

suitable positions were approved based on the results of FE analysis and 3D LDV 

already discussed in the thesis. 
 

3.4. Resolution measurement 
 

In a wide range of applications related to modern science and technology, 

resolution plays a very significant role [133–135]. According to [84, 136], resolution 

is the smallest increment of input step that can be reliably detected. In case of an 

actuator, it describes the smallest possible increment of movement (i.e. microstep). 

Since precise and accurate positioning of any object pertains to resolution of 

an applied system, the actuator presented in this thesis was designed to be 

characterized by as minimal as possible rotational unit step size. 

The experimental setup for piezoelectric stage analysis with respect to 

resolution is revealed in Fig. 3.18, and the simplified structural scheme of the 

corresponding equipment configuration is demonstrated in Fig. 3.19. The process 

started with a feed of high frequency harmonic signal, which was obtained from 

signal generator, to the piezocylinder. The required voltage was gained by using a 

voltage amplifier. Then the rest of the system was incorporated. At the heart of it, 

there was a laser Doppler vibrometer (LDV) consisting of a fibre-optic 

interferometer (connected with a laser sensor head) and a vibrometer controller. 

Having the latter components set, a very small cylindrical target was placed on the 

top surface of the rotor in a place which would ensure the best reflectance of the 

optical signal received from the laser sensor head. The head was directed to the 

target in such way that it would be manageable to identify the incremental motion of 

the rotor in the tangential direction. The obtained feedback signal indicating step 

displacement was passed to the vibrometer controller. Being connected to the 

controller, the oscilloscope acted as an analogue-to-digital converter and expressed 

the characteristic signal as voltage. The collected data were transferred, processed, 

and took the form of graphical representation. Afterwards, the output data were 

extracted and converted to angular displacement resolution. 
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The main component of the experimental setup is Polytec LDV system, with 

the main features of the applied initial analytical regime as stated below: 

 Type of signal supplied to the piezocylinder – burst; 

 Number of trigger cycles per second – 3; 

 Voltage of signal – 40 V; 

 Frequency of signal – 126.26 kHz; 
 

 
 

Fig. 3.18. The experimental setup for analysing the resolution of the piezoelectric rotary 

stage. Components: an optical table (1HT15-20-20, Standa Ltd); a signal generator (Agilent 

33220A); a voltage amplifier (EPA-104); the piezoelectric stage; a fibre optic interferometer 

(Polytec OFV-512); a laser Doppler vibrometer controller (Polytec OFV-5000); an 

oscilloscope (PicoScope-3424); a computer 
 

When determining the resolution of the piezoelectric stage, two parameters are 

significant; the first one is the number of trigger cycles per second, and the second 

one is the supplied voltage. Decreasing either of them to a minimum (or both, in the 

best case) provides a minimal incremental angular displacement of rotor. Knowing 

that the PC is capable of generating standing-wave vibrations at 20 V (see 

Subchapter 3.2), this value was adopted as the lowest constant limit, with the trigger 

cycles being gradually decreased from 50 to 0. As a consequence, no motion was 

observed within the given range. The same result was maintained after increase in 

voltage up to 30 V. A further enhance of voltage up to 40 V translated into the least 

detectable incremental motion, when the amount of trigger cycles was equal to 3. 

The constructed resulting curve is shown in Fig. 3.20. It should be noted that the 
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initially obtained response signal was filtered and interpolated. The stepped rise of 

the plot (0–16 s) denotes a clockwise motion followed by a transient process (16–19 

s) indicating a change in the rotational direction. That explains the appearance of 

some micro-irregularities at the top of the curve. A counter-clockwise motion 

featured by a stepped fall occurs from 19 s to 34 s until the rotor stops. The average 

resolution (i.e. single incremental step) value attributed to the clockwise rotation is 

0.250 µrad, with 0.258 µrad related to reverse motion. Thus, the resolution in the 

clockwise direction differs from that in the opposite direction only by about 3%. 
 

 
 

Fig. 3.19. Simplified structural representation (top view) of experimental setup for 

investigation of resolution of piezoelectric rotary stage  
 

 
 

Fig. 3.20. The resolution of piezoelectric stage depending on time and direction of motion: 

0.250 µrad in the clockwise direction (0–16 s) and 0.258 µrad in the counter-clockwise 

direction (19–34 s) 
 

During resolution analysis, the rotor dynamics is of critical importance. The 

mass of the rotor directly pertains to its inertia and thus, the overall performance, i.e. 

the higher the mass, the higher the inertia, the more complicated transient processes 
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are to handle. These processes cover not only the reversal of rotational motion, but 

also the start-stop moments inevitably repeating many times in precise and accurate 

positioning. As a sample, the single incremental step of the rotor is provided for a 

better understanding (Fig. 3.21). The red line represents the signal supplied by the 

generator, whereas the blue line stands for the displacement of the rotor. At the 

initial time instant (0 ms), the driving burst-type voltage signal was supplied to the 

piezocylinder. That immediately imposed the generation of high-frequency torsional 

oscillations of the rotor, when it was actually still not rotating. This behaviour is 

represented in the plot within the time interval of 0–1 ms. Afterwards, the 

amplitudes of torsional vibrations decreased, and the rotor started moving (1–2 ms). 

At 2 ms the driving voltage signal was terminated, but it should be highlighted that 

the rotor continued moving because of inertia. The stop of the motion is registered at 

7 ms. After this point is reached, the piezocylinder must be supplied with another 

burst-type voltage signal in order to activate the rotor for the second minimal 

incremental motion step. The opposite tendency is observed if there is a need to halt 

the rotor or reverse the motion, while the rotor is still running. 
 

 
 

Fig. 3.21. Single minimal incremental motion step of the rotor of piezoelectric stage under 

the effect of driving voltage 
 

When discussing the resolution of the piezoelectric stage, the final aspect is 

how this parameter is influenced by the applied external load. Because the 

piezostage is intended for precise and accurate positioning applications, the imparted 

load varied from 0 kg to 2 kg, as the absolute majority of objects potentially to be 

positioned will fall in this range. In this experiment, the number of trigger cycles of 

the driving signal was 5, and the voltage amplitude was 60 V. These values were 

retained for every inspected load in order to determine the response of the piezostage 

under identical excitation conditions. The selected values were chosen, as they are 

the minimal ones which induce the smallest incremental motion step. The 

characteristic plot (Fig. 3.22) reveals a tendency that manifests as a non-linear 

response of resolution with respect to applied external load. When no load is 

introduced, resolution is 25.7 µrad. An increase of the load to 0.1 kg leads to a 
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decrease in the resolution (16.3 µrad). In the presence of 0.25 kg load, the 

corresponding resolution equals 13.5 µrad, which is the highest value within the 

entire range of the applied loads. With further rise in the load (0.5 kg), the resolution 

decreases to 17.1 µrad. A continued rise in the applied load (1–2 kg) translates to 

dramatic decreases in resolution (56.6–147.3 µrad). It should be explained and 

concluded that the load of 0.25 kg exerts the most favourable pressure force 

ensuring the most uniform interaction between the rotor and the piezocylinder. That 

results in the appearance of the smallest incremental motion step.  
 

 
 

Fig. 3.22. The dependence of resolution of piezoelectric stage on the applied external load 
 

3.5. Torque-related properties 
 

Torque-related properties furnish one with a more explicit insight into the 

performance of the investigated piezostage from the point of view of system 

dynamics. 

The experimental setup for identifying the associated characteristics is shown 

in Fig 3.23. As well as in the previous study, the operational resonant frequency 

(126.26 kHz) signal was employed to initiate the motion of the rotor. The latter 

component was in contact with the tension and compression force sensor of the force 

gauge to detect the applied compression force (load). Since it was connected to the 

sensor, the force gauge provided a possibility to indicate and display the values of 

the force, which, in turn, were utilised to find appropriate torques. 

During the first experiment, the dependence of angular speed of rotor of the 

piezoelectric stage on the voltage supplied to the piezocylinder was analysed. 

External loads of 0–2 kg were imposed on the rotor. The result is depicted in Fig. 

3.24. The lowest voltage allowing for a visible motion of the load-free rotor (28 

rpm) reaches 20 V. A further uniform increase in the supplied voltage until 50 V 

entails a gradual increase in the angular speed of the rotor. The average increase rate 

is 0.73 rpm/V. Afterwards, this rate diminishes to 0.33 rpm/V. It means that the 

saturation phenomenon (i.e. a raise in the voltage provides no increase in the angular 

speed) is already partially observed. The same tendency manifests under the effect 
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of each load, but the increase rates of the rotor speed are slightly different. In the 

presence of the highest voltage (80 V), angular speed attains the maximal value for 

every given load; nonetheless, the overall top value (66 rpm) is attributed to 0.5 kg. 

The latter load exerts an additional pushing force ensuring even better interaction 

between the rotor and the PC than the load-free regime (60 rpm). 
 

 
 

Fig. 3.23. The experimental setup for investigating torque-related characteristics of the 

piezoelectric stage: 1 – an optical table (1HT15-20-20, Standa Ltd.); 2 – a signal generator 

(Agilent 33220A); 3 – a voltage amplifier (EPA-104); 4 – the piezoelectric stage; 5 – a 

tension/compression force sensor (SS50); 6 – a force gauge (MARK-10, BGI series); 7 – an 

oscilloscope (PicoScope-3424) connected to a computer (not shown in the figure) 
 

 
 

Fig. 3.24. The dependence of angular speed of the rotor of the piezoelectric stage on the 

driving voltage under the effect of varying external load 
 

Attention should also be paid to the fact that speed variations in the positioning 

mode depend on tribological parameters of contact pairs between the contact zone 

elements and the rotor (see Fig. 3.2). These parameters (including surface 
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roughness) can be obtained by processing the signal received from the free 

electrodes of the piezocylinder after filtering the main signal which generates 

standing-wave oscillations within the PC [137]. 

The second investigation was concentrated on the determination of the rotor 

torque. In the process of measurements, the tension/compression force sensor was 

moved manually (i.e. by means of a special screw) back and forth in the direction 

perpendicular to the axis of the rotor motion. After registering the induced force 

values, the collected data were employed to calculate the corresponding torque 

values. A well-known formula [138] given below was utilised for the stated purpose. 
 

 𝑇 = 𝑟𝐹sinθ; (35) 
 

here 𝑇 is torque, 𝑟 is the distance from the axis of rotation to force application point, 

𝐹 is the applied force, and θ is the lever arm angle. In order to illustrate the 

calculation of torque, a simplified structural scheme showing the interaction of 

tension/compression force sensor with the rotor is presented in Fig. 3.25. 
 

 
 

Fig. 3.25. A simplified structural scheme showing the interaction of tension/compression 

force sensor with the rotor 
 

The following information was taken into account when determining the 

torque values. The force, which generates torque in the investigated case, is actually 

a friction force. All in all, a frictional resistance to the relative motion of two solid 

objects is usually proportional to the force pressing the surfaces together as well as 

the roughness of the surfaces [138]. With that in mind, the measured values of the 

compression force had to be respectively recomputed using the following equation 

[138]: 
  

 𝐹𝑓 = μ𝑁; (36) 
 

here 𝐹𝑓 is the friction force, μ is the coefficient of friction between two contacting 

materials, and 𝑁 is normal force exerted by one surface on the other. 

The exploited tension and compression force sensor has a small tip, which 

contacts with the steel rotor. The end of the tip is covered with 

polytetrafluoroethylene (PTFE) which is better known as teflon. The friction 

coefficient of this material interacting with steel is, on average, equal to 0.1 [139]. 

This value was kept constant in all measurements of the performed analysis. 

θ 
r 

ω 

Ffr 

O N 



90 

 

As it was stated (Eq. 36), normal force stands for the force pressing the 

surfaces together. Referring to this definition, it is obvious that the identified values 

of the discussed compression force were involved in the final calculations. 

Referring Eq. (35), it is obvious that only the angle θ of the lever arm has not 

been considered yet. The experimental setup was prepared so that it would be 

possible to figure out the values of torque. Thus, the tension and compression force 

sensor tip was set to fully (i.e. by full surface area of the tip) contact the rotor in the 

direction perpendicular to the axis of the rotor motion. The adopted conditions 

ensured the angle θ to be equal to 90° in the analysed case. 

Combining equations (35) and (36) and considering the torque calculation 

scheme, the next equation for determining the torque values was obtained [138]. 
 

 𝑇 = 𝑟μ𝑁; (37) 
 

It should be noted that the distance 𝑟 was maintained at 0.033 m in both of the 

two following experimental tests. 

The characteristic plot representing the influence of the driving voltage on the 

rotor torque is disclosed in Fig. 3.26. Similarly to the previous plot, a uniform 

increase in the driving voltage from 20 V to 50 V translates into a gradual rise in 

exerted torque from 0 Nm to 0.0043 Nm. The average increase rate is 0.000143 

Nm/V. Subjecting the piezocylinder to more than 50 V generated the torque values 

which on average increased by 0.000043 Nm/V. Such behaviour of the system can 

also be explained by the partial saturation phenomenon (see description of the 

previous experiment). A supply of maximal allowable electrical potential (80 V) to 

the PC generates the maximal torque (0.0056 Nm) of the piezoelectric stage. 
 

 
 

Fig. 3.26. The dependence of torque of piezoelectric stage on the driving voltage  
 

The last inspection was executed to see how the change of the torque load 

affects the angular speed of the rotor, when the driving voltage is constant (Fig. 

3.27). The torque load values registered during the second investigation were used 

for this experiment. The driving voltage was equal to 50 V. In the given plot, the 
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initial part of the curve (at 0 Nm) represents the starting point of the rotor motion 

with the angular speed reaching its peak (50 rpm). A further rise in the torque load 

until 0.0056 Nm imposes a gradual decrease in the angular speed. The rotor halts 

completely under the influence of the highest torque load at 0.006 Nm. 
 

 
 

Fig. 3.27. The dependence of angular speed of rotor of piezoelectric stage on the applied 

torque load (U = 50 V) 
 

3.6. Generation of torsional oscillations concomitant with rotational motion 
 

Piezoelectric rotary positioning stages are mostly driven by ultrasonic 

standing- and/or travelling-wave vibrations, and there is a very limited amount of 

information about the generation of torsional oscillations concomitant with the 

rotational motion, as well as their positive influence on both the performance and 

use of the mentioned positioning devices. Therefore, this subchapter is intended for 

a concise presentation on the stated aspects. 

Torsional oscillations concomitant with rotational motion can be considered as 

a unique dynamic operation mode attributed to a rotor of piezoelectric stage upon 

request. This regime should be explained in two parts; so as to illustrate both 

contributing components, a simplified scheme showing the topology of electrodes of 

the PC and two types of generated motion is provided in Fig. 3.28. 
 

a)  
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 b)  c)  
 

Fig. 3.28. A layout of topology of electrodes of piezocylinder (a) and a schematic 

representation of the rotor in two possible motion types: rotational (induced by standing-

wave oscillations) (b) and scanning-type (induced by torsional oscillations) (c) 
  

Let us assume that there is an opportunity to supply two harmonic electrical 

signals (𝑈1(𝑡) and 𝑈2(𝑡)) of certain amplitudes and frequencies to a desired group 

of electrodes. Signal expressions are presented in (38) and (39) [70]:  
 

 𝑈1(𝑡) = 𝑈01 cos(λ1𝑡 − φ1), (38) 
 

 𝑈2(𝑡) = 𝑈02 cos(λ2𝑡 − φ2); (39) 
 

here 𝑈01, 𝑈02 are the voltage amplitudes, λ1, λ2 are the angular frequencies, 𝑡 is the 

time, and φ1, φ2 are the phases of harmonic signals. Let us assume that one signal at 

a time (say, 𝑈1(𝑡)) is supplied to a randomly chosen group of electrodes. The 

ordinary standing-wave vibrations are formed, imposing continuous rotor motion in 

the clockwise/counter-clockwise direction (Fig. 3.28b). If both signals of the same 

amplitudes but different frequencies (𝑈01 = 𝑈02, λ2 > λ1 and λ2 − λ1 ≪ λ1) are 

applied to both groups of electrodes at the same time, the torsional oscillations are 

induced, generating scanning-type rotor motion (Fig. 3.28c). Combining the 

mentioned types of motion, torsional oscillations concomitant with the rotational 

motion are formed. This can be achieved by using two signals of different 

amplitudes (𝑈01 ≠ 𝑈02) and frequencies (the same conditions as previously). In such 

situation, the moving member (rotor) performs a periodic motion defined by the 

following law [70]: 
 

 𝐴 = 𝐴𝑚𝑎𝑥 cos (
λ2−λ1

2
𝑡); (40) 

 

here 𝐴𝑚𝑎𝑥 is the maximal amplitude and 𝑡 is the time of torsional vibrations with 

rotational motion. Harmonic oscillations are excited in the frequency range starting 

from 0 Hz, when λ2 = λ1 (𝐴 = 𝐴𝑚𝑎𝑥). The frequency of vibrations is controlled by 

the value λ2 − λ1. 

The mode defined by Eq. (40) could be used in diverse precision shakers 

designed for calibrating optical transducers and optoelectronic devices (e.g., laser 

beam scanners) or stirring liquid chemical substances in a laboratory vessel. Another 

application might be orthodontics, where there is a need to dense a liquid plaster cast 

mass (i.e. to vanish pores inside the mass) filled into a special dental imprint form 

placed on the vibrotable. However, the value of 𝐴𝑚𝑎𝑥 should be increased from 
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order of 10
-6

 m to 10
-3

 m so as to achieve the desired effect. 

In order to demonstrate the feasibility to generate torsional oscillations 

concomitant with rotational motion, an additional rotary piezostage based on the 

same operation principle as the major one was produced. A schematic design of the 

actuator is given in Fig. 3.29, with the working description elaborated herein. The 

stage (Ø66 × 15 mm) contains a rotor (1) (Ø66 × 5 mm) contacting with the 

piezoring (3) (Ø40 × Ø32 × 5 mm, Ferroperm Pz26) via contact zone elements (2) 

(three equally displaced units) and (5) (two units displaced by 120°). When 

rotational motion takes place, these five supporting points become vibroactive which 

reduces the resisting moment of friction forces significantly. Axial attraction 

magnets (4) (three equally displaced units) and the radial attraction magnet (6) 

ensure the necessary contact between the piezoring and the rotor in the respective 

directions. In addition, the exact position of the rotor with respect to both its axis of 

rotation and the plane perpendicular to its axis of rotation is maintained. The 

piezoring is composed of two groups of sectioned electrodes, the topology of which 

coincides with the one that was implemented in the main designed rotary stage (see 

Fig. 2.3). A supply of operational high-frequency harmonic excitation signal to one 

group of electrodes initiates rotational motion in the clockwise direction; the 

excitation of the other section generates reverse motion. 
 

 
 

Fig. 3.29. A schematic design of the piezoelectric rotary stage powered by two high-

frequency harmonic excitation signals: 1 – the rotor; 2, 5 – contact zone elements; 3 – a 

piezoring; 4 – axial attraction magnets; 6 – a radial attraction magnet; ∆1, ∆2 – air gaps of 

axial and radial attraction magnets, respectively 
 

In order to determine the operational AC frequency of the investigated object, 

the Wayne Kerr 6500B (Fig. 3.30) impedance analyser was employed. The obtained 

response of electric impedance and phase angle of the piezoring within the measured 

frequency range is shown afterwards (Fig. 3.31). There are two resonant frequency 

intervals (around 45 kHz and 99 kHz) at which the curves of impedance and phase 

angle undergo remarkable changes in terms shape and values. In this case, the 

resonant frequency of 45.5 kHz was found to lie in the first examined range and was 

confirmed as the operational one. Nevertheless, it should be noted that the rotary 

piezostage can also operate in the range of approximately 45–47 kHz. 
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The experimental setup given 

in Fig. 3.32 was utilised to analyse 

the dynamic properties of the stage 

with respect to induced torsional 

oscillations-related motion. 

Initially, two harmonic 

excitation signals (𝑈1(𝑡) and 𝑈2(𝑡)) 

of equal amplitudes but different 

frequencies (i.e. 𝑈01 = 𝑈02, f1 ≠ f2) 

were supplied to both groups of 

electrodes of the piezoring at the 

same time. Three waveforms of rotor 

vibrations of the tested piezostage 

were obtained in the presence of 

constant voltage amplitudes (𝑈01 =
𝑈02 = 60 V). All of them denote the 

scanning-type motion generated by torsional oscillations, with no rotational motion 

present. The first one (Fig. 3.33a) exhibits the maximal vibration amplitudes (peak-

peak) approximately equal to 161.7 mrad when the difference in applied frequencies 

is 2 Hz. The waveform is rather uniform, but there exists a slight discrepancy in 

shape of the curve at the top right side of every positive peak denoting the moment 

after reversal of motion direction. It can be explained by an imperfection in system 

design, tribological properties between the contact zone elements and rotor, and the 

resonance of piezostage. In Fig. 3.33b, a response of the rotor is illustrated, when the 

difference in excitation frequencies reaches 74 Hz. The vibration amplitudes (peak-

peak) achieve 0.051 mrad; that is much less compared to the result described before. 
 

 
 

Fig. 3.31. The impedance and phase angle of the piezoring vs excitation frequency 

(operational resonant frequency is 45.5 kHz) 
 

 
 

Fig. 3.30. Determining the operational 

frequency of the piezoelectric rotary stage (by 

impedance analyser Wayne Kerr 6500B) 

required to generate torsional oscillations 
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The plot is characterised by the same discrepancy as in Fig. 3.33a, just of a higher 

extent. The minimal vibration amplitudes (peak-peak) of 0.028 mrad are attributed 

to the last plot (Fig. 3.33c). They are induced by the difference of 500 Hz in the 

employed frequencies. Though periodic motion is retained, the resulting curve is 

featured by a wave-type trajectory due to the highly increased influence of the 

structural resonance of the piezoelectric stage. On the other hand, it should be noted 

that the effect of the discussed discrepancies is reduced to a minimum here. 

 

  
a) b) 

 

Fig. 3.32. The experimental setup for investigating the rotary dynamic characteristics of the 

piezostage with respect to induced torsional oscillations concomitant with rotational motion: 

a) a simplified structural scheme; b) actual components (1, 2 – signal generators (Agilent 

33220A, Tabor WW5064); 3,4 – voltage amplifiers (EPA-104); 5 – the piezoelectric stage on 

an optical table (1HT15-20-20, Standa Ltd); 6 – a fibre optic interferometer (Polytec OFV-

512); 7 – laser Doppler vibrometer controller (Polytec OFV-5000); 8 – an oscilloscope 

(PicosScope-3424); 9 – a computer) 
 

a)   
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b)  
 

c)  
 

Fig. 3.33. The waveform of torsional oscillations of rotor: a) maximal, at frequency of 2 Hz 

(f1 = 44100 Hz, f2 = 44102 Hz, 𝑈01 = 𝑈02 = 60 V); b) intermediate, at frequency of 74 Hz (f1 

= 44100 Hz, f2 = 44174 Hz, 𝑈01 = 𝑈02 = 60 V); c) minimal, at frequency of 500 Hz (f1 = 

44100 Hz, f2 = 44600 Hz, 𝑈01 = 𝑈02 = 60 V) 
 

A possibility to generate the torsional vibrations concomitant with rotational 

motion of the rotor is illustrated in the Fig. 3.34. As it was mentioned at the 

beginning of this subchapter, the latter regime is only feasible if both the amplitudes 

and frequencies of two simultaneously supplied harmonic excitation signals are not 

the same, i.e. 𝑈01 ≠ 𝑈02, f1 ≠ f2. The following values of signals were chosen for this 

inspection: 𝑈01 = 25 V, 𝑈02 = 30 V, f1 = 44100 Hz, f2 = 44130 Hz. As a result, a 

slow (approximately 0.0065 mrad/s) rotor motion was obtained. This characteristic 

is very preferable in precise and accurate positioning systems. If there is a need to 

change the speed, it can be achieved by setting higher/lower values of voltage 

amplitudes. By increasing/decreasing the difference in frequencies, it is possible to 

reduce/raise the amplitudes of angular displacement. The emphasis should also be 

placed on the capability of bidirectional rotational motion in this case. 
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Fig. 3.34. The waveform of torsional oscillations concomitant with the angular displacement 

of rotor; the frequency of vivrations is 30 Hz (f1 = 44100 Hz, f2 = 44130 Hz, 𝑈01 = 25 V, 𝑈02 

= 30 V); the angular speed of rotor is 0.0065 mrad/s 
 

3.7. Chapter conclusions 
 

The main conclusions of this chapter are: 

 Impedance measurement revealed potential operational regime limits of 

the piezoelectric stage to be equal to 125–134 kHz for both rotational 

directions. 3D scanning LDV showed that the operational resonant 

frequency of 126.26 kHz induces tangential and axial displacements of the 

top surface of the piezocylinder, thus generating elliptical motion 

trajectories of the contact zone elements in clockwise and counter-

clockwise directions; the trajectories attributed to other spatial planes also 

attain well-defined shapes. The relationship between applied voltage 

amplitudes (20–80 V) and induced motion trajectories demonstrated that a 

supply of higher electrical potential to the PC leads to higher displacement 

amplitudes of the contact zone elements. The highest displacement 

amplitudes are registered in the tangential direction (for both rotational 

cases), so the respective oscillations are confirmed to be the driving ones 

in all range of applied voltage amplitudes.  

 The assessment of surface displacement of the PC by holographic 

interferometry indicated the suitability of both the selected topology of 

electrodes and excitation type for a uniform displacement of the top and 

side surfaces. That, in turn, can potentially lead to the generation of well-

defined motion of the rotor of the designed piezoelectric stage in both 

rotational directions. Due to slightly shifting nodal zones (caused by 

motion reversal) in the excited electrodes, the exact constant positions for 

three contact zone elements and supporting base elements cannot be 

precisely determined. 

 The values of average resolution of the developed piezoelectric stage are 

0.250 µrad (clockwise rotation) and 0.258 µrad (opposite motion); that 

makes the device superior to most of competitive products on the market. 

The dependence of resolution on the applied external load (0–2 kg) was 

found to be non-linear, with the maximal resolution observed at 0.25 kg; a 
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further increase in the load until maximum results in the generation of 

about 11 times lower resolution.  

 The inspected torque-related properties firstly showed the influence of 

driving voltage (20–80 V) on angular speed (28–66 rpm) of the rotor under 

effect of varying external load (0–2 kg); the non-linear tendency for the 

speed to rise, when the supplied voltage increases, was determined. 

Afterwards, a tendency for rotor torque to non-linearly increase with the 

increase in the driving voltage was defined. Lastly, the dependence of the 

angular speed on the induced torque load under constant driving voltage 

disclosed a non-linear tendency for the rise in the torque load to impose a 

decrease in the angular speed. 

 The dynamic operation mode characterised by the generation of torsional 

oscillations concomitant with rotational motion of the rotor was exhibited. 

The novel mode was elaborated using an additional piezostage based on 

the same operation principle as the major one but with lower excitation 

frequency (44–46 kHz). The generated mode is featured by slow 

bidirectional rotational scanning-type motion of rotor, thus very preferable 

in high-precision positioning systems.  
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4. FABRICATION AND CHARACTERISATION OF POLYMERIC 

ROTARY INCREMENTAL SCALES 

 
Although it is well-known that glass-chromium rotary incremental scales are 

considered as the most suitable option for angular displacement measurement in 

precise positioning systems, modern micro- and macro-applications often require 

readily-available materials and cutting-edge techniques, since conventional means 

cannot always satisfy the constantly growing commercial demands, where the 

reduction of production costs is among the top priorities. Companies representing 

the high-precision sector (e.g., Precizika Metrology, Lithuania) are constantly trying 

to solve this problem and seeking for potential alternatives. In this case, a 

combination of polymeric material and bulk microfabrication technology was 

proposed by Kaunas University of Technology. The exploited method provides a 

possibility to obtain novel periodic microstructures featured by compactness, high 

quality, and low cost. The replacement of glass-chromium grating scales used in 

conventional high-precision rotary interferential and/or moiré-type encoders (see 

Subchapter 1.5) by the proposed polymeric ones could potentially offer a more 

favourable cost-performance ratio. An appropriate modification of scales (i.e. 

metallisation of surfaces of gratings) would enable them to fulfil the functions of 

reflective gratings as well. Thus, they could be adapted to the newly designed high-

resolution piezoelectric rotary stage, where angular displacement is determined by a 

reflective optical encoder. 

This chapter provides the information regarding the fabrication and 

characterisation employed in the research of polymeric rotary incremental scales.  
 

Determination of geometric and material data for analysed objects 
 

It was decided to fabricate two identical polymeric scales, with each one on 

separate square-shaped PET substrate (50 × 50 mm
2
). The outer diameter of the 

scales was aimed to be 20 mm, with the corresponding diameter of raster (strip) 

pattern of the scales being 19 mm, the internal diameter being 17 mm, and the width 

of strips equal to 10 µm (according to the pattern of an employed photomask). PET 

was selected as a substrate material due to the acceptable combination of optical and 

mechanical properties, such as optical clarity, lightness, mechanical strength, etc. 

(for a more detailed motivation, please refer to Section 1.6.2). The thickness of PET 

film was selected to be 200 μm to ensure the simultaneously necessary mechanical 

stability and compactness of the scales.  

The decision was also made to produce the same scales of increased diameter 

and different strip period later on, if the quality of the obtained ones was high 

enough. In particular, from the point of view of application, the following tasks for 

each fabricated polymeric scale were formed: 

1) The dimensions of the strips of periods should be as equal as possible. 

2) The surface profile of the grating should be as even as possible. 

3) The optical transmittance should be as high as possible. 

4) The values of diffraction intensity should be highest in the -1, 0, +1 orders. 
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4.1. The fabrication process and its peculiarities 
 

The fabrication of polymeric incremental scales was divided into two steps: 1) 

the formation of a silicon master mould by using optical microlithography and 

reactive ion etching (RIE); 2) the formation of an angular raster pattern in the 

polymeric substrate by employing the UV imprint technique. The latter method was 

presented in greater detail in Section 1.6.1. The fabrication process is revealed in 

Fig. 4.1, with the steps separated in parts (a) and (b), respectively. 
 

  
a) b) 

 

Fig. 4.1. The fabrication of polymeric incremental scales divided into steps: a) the formation 

of a silicon master mould by using optical microlithography and reactive ion etching; b) the 

formation of an angular raster pattern in the polymeric substrate by using the UV imprint 

technique 
 

The formation of a silicon master mould 
 

To start with, a single-crystal <100> Si wafer (30 × 30 mm
2
) of thickness 

equal to 500 µm was used as the substrate when forming the master mould. For this 

purpose, optical microlithography was mainly employed. Generally, 

‘microlithography’ is a term used to describe various techniques for creating 

incredibly small structures usually ranging in size between 1 μm and 100 μm. These 

include many integrated circuit-related elements, microelectromechanical (MEM) 

and microoptoelectromechanical (MOEM) systems [140–141]. 

The formation of the Si master mould was carried out following these steps: 
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1) A proper cleaning of substrate was performed in the beginning. The 

substrate was treated chemically (i.e. immersed in a vessel of boiling acetone and 

kept for about 2 min) and by RF (13.56 MHz, 0.3 W/cm
2
) O2 plasma in a specialised 

vacuum chamber for approximately 7 min. 

2a) The second operation was coating of specimens with a sacrificial layer of 

aluminium (100 nm) formed utilising a vacuum vapour deposition device YBH-

71D3. This was done due to the need to form an effective mask for the RIE executed 

at the end of the master mould fabrication. 

2b) Photoresist coating took place by using a Dynapert Precima spin coating 

machine (Fig. 4.2a). The cleaned Si wafer was placed on the milliporous filter laid 

onto the main plate of the centrifugal device (Fig. 4.2b). Then a positive photoresist 

(ma-P 1225) was dispensed on the wafer (Fig. 4.2c). Spinning the substrate at 3000 

rpm for 20 s led to the formation of a uniform thin film (about 2.5 μm) of photoresist 

over the entire surface of the specimen. A constant position of the filter and 

specimen with respect to the rotating platform is ensured and retained by air suction 

through the very small nozzle at the centre of the platform. 

2c) ‘Soft baking’ was carried out to make the photoresist more viscous. That 

was achieved using infrared rays by using the conveyor-type furnace LADA. The 

desiccation system was adjusted to affect the sample at the temperature of 

approximately 100°C for about 10 min. When the wafer was taken out of the 

machine, it was kept to cool down until the next operation. 
 

   
a) b) c) 

 

Fig. 4.2. Preparation of Si wafer for coating by photoresist: a) the spin coating machine 

Dynapert Precima; b) a milliporous filter and a Si wafer on the rotary platform; c) the Si 

wafer with a dispensed photoresist ready for spin coating 
 

3) The photomask was aligned and exposed using UV light. It is one of the 

critical steps in optical microlithography, particularly, because of both the quality of 

the photomask, and the accuracy of the photomask superpositioning with respect to 

the specimen. These factors directly relate to the quality of the final structure to be 

formed in the required location of the wafer. Chromium-on-glass photomask (Fig. 

4.3a), which is common in the production of glass rotary incremental scales, was 

used in this work as a template of raster pattern. The external diameter of the 

photomask pattern was 30 mm. The external and internal diameter of raster pattern 

of the photomask was 19 mm and 17 mm, correspondingly. The thickness of 

chromium evaporated on the glass was 70 nm. Black areas in this picture represent 

zones fully coated by chromium. Light areas are zones of uncoated float glass. The 
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dark grey ring stands for the raster pattern formed of chromium strips. A detailed 

analysis of the raster zone carried out by using an optical microscope revealed that 

the width of the strips was fixed and equal to 10 μm, while the value of gaps 

between the strips varied from 10 μm to 14.2 μm when approaching from the centre 

of pattern to its outer edge. A fragment of the photomask pattern near the inner edge 

of the raster zone is presented in Fig. 4.3b. 
 

  

a) b) 
 

Fig. 4.3. Optical microscope images of: a) glass photomask; b) fragment of raster zone (dark 

grey colour denotes chromium strips; white colour denotes gaps between the strips) 
 

The alignment of the given photomask and UV exposure was achieved using 

the specified JUB 76G system (Fig. 4.4). The wafer was affected with UV light 

(wavelength of 365 nm) for approximately 15 seconds. 
 

   
 

Fig. 4.4. Photomask alignment and JUB 76G UV exposure system  
 

4a) During the next operation (photoresist development), the wafer was 

immersed into a vessel containing developer (ma-D351), kept for about 25 s, taken 

out, thoroughly rinsed in deionized water, and dried with a stream of compressed air. 

This process allowed to remove the areas of photoresist affected by the UV light. 

4b) Thermal hardening (‘hard baking’) of the wafer was executed using the 

already presented LADA desiccation system in the presence of the same technical 

regime parameters as in the ‘soft baking’ step. This provided the remaining 
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Alignment optical 
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photoresist with supplementary firmness and conditioned the reduction of standing-

wave phenomena caused by destructive and constructive interference patterns of the 

incident light during UV exposure. 

5a) Then the thin effective masking layer resulting from the previous operation 

was removed. In this experiment, thin Al film was etched by Cr2O3:NH4F:H2O 

solution, with the specimen being put into a low-profile vessel containing the liquid. 

5b) The last step before proceeding to the dry etching process was the 

elimination of photosensitive material domains. For that reason, a Si wafer was 

submerged into the vessel with the developer (mr-Rem 660) for about 1 min. Then 

the specimen was washed with deionized water and taken for visual quality 

inspection. 

6) In order to etch the bulk of Si at low rates and thus, form the periodic 

microstructure of required low-depth, reactive ion etching was employed. This 

method can be defined as an influence of high-frequency low-temperature gaseous 

plasma and ions on the substance (wafer) to be etched [140]. The plasma is 

generated by an electromagnetic field in the presence of vacuum. Being one of the 

most applied dry etching methods, RIE is often exploited in diverse process steps of 

surface/bulk micromachining to form simple or complex micro-/nanostructures. The 

etching operation was performed utilising the PK-2420RIE equipment that is 

capable of generating reactions necessary to produce a constant physical and 

chemical etching environment in the vicinity of wafer surface. During the 

experiment SF6, gas enabled the generation of RF (13.56 MHz) plasma, with the 

power density equal to 0.3 W/cm
2
, to obtain the grooves of grating in Si substrate. 

Pressure in the vacuum chamber was 40 Pa. 

 7) Finally, the residual Al thin film was removed. By repeating the process 

described earlier, Cr2O3:NH4F:H2O mordant helped in vanishing the sacrificial layer 

completely. 
 

The formation of an angular raster pattern in the polymeric substrate 
 

The second part of fabrication of polymeric scales is the formation of an 

angular raster pattern in the polymeric substrate by using the UV imprint technique; 

its benefits were emphasised in Section 1.6.1. 

In order to obtain the scales, a commercial acrylic photopolymer 

(trimethylolpropane ethoxylate) was employed for imprint experiments, since it is 

characterised by sufficiently high optical transparency and a refractive index akin to 

that of PET, thus reducing the possibility for light reflection to occur at the interface 

of PET-photopolymer. The applied photopolymer also offers a superior hydrolytic 

stability, as well as acceptable balance between hardness and flexibility.  

Firstly, the substrates were treated by O2 gas plasma (frequency of 13.56 MHz, 

plasma power density of 0.45 W/cm
2
) in a vacuum chamber for 1 min so as to clean 

the surfaces and improve the adhesion of coating. Then the substrates were coated 

with a photopolymer forming a layer of 3 μm. The polymeric replicas of the Si 

master mould were made by using UV light irradiation (curing) of the photopolymer 

layer sandwiched between the mould and PET substrates. For this to be 

accomplished, a high-pressure DRT-230 mercury lamp (wavelength of 360 nm, 
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luminous emittance of 10
4 

lx) was used as a source of UV irradiation. The distance 

from the lamp to the exposed photopolymer layer was equal to 10 cm. Each replica 

underwent 60 s of UV exposure before separating it from the Si master mould. 
 

4.2. Characterisation of the fabricated polymeric scales 
 

4.2.1. Visual inspection and moiré phenomenon 
 

For finding out whether the fabrication process was successful, several 

pictures of the obtained grating structures were taken using an optical microscope as 

a primary visual inspection tool. 

Visual inspection is one the most significant and powerful ways to determine 

the quality of fabricated microstructures (including periodic ones) relatively fast 

even during their massive production. 

Taking into account the stated facts, a computer-controlled optical upright 

metallurgical microscope Optika B-600MET with a c-mount 2560 × 1920 resolution 

(5.0 Mpixel) camera (Optikam Pro 5LT) was used to evaluate the formed scales and 

measure the periods of their gratings. 

Arbitrary fragments of two scales were elected to examine the quality of the 

formed raster pattern (Fig. 4.5). As the visual inspection reveals, the fabrication 

process resulted in periodic microstructures, with the edges of strips being thin, 

sharp, and uniform. Nevertheless, some minor defects (micro-irregularities and 

microdots) can be visible as well. The grating period of both scales was defined to 

be approximately 21 µm. In spite of that, the values of width of both of the 

imprinted strips and gaps between them are different; the width of strips is about 11 

µm, and the gap is about 10 µm for Scale (1). When inspecting Scale (2), these 

values were found to be 12 µm and 9 µm, respectively. However, one should be 

aware of the fact that the registered values are attributed to the tops of the strips 

(hills) and bottoms of the gaps (grooves), since the microscopic images are formed 

when observing perpendicularly with respect to the specimen position. 

When analysing the presented images, it can be observed that fabrication was 

quite successful, although some micro-irregularities and defects are observed. 

Taking into consideration the theoretical and practical knowledge, the most probable 

reasons for that could be as follows: 

1) A microdistorted surface of Si master mould. 

2) Dust that appeared on the surface of the photopolymer during the 

formation process. 

3) Technological limitations of UV imprint equipment.  

Fig. 4.6 gives a comparative view in terms of quality between the angular 

raster patterns of chromium-on-glass photomask, formed Si master mould, and the 

fabricated polymeric scale. It can be observed that the strips are mostly uniform in 

case of the photomask. The quality of the raster elements slightly degrades when the 

pattern is transferred to Si substrate. Nonetheless, nearly no difference in terms of 

the pattern is determined between the master mould and the polymeric scale. 

Therefore, it can be preliminary stated that the PET-based grating scales were 

formed properly.  
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a) b) 
 

Fig. 4.5. A fragment of an angular raster pattern of: a) polymeric incremental Scale (1); b) 

polymeric incremental Scale (2); (Periods – 21 µm); (Magnification – 750x) 
 

   
a) b) c) 

 

Fig. 4.6. Images of fragment of angular raster pattern of: a) a chromium-on-glass photomask; 

b) a formed single-crystal <100> Si master mould; c) the fabricated polymeric scale 
 

As it was discussed in Subchapter 1.6, one of the ways to detect angular 

displacement in high-precision rotary stages and positioning systems is the moiré 

effect. Although the fabricated polymeric scales were intended for interferential or 

reflective-type encoders (the latter option will be disclosed at the end of this 

subchapter), an opportunity to make use of the moiré fringes is briefly presented 

here, because the formed periodic microstructures are fully suitable for that purpose. 

By replacing the optical head and appropriately modifying the existing unit of 

displacement read-out, it would be also possible to adapt such principle in the 

developed high-resolution piezoelectric rotary stage presented in this thesis.  

During the visual inspection of the fabricated scales, a proper combination 

(overlay with a shift) of gratings led to the formation of moiré fringes (Fig. 4.7). If 

the accurate distance between two dark zones was identified and registered 

correctly, it could be utilised to indicate a precise (micrometer or higher order) 

angular displacement of a system upon request. 

For a more obvious illustration of possible moiré application, two radial 

gratings (Fig. 4.8) were modelled with the MATLAB software, assuming that one of 

them (20 μm period, 3140 lines per all circle) is fixed to the rotating part of 

positioning system, and another one (21 μm period, 2990 lines per all circle) acts as 

a reference (i.e. remains stationary). A fragment of the simulated moiré pattern is 

given at the bottom of Fig. 4.8a. In this case, the distance between the dark zones is 
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equal to 430 μm. Depending on the sensitivity and accuracy of the sensor used in the 

positioning system, this distance could be changed by applying different period 

gratings. When Grating (1) is rotated (e.g., clockwise) with respect to Grating (2), 

the appearing moiré fringes ‘move’ in the same direction (Fig. 4.8b). Observing the 

pattern at 0.215 s shift, it is clear that every dark zone is ‘displaced’ by 100 μm, and 

the distance between the dark zones pertains to be 430 μm. When a 0.43 s shift takes 

place, the white zones appear instead of the dark ones comparing to the no-shift 

image. The same tendency in terms of both ‘displacement’ of each dark zone and the 

distance between the neighbouring dark zones is retained in the presence of 0.645 s 

shift. After 0.86 s of rotation, the dark fringes are observed at the initial (no-shift) 

position, and at exactly the opposite zones comparing to the 0.43 s shift. It means 

that using a sensor which is sensitive enough to bright and dark zones, the accuracy 

of 0.43 s could be reached. 
  

  
a) b) 

Fig. 4.7. a) Fragments of two overlaid polymeric incremental scales with no moiré pattern; b) 

a fragment of moiré pattern appearing when two scales are overlaid and one of them is 

rotationally shifted with respect to another; (Magnification – 75x) 
 

  
a) b) 

 

Fig. 4.8. Images of: a) two modelled gratings (periods of 20 μm and 21 μm) and their 

geometrical moiré pattern at 0 s; b) geometrical moiré patterns of respective gratings when 

Grating (1) is overlaid and rotated by 0.215 s, 0.43 s, 0.645 s and 0.86 s with respect to 

Grating (2) 
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It should be emphasised that measurement accuracy is not influenced by a 

place where the appropriate optical signal reaches the scales, i.e. e.g., distances of 6 

mm, 7 mm or 8 mm from the centre of the system lead to the same results. Such 

property is determined by the radial grating itself. Only the distances between dark 

fringes vary. For instance, this distance is 406 μm at 8.5 mm from the centre, and 

distance of 454 μm is observed at 9.5 mm, correspondingly. 

 

4.2.2. Surface morphology analysis 
 

Because the fabricated polymeric scales are meant to be used as one of the 

substantial elements devoted to registering angular displacement in high-precision 

rotary encoders, stages or positioning systems, their surface should be as smooth as 

possible in order to obtain the desired optical characteristics.  

 In this experimental investigation, an atomic force microscope (AFM) was 

employed to analyse the surface morphology of the specimen down to the atomic 

level with a high resolution. The mean height of the surface, the average roughness, 

root mean square roughness, valley depth, peak height, peak-valley height, etc. was 

measured to evaluate various micro-irregularities of surfaces upon interest.  

Surface morphology of the silicon 

master mould and fabricated polymeric 

scales was analysed by AFM Nanosurf 

easyScan 2 (Fig. 4.9). All measurements 

were carried out in the static force 

operating mode, with the scanning 

resolution being 256 × 256 points, the value 

of controller set point equal to 10 nN, and 

the mounted cantilever ContAl-G (contact 

mode probe with Al reflex coating). So as 

to reduce the generation of measurement 

artefacts, the probe scanning direction was 

selected to be perpendicular to the top 

surface of formed step-profile structures. A 

heavy stone table and a special box were 

applied to decrease the effect of external 

vibrations, noise, and light. Nanosurf 

Easyscan 2 software was used for data 

processing, visualization, and analysis. 

The views of both AFM 3D topography and the profile of the PET surface, 

with no plasma treatment and after O2 plasma treatment, are presented in Fig. 4.10, 

respectively. When comparing the given images, it is observed that plasma treatment 

has increased an effective surface area of the PET substrate by introducing the 

needle-like micro-irregularities of the surface. The average roughness (Ra) and root 

mean square roughness (Rq) for the 5 x 5 μm
2
 area of PET substrate after the plasma 

treatment decreased. Together with peak-valley height (Z), the summarised relevant 

data is given in Table 4.1. The plasma treatment was useful for both cleaning of 

surface contamination and roughening of the surface, thus ensuring a better adhesion 

 

 
 

Fig. 4.9. AFM Nanosurf easyScan 2. 

Parts: 1 – a scanner with a video camera; 

 2 – a sample holder; 3 – a sample stage;  

4 – the controller 

4 

2 3 

1 
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of the coating. If lateral dimensions of plasma-induced micro-irregularities are much 

smaller than the wavelength of optical radiation, the roughening of the surface will 

also serve for the increase of optical transmittance at PET-photopolymer interface.  
 

  
a) 

 

b) 
 

  
c) d) 

 

Fig. 4.10. AFM images (a, c – 3D topography; b, d – profile) of PET surface, with no plasma 

treatment applied (a–b) and treated by O2 plasma (c–d) 
 

Table 4.1. Values of surface roughness of PET substrate  
 

 Uncleaned by O2 plasma 
Cleaned by O2  

plasma 

Ra, nm 4.67 2.46 

Rq, nm 5.83 3.21 

Z, nm 20.21 60.13 
 

The process of UV imprinting was successful and caused no technical 

problems concerned with contamination of mould or sticking to the polymer. A 

visual inspection has revealed a high uniformity of the replicated polymeric scales 
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and the absence of macro-defects. Fig. 4.11 shows the representative AFM image 

(30 × 30 μm
2
) of polymeric scale in the raster zone. The dimensions in this case are 

as follows: the period is equal to 21.8 μm, the groove bottom – 9.2 μm, the groove 

top – 10.6 μm, the hill bottom – 14 μm, and the hill top (ridge) – 12.6 μm. It should 

be said that Fig. 4.11 is a result of measurements carried out near the internal edge 

of raster zone, thus the width of the hill exceeds the width of the groove. However, 

the width of the groove at a half depth matches the width of chromium strips of the 

photomask very well. The slopes of the replicated grating are steep, although 

moderate inclines are noticed as a consequence of RIE application to Si wafer. The 

accuracy of replication was additionally investigated by acquiring a large scale AFM 

images from 5 × 5 μm
2
 areas at groove bottoms and flat ridges of the raster zone of 

Si master mould and polymeric gratings. The characteristic AFM images are shown 

in Fig. 4.12. It can be indicated that the surface morphology of the Si groove bottom 

almost fully coincides with the one recorded at the polymeric flat ridge (Fig. 4.12a–

b). The same tendency is valid for the opposite pair of mutually related surfaces, i.e. 

Si flat ridge and groove bottom of the polymeric grating (Fig. 4.12c–d). The RIE has 

caused additional roughening of the groove bottom of Si master mould, which is 

also transferred to the polymeric scale. It is evident that the quality of replication is 

high even if the replicated features are small and have lateral dimensions of 

nanometer order. 
 

  
a) b) 

 

Fig. 4.11. AFM image of the surface of polymeric scale: a) 3D topography; b) profile 
 

The main parameters of roughness were calculated for the quantitative 

evaluation of each surface using the same software. The results obtained for eight 

different regions of the raster zone were averaged. The values of parameters of 

roughness which were calculated for 5 × 5 μm
2
 areas of Si master mould and 

polymeric grating, are presented in Table 4.2. Evidently, the surface roughness of 

polymeric grating is very similar to that of Si master mould. Roughening induced 

into silicon during the RIE process evenly declines after UV imprint transfer of 

surface relief to photopolymer. 
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All in all, it can be concluded that the surface morphology of the formed 

polymeric scales is comparable to that of Si imprint mould. Hence, the combination 

of PET substrate and acrylic photopolymer can be potentially used in high-precision 

angular positioning systems. 
  

  
a) 

 

b) 
 

  
c) d) 

 

Fig. 4.12. AFM 3D topographic images of Si master mould and the replicated polymeric 

grating surfaces: a) Si groove bottom; b) polymer flat ridge; c) Si flat ridge; d) polymer 

groove bottom 
 

Table 4.2. Values of roughness parameters for Si master mould and polymeric 

grating 
 

 
Si master mould Polymeric grating 

Flat ridge Groove bottom Flat ridge Groove bottom 

Ra, nm 2.76 4.67 3.25 2.83 

Rq, nm 4.01 5.36 3.91 3.61 

Z, nm 31.7 44.1 33.2 24.0 
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4.2.3. Investigation of optical properties 
 

Optical transmittance 
 

There is a significant need for the fabricated polymeric scales to be 

characterised by such optical characteristics which would enhance their application 

possibilities. In particular, optical transmission and reflection are highly important, 

because they allow one to confirm the proper (or improper) selection of materials 

composing the scales intended for a potential determination of angular displacement 

in high-precision positioning systems. Since the mentioned optical properties are 

mutually related, only the transmission was selected to be analysed in this case, 

whereas the absorption (and so, the reflection) can be trivially calculated afterwards.  

For this reason, the optical properties of thin PET films coated with acrylic 

photopolymer were initially evaluated by measuring ultraviolet-visible (UV-Vis) 

transmission. UV-Vis spectroscopy is a measurement of attenuation of a light beam 

passed through or reflected from a sample surface in the ultraviolet-visible spectral 

region. The light of the latter and adjacent ranges (near-UV and near-infrared (NIR)) 

is energetic enough to directly promote the electronic transitions of the sample 

which are registered by an appropriate device [142]. Since the UV-Vis range spans 

the domain of human visual acuity of approximately 400–750 nm, this spectroscopy 

is useful to identify absorption, transmission and reflection of a variety of 

technologically important materials. The application areas of the latter technique 

vary from analytical chemistry and life sciences to breakthrough sampling in high-

end research of materials and industrial purposes [142]. 

For this task, a conventional UV-Vis spectrometer was employed. Its operation 

is based on the measurement of the intensity of light passed through a sample (P) 

comparing it to the intensity of light before the pass (Po), when the frequency of 

radiation is not changed. The ratio (P/Po) is called the transmittance (T), usually 

expressed in per cent (%). A modern UV-Vis spectrometer functions according to 

the subsequent scheme (Fig. 4.13). The device is a single-beam instrument, where 

the light coming from the UV-Vis source passes the lenses and is dispersed by a 

monochromator (prism or diffraction grating) before it reaches the sample placed in 

a cuvette. Then, the rays of light are gathered into one beam by appropriate lenses. 

The resulting beam is registered by a light detector connected with a read-out device 

(e.g., a computer). 
 

 
 

Fig. 4.13. The operation principle of UV-Vis spectrometer 
 

In the analysed case, the transmission measurements were carried out by using 

a fibre optic UV/VIS/NIR Spectrometer AvaSpec-2048 in the wavelength range 

from 300 nm to 800 nm, with a resolution of 1.4 nm. The setup of the utilised 

analytical equipment is provided in Fig. 4.14.  
 



112 

 

 
 

Fig. 4.14. UV/VIS/NIR Spectrometer AvaSpec-2048. Parts: 1 – UV-Vis light source with 

integrated optics; 2 – fibre optic cable; 3 – cuvette with analysed specimen; 4 – UV-Vis light 

detector unit with integrated optics and an output to a computer 
 

Optical transmittance of PET and PET covered with a photopolymer layer (3 

µm) with respect to the UV-Vis region is presented in Fig. 4.15. It is demonstrated 

that the influence of photopolymer on the performance of PET in terms of the 

relevant parameter is relatively negligible, i.e. a decrease in optical transmittance is 

almost constant and does not exceed 5–6% of the initially registered values 

throughout the visible light range; the average transmittance value for PET substrate 

reaches approximately 75%, with the corresponding value for overall polymeric 

compound being nearly 70%, while the appropriate values almost are very similar in 

the first half of ultraviolet light range. The numbers show that the applied polymeric 

substances are a suitable option for the transmission of light as a means for the 

major purpose stated at the beginning of this section. 
 

 
 

Fig. 4.15. The influence of acrylic photopolymer layer on the optical transmittance of PET 

film in UV-Vis region 
 

Diffraction intensity 
 

As it was elaborated earlier, interferential rotary encoders could benefit from 

the proposed polymeric scales. For this purpose, another optical property is 

substantially desirable. To be more precise, the diffraction intensity of the formed 

2 
3 4 

1 
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periodic microstructure plays a crucial role. Optical encoders based on the 

interferential scanning principle usually employ interference of zero and first-order 

diffraction beams. The essential components of such sensors are two diffraction 

gratings: a transparent scanning reticle and reflective step grating. The first grating 

diffracts an incident light beam at least into the 0 and +/-1 diffraction orders, 

whereas the second one performs the projection of these orders onto common 

diffraction directions, where they interfere. Phase shifts between the light beams, 

which interfere due to the displacement of the first grating relative to the second one, 

are registered by photodetectors (see Subchapter 1.6 for a more comprehensive 

explanation). Unwanted beams of diffracted light are spatially filtered. Hence, the 

diffracted light intensity directly influences the performance of the encoder. 

It should be reminded that absolute diffraction efficiency is defined as the ratio 

between the energy flow (power) of monochromatic light diffracted from the grating 

(with respect to the maximum order being analysed) and the energy flow (power) of 

the incident light. Intensity may be a substitute for energy flow in this definition 

[143]. According to the latter definition, if the value of incident light intensity is 

constant, diffraction efficiency is directly related to the value of diffracted light 

intensity; the higher it is, the higher efficiency is observed. 

In the executed analysis, the distribution of diffraction intensities in spectrum 

orders was measured by using a helium-neon (λ = 632.8 nm) laser stand 

schematically represented in Fig. 4.16. The principle of measurement can be 

perceived straightforwardly referring to the provided figure.  

Measurements of the polymeric scales were carried out at seven points located 

equidistantly along the angular raster zone for each scale. An example of the 

transmitted diffraction pattern generated on the dark screen by illuminating the 

grating of the scale by the laser light is given in Fig. 4.17. It shows an effective 

diffraction in the form of series of bright spots, with the most of the diffracted light 

intensity concentrated in the zero and first diffraction orders. 
 

 
 

Fig. 4.16. The diffraction intensity measurement stand. Parts: 1 – the power supply; 2 – the 

He-Ne laser; 3 – a polymeric grating scale; 4 – an optical screen; 5 – a photodetector; 6 – a 

digital multimetre; 7 – a controller of laser position; 8 – a rail profile of laser position; 9 – a 

rotational profile unit [144] 
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Fig. 4.17. Transmitted diffraction pattern generated due to the interaction of He-Ne laser 

light with the polymeric scale 
 

Averaged results of both inspected scales for intensity distribution in patterns 

of the transmitted diffraction are expressed in arbitrary units and presented in Table 

4.3. It should be highlighted that the values of diffraction intensity measured at 

different points of the tested polymeric scales are close to each other, which 

confirms the uniformity of the UV imprinted polymeric scales over a full area of the 

raster pattern. Most of the transmitted light is concentrated in the zero and first 

diffraction orders. Moreover, intensities of the light in the +1 and -1 diffraction 

orders are not less than 75% of the zero-order beam. Light intensity in the second 

and higher orders of diffraction pattern is much weaker, and the diffracted beams 

tend to broaden with increasing diffraction order. Therefore, due to the limited 

sensitivity of the camera, it is difficult to capture higher orders of diffracted light, 

and the third order of diffraction is nearly invisible in Fig. 4.17. The values of 

diffraction intensity measured at different points of the scales deviate not more than 

7% and 11% from the corresponding averages (Fig. 4.18) for the 0 and +/-1 order 

diffraction beams, respectively. Comparative testing of both replicated polymeric 

scales has shown a sufficient reproducibility of average diffraction intensity patterns, 

with differences in diffraction intensities not exceeding 5%. 
 

Table 4.3. Intensity distribution in patterns of transmitted diffraction measured at 

seven points of the polymeric scales 
 

Measurement 

point 

Diffraction order 

-3 -2 -1 0 +1 +2 +3 

1 9 7 290 358 295 8 10 

2 11 8 335 384 330 8 11 

3 7 12 320 410 307 11 8 

4 11 9 347 360 343 8 11 

5 10 6 320 370 356 7 11 

6 12 5 340 390 358 5 12 

7 12 8 325 388 313 8 12 
 

Since the period of the replicated grating of the scale is much larger than the 

laser wavelength, the intensity distribution of the diffracted light can be described by 

the scalar grating theory, i.e. the envelope of the diffraction pattern is equal to the 

diffraction pattern produced by a single grating period. According to the theory, the 

first minimum of the envelope described by the function sinx/x must occur in the 

direction of the grating order, a number of which is equal to the ratio of grating 

period to width of the ridge [145]. In case of this experiment, this ratio is nearly 

equal to 2, so the results of measurements agree well with the theory despite some 

deviations of the imprinted pattern from binary phase grating. 
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Fig. 4.18. The average values of transmitted diffraction intensity for the tested polymeric 

scale 
 

Efficient diffraction of the first-order and similar intensities of beams of the 

zero and first-order diffraction show that the optical properties attributed to the 

replicated polymeric incremental scales meet the requirements for successful 

application in optical rotary encoders employing the interferential scanning 

principle. Proper adjustments of dimensions of the grating (e.g. period, groove depth 

and profile) can be easily made according to the particular requirements for the 

configuration of an encoder. 

With regards to the data provided in this chapter, a certain modification 

(version) of polymeric scales would enable them to fulfil the functions of reflective 

gratings as well. Metallisation of the grating surface is among the main techniques to 

achieve that. In order to illustrate such possibility, one of the fabricated scales 

(chosen randomly) was additionally subjected to a coating of ridges of the raster 

pattern by thin film of aluminium (80 nm) using physical vapour deposition 

equipment. Al layer is known as one of the most common, cheapest and simple 

materials to form an optical coating yielding a reflection coefficient of about 88–

92% within the visible light spectrum. The obtained results are shown in Fig. 4.19. 
 

   

a) b) c) 
 

Fig. 4.19. The application of polymeric incremental scale, with ridges of pattern coated by 

80 nm Al layer (a), to organic glass rotor of miniature (22 mm in diameter) piezoelectric 

rotary stage (b) that might be used for angular positioning of optical element (c) 
 

Polymeric scale 
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4.3. Chapter conclusions 
 

In this chapter, a novel polymeric incremental rotary scales meeting the 

requirements of compactness, high quality and acceptable cost-performance ratio 

were fabricated and thoroughly characterised. The essential conclusions of this 

chapter are: 

 Two PET-based scales were formed when dividing the fabrication process 

into two steps: 1) the formation of a silicon master mould by using optical 

microlithography and reactive ion etching; 2) the formation of an angular 

raster pattern in a polymeric substrate by using the UV imprint technique. 

 Optical microscopy indicated the absence of macro-defects and acceptable 

reproducibility of Si master mould and polymeric scales with respect to the 

applied photomask. The same analytical tool demonstrated the appearance 

of Moiré fringes as one of the ways to detect angular displacement in high-

precision positioning systems. The respective Moiré effect was also 

illustrated by using the MATLAB software.  

 Surface morphology analysis with an AFM confirmed the results of optical 

microscopy in terms of macro-defects and reproducibility. Despite some 

micro-irregularities observed at the surface of step-profile polymeric 

microstructure, the elements of raster pattern match the respective 

counterparts of Si master mould to an adequate extent. The surface 

roughness of polymeric gratings is comparable to that of Si master mould. 

 The investigation of optical transmittance utilising UV-Vis spectrometry 

revealed that a decrease in optical transmittance of UV-sensitive 

photopolymer layer in a 300–800 nm range is almost constant and does not 

exceed 5–6% of values for uncoated PET substrate. UV imprinting causes 

no problems associated with contamination of Si master mould or sticking 

to the polymer. 

 The measurements of intensity distribution in transmitted diffraction 

showed that most of the diffracted light intensity is concentrated in the 0 

and +/-1 diffraction orders. The values measured at seven different points 

of the tested polymeric scales do not deviate by more than 7% and 11% 

from the corresponding averages for the zero and first-order diffraction 

beams, respectively. The differences in average diffraction intensities 

between the inspected scales do not exceed 5%.  

 The ridges of raster pattern of one polymeric scale were coated by thin 

film of Al (80 nm), thus indicating the opportunity to make use of optical 

reflection principle when searching for an acceptable replacement for the 

conventional glass-chromium scales in high-precision angular positioning 

systems.  
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5. THE PROPOSED PROTOTYPE OF A HIGH-RESOLUTION 

PIEZOELECTRIC ROTARY STAGE 

 
After a thorough investigation of a high-resolution piezoelectric rotary stage 

from theoretical and experimental points of view discussed in the previous three 

chapters, decision was made to create a prototype of the rotary piezostage. It would 

provide a solid background for an overall understanding in terms of design and 

operation of the device. Considering the constantly growing technical and 

commercial features-based demands, both the academia and industry could 

substantially benefit from potential full implementation and realisation of the 

proposed actuator and/or its modifications. It should be pointed out that the 

prototype presented in this chapter contains not only the piezoelectric stage, but also 

the newly designed motion controller with an installed closed-loop control system, 

thus ensuring precise and accurate motion of the rotor. 

In this chapter, the emphasis is mainly placed on the geometric virtual model 

of the proposed prototype of the piezoelectric rotary stage, with the produced 

physical prototype of the same device provided in the final step. 
 

5.1. Geometric virtual model of the proposed prototype 
 

The geometric virtual model of the proposed prototype was designed (Fig. 5.1) 

on the basis of the experimental one presented in Chapter 3, since the dimensions of 

the components and overall performance of the analysed object were confirmed to 

be suitable for the intended application. This task was accomplished using Autodesk 

3ds Max software in collaboration with company Precizika Metrology. 

So as to treat the piezoelectric stage as a complete angular positioning system, 

a closed-loop control system is a must-have element constantly ensuring a pre-

defined required precision and accuracy of positioning, rotor speed, torque, and 

other dynamic characteristics. Therefore, a programmable motion controller was 

necessary to design. A geometric virtual model of the proposed prototype of the 

controller is given in Fig. 5.2. At the back of the device, there is a DC output for 

energy supply, a USB 2.0 port for exporting the measurement data, an RS232 IN 

port for setting parameters and programming with a computer, and an RS232 OUT 

port for observation of measurement results and related technical characteristics on 

the computer screen. 
 

a)  
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b)  
 

Fig. 5.1. A geometric virtual model of the proposed prototype of a piezoelectric stage: a) the 

overall (isometric) view with indicated dimensions; b) an exploded view with denoted major 

parts 
 

A combination of the piezostage and a motion controller resulted in the 

generation of prototype of high-resolution piezoelectric rotary stage (Fig. 5.3a). The 

controller is activated/deactivated by an “On/Off” button. The “Menu/Set” button 

enables one both to enter the menu list containing all parameters which can be 

adjusted and select a feature needed to be changed. Browsing through the list and 

increasing/decreasing the value of the parameter of interest is performed by the “+” 

and “-” buttons. In order to initiate or terminate the angular displacement of the 

rotor, the button “Start/Stop” is employed. The “Reset” option provides a possibility 

for the rotor to drive back to the initial position at 0 degrees.  
 

a)  
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b)  
 

Fig. 5.2. A geometric virtual model of the proposed prototype of a motion controller: a) an 

overall (isometric) front view with indicated dimensions; b) an overall (isometric) back view 
 

The positioning of optical elements stands among the most prevalent 

application fields of the device (Fig. 5.3b). In the given example, an LCD display 

shows five main operational parameters utilised to adjust and set the operation of the 

piezoelectric rotary stage properly. They encompass “Angular displacement: 30 [
o
]”, 

“Weight load: 0 [g]”, “Angular speed: 360 [
o
/s]”, “Excitation voltage: 60 [V]”, and 

“Excitation frequency: 126.26 [kHz]”. 
 

 
a) 

DC output 

USB 2.0 port 
RS 232 IN port 

RS232 OUT port 

“-” button 

“Start/Stop” button 
“Reset” button 

“On/Off” button 

“+” button 

“Menu/Set” button 
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b) 

 

Fig. 5.3. A geometric virtual model of the proposed prototype of high-resolution 

piezoelectric rotary stage: a) an overall view; b) the stage in action (positioning of optical 

element) 
 

Considering the fact that the investigated piezoelectric stage (see Chapter 2 

and Chapter 3) is rather compact in size, simple in structure and characterised by a 

well-defined performance, the decision was made not only to combine it with the 

motion controller, as shown above, but also to propose a range of actuators identical 

in the operation principle, but different in dimensions and dynamic characteristics 

(Fig. 5.4). The mentioned range could be attractive to both the academia and 

industry due to wide possibilities of application. 
 

 
 

Fig. 5.4. Geometric virtual models of the proposed prototypes of several modifications of the 

high-resolution piezoelectric rotary stage 
 

LCD display 
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5.2. Produced physical prototype 
 

As it was already mentioned, a system of motion control is indispensable to 

any high-precision angular positioning system, including piezoelectric rotary stages, 

when aiming for high-quality motion. Usually, the structure and operation principle 

of the piezoelectric rotary motors and drives cause a presence of specific 

shortcomings (neglecting those mentioned in the first chapter); these, for instance, 

are time-varying tribological parameters of friction pairs or irregularity of 

instantaneous motion velocity and dependence of the velocity on the rotational 

direction. The latter issues highly influence the dynamic parameters and 

performance of piezoelectric motors and drives.  

Considering both of the mentioned aspects and the requirement of high-

resolution motion for the designed piezoelectric rotary stage, it was decided to 

develop and adapt an integrated closed-loop feedback control system with a separate 

motion control unit at the final part of this work; this was achieved in collaboration 

with the scientists from the faculty of electronics and electrical engineering at KTU. 

The created system enables to decrease the displacement errors to a significant 

extent. The produced physical prototype acting as a relatively simplified version of 

the geometric virtual model presented in Subchapter 5.1 is given in Fig. 5.5. In this 

version, the desired angular displacement is set by using an external programming 

device (e.g. a computer), with the autonomous control to be realised in the nearest 

future, thus enabling a user to control the piezoelectric rotary stage in a completely 

wireless mode. A simplified structural control scheme of the device is provided in 

Fig. 5.6. In this scheme, PK driver denotes the piezostage, and mark disk denotes a 

glass-chromium incremental scale attached to the rotor; together with the optical 

encoder, these structural components comprise the complete rotary stage. As the 

scheme is rather trivial, it will not be explained in details here. 
 

 
 

Fig. 5.5. The physical prototype of a high-resolution piezoelectric rotary stage with an 

integrated closed-loop feedback control system  
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Fig. 5.6. A simplified structural control scheme of the high-resolution piezoelectric rotary 

stage 
 

 Fig. 5.7 shows a structural scheme of the programmable logical controller 

(PLC) acting as the main component in the setup. The operation of the PLC is 

controlled by a universal CPU microprocessor Atmega 8. The angular position of 

the rotor is registered by an optical reflective encoder AEDR-8400 interacting with 

the incremental scale that contains 2500 rasters. The encoder outputs two quadrature 

signals to the CPU for further processing and identification of the position. By a 

short press of buttons SW1 or SW2, the piezoelectric stage is rotated and stopped at 

the desired angular position in clockwise or counter-clockwise direction of motion.  
 

 
 

Fig. 5.7. A structural scheme of programmable logical controller used to control the 

operation of the high-resolution piezoelectric rotary stage 
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Initially, the piezocylinder is excited by a DDS-type signal generator AD9832. The 

generated signal is received by the MOSFET transistor ensuring a quick operation 

and moderate allowable heating of the switch-type transistors. The signal of the 

required amplitude is formed at the output (secondary) coil of the transformer (TR1). 

The relay-type switch receives the signal and passes it to one of the electrode groups 

(depending on the necessary rotation direction) of the piezocylinder. A driving 

voltage of 9 Vdc is supplied to the PLC; a higher voltage may lead to overheating of 

the piezocylinder. 

The main performance characteristics of the designed high-resolution 

piezoelectric rotary stage are summarised in Table 5.1. 
 

Table 5.1. The main performance characteristics of the designed high-resolution 

piezoelectric rotary stage 
 

Dimensions Ø66 x 25 mm 

Weight 150 g 

Active axis θZ 

Rotation range >360o 

Motion direction bidirectional 

Resolution 0.254 µrad 

Sensor Optical incremental encoder 

Max. angular speed (load-free) 60 rpm (6.28 rad/s) 

Drive torque 5.6 mNm 

Max. external load capacity 2 kg 

Motor type Resonant ultrasonic 

Material Anodised aluminium and stainless steel 
 

5.3. Chapter conclusions 
 

According to the obtained results, the following conclusions have been drawn: 

 A geometric virtual model of the proposed prototype of the high-resolution 

piezoelectric rotary stage with a closed-loop feedback control system was 

developed. The respective models of several modifications of the 

piezostage, which are identical in the operation principle but different in 

dimensions and dynamic characteristics, were created as well. 

 A relatively simplified physical version of the developed geometric virtual 

model of the high-resolution piezoelectric rotary stage was produced and 

presented. In terms of the main performance characteristics, the piezostage 

is comparable (or more competitive) to analogous devices on the market 

and superior with respect to cost-effectiveness.  
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CONCLUSIONS 

 
1. A comprehensive literature review of the existing high-precision rotary stages 

revealed that piezoelectric resonant USMs have a huge potential to be widely 

applied as driving elements in high-resolution rotary stages and positioners; 

however the main limiting issues are insufficient precision, complex structure, 

and relatively high manufacturing costs. It was also identified that polymeric 

incremental scales can offer a more favourable cost-performance ratio than the 

conventional glass-chromium incremental scales, and they can be used to 

measure precise angular displacements of rotary stages. 

2. Theoretical investigation of the designed high-resolution piezoelectric rotary 

stage driven by resonant ultrasonic standing-waves was carried out. It was 

disclosed that: 

i) The operational frequency interval of the piezocylinder is 125.8–132 kHz in 

the presence of driving voltage of 20–80 V. Elliptical motion trajectories of 

the contact zones in the axial-tangential plane form well-defined rotational 

motion of the rotor. 

ii) Lumped-parameter analytical model of vibro-impact interaction dynamics 

between the piezocylinder and rotor showed that the recommended 

operational frequency of the piezocylinder should be equal to or span in the 

vicinity of resonant frequency, and a there should be a small gap between the 

rotor and the contact zone element in the normal direction during the rotor 

motion. The model can be easily adapted to various piezoelectric rotary and 

linear motors utilising friction-based contact between input and output links. 

iii) A numerical transient study of the piezocylinder interaction with the rotor 

under varying external loading (0–2 kg) conditions revealed that the time 

needed for the actual rotor motion to start is inversely and non-linearly 

dependent on the applied external load. 

3. The results of experimental investigation of the designed piezoelectric rotary 

stage in terms of the main dynamic characteristics indicated that: 

i) The operational resonant frequency of 126.26 kHz induces tangential and 

axial displacements of the top surface of the piezocylinder, thus generating 

elliptical motion trajectories of the contact zone elements in the clockwise and 

counter-clockwise directions. The highest displacement amplitudes are 

registered in the tangential direction, so the respective oscillations are the 

driving ones in the entire range of applied voltage amplitudes (20–80 V). 

ii) The assessment of surface displacement of the piezocylinder by holographic 

interferometry confirms the suitability of the selected topology of electrodes 

and the excitation for a uniform displacement of the top and side surfaces. 

iii) The values of average resolution of the developed piezoelectric rotary stage 

are 0.250 µrad (clockwise motion) and 0.258 µrad (opposite motion), which 

make the device superior to most of competitive products on the market. The 

dependence of resolution on the applied external load (0–2 kg) is non-linear, 

with the maximal resolution observed at 0.25 kg; a further increase in the load 

until the maximum results in a decrease of resolution by about 11 times. 
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iv) The influence of driving voltage (20–80 V) on the angular speed (28–66 rpm) 

of the rotor under the effect of varying external load (0–2 kg) is defined by a 

non-linear tendency for the speed to rise, when the supplied voltage increases. 

It is demonstrated that the torque of the rotor non-linearly increases with the 

increase in the driving voltage. A rise of the applied torque load imposes a 

non-linear decrease in the angular speed of the rotor under constant driving 

voltage. 

v) Dynamic operation mode characterised by the generation of torsional 

oscillations concomitant with rotational motion of the rotor was exhibited. 

The novel mode is featured by slow bidirectional scanning-type motion of the 

rotor, thus very preferable in high-precision positioning systems.  

4. Two polymeric (PET-based) incremental scales were fabricated combining 

optical microlithography and UV-nanoimprint techniques in order to possibly 

measure the angular displacement of the rotor of piezoelectric rotary stage. It was 

found that the surface roughness of the polymeric raster pattern is comparable to 

that of Si master mould. The decrease in optical transmittance of the scales in the 

300–800 nm range is almost constant and does not exceed 5–6% of values for the 

photopolymer-uncoated PET substrate. Most of the diffracted light intensity of 

the scales is concentrated in the 0 and +/-1 diffraction orders. The differences in 

average diffraction intensities between the inspected scales do not exceed 5%.  

5. Geometric virtual model of the high-resolution piezoelectric rotary stage with a 

closed-loop feedback control system was developed, followed by a relatively 

simplified physical version produced afterwards. In terms of the main 

performance characteristics, this device is comparable (or more competitive) to 

analogous devices on the market and superior with respect to its cost-

effectiveness. The proposed design of the piezoelectric stage is in the process of 

transfer into viable industrial product to be commercialised by the company 

Precizika Metrology. 
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APPENDIX A  

 
The operation principles of piezoelectric non-resonant motors and drives 
 

   
a) b) c) 

 

Fig. 1. Operation principle of inchworm motor mechanism in ”walker” (a), “pusher” (b), and 

“walker-pusher” (c) mode [26] 
 

  
a) b) 

 

Fig. 2. Operation principle of seal motor: a) motion mechanism; b) timing chart [45] 
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a) b) 
 

Fig. 3. Operation principle of a walking motor: a) classical mechanism; b) novel approach in 

stepping mode [26, 48] 
 

 
 

Fig. 4. Operation principles of PFIA-driven motors: a) impact drive (stick-slip) mechanism; 

b) self-inertia mechanism; c) impact-inertia mechanism; d) corresponding stimulating 

voltage [54] 
 

  
 

Fig. 5. The typical structure of PFDA-driven (a – rotary, b – linear) and PIDA-driven (c – 

with suspended counter object, d – with supported counter object) motor [54]  
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APPENDIX B 

 
The main properties of piezoceramics PZT-401 [109] 
 

Properties Symbol Value Unit 

Density ρ 7,600 kg/m3 

Young’s modulus E 78 GPa 

Poisson’s ratio σ 0.31 - 

Curie temperature TC 330 
o
C 

Max. operating temperature Tmax 165 
o
C 

Compliances (elastic constants) S
E

33 15.6 pm
2
/N 

 S
E

11 12.7 pm
2
/N 

Dielectric constants K
T

33 1,395 - 

 K
T

11 1,475 - 

Dielectric loss tanδ 0.2 % 

Coupling factors kp 0.58 - 

 k31 0.35 - 

 k33 0.67 - 

Piezoelectric (charge or strain) 

constants 
d33 315 

pC/N or 

pm/V 

 d31 132 
pC/N or 

pm/V 

Piezoelectric (voltage or stress) 

constants 
g33 25.5 mV∙m/N 

 g31 10.7 mV∙m/N 

Mechanical quality factor Qm 600 - 
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APPENDIX C 
 

Results of modal analyses of piezocylinder 
 

a)  

b)  

 

c)  

 

d)  

 

Fig. 1. Displacement of piezocylinder in axial direction (modal analysis) caused by vibration 

modes at resonant frequency of: a) 128.61 kHz; b) 128.67 kHz; c) 128.78 kHz (128.4-129.4 

kHz interval; U = 60 V) and 131.53 kHz (131-132 kHz interval; U = 60 V) 
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a)  

 

b)  

 

c)  

 

Fig. 2. Displacement of piezocylinder (harmonic analysis) in tangential (a), radial (b) and 

axial (c) directions caused by vibration mode at resonant frequency of 126.23 kHz  

(U = 60 V) 
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APPENDIX D 
 

Results of mathematical modelling of interaction between PC and rotor: a) 

positions of two contacting points in axial direction in time; b) tangential 

displacement of the rotor in time; c) total angular displacement of the rotor in 

time; d) motion trajectory of the contact zone element in tangential-axial plane 
 

a)  
 

b)  
 

c)  d)  
 

Fig. 1. Response during steady state motions, when ν = 1 and 𝑙 = 0 
 

a)  
 

b)  
 

c)  d)  
 

Fig. 2. Response during steady state motions, when ν = 1 and 𝑙 = 0.8 
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a)  
 

b)  
 

c)  d)  
 

Fig. 3. Response during steady state motions, when ν = 1.25 and 𝑙 = −0.8 
 

a)  
 

b)  
 

c)  
 

d)  
 

 

Fig. 4. Response during steady state motions, when ν = 1.25 and 𝑙 = 0 
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a)  
 

b)  
 

c)  d)  
 

Fig. 5. Response during steady state motions, when ν = 1.25 and 𝑙 = 0.8 
 

a)  
 

b)  
 

c)  d)  
 

Fig. 6. Response during steady state motions, when ν = 1.43 and 𝑙 = −0.8 
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a)  
 

b)  
 

c)  d)  
 

Fig. 7. Response during steady state motions, when ν = 1.43 and 𝑙 = 0 
 

a)  
 

b)  
 

c)  d)  
 

Fig. 8. Response during steady state motions, when ν = 1.43 and 𝑙 = 0.8 
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APPENDIX E 
 

Transient response of interaction between piezocylinder and rotor 
 

a)  

 

b)  
 

c)  
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d)  

 

Fig. 1. Transient response of the analysed structure in terms of the maximal tangential 

displacement at the centres of the contact zone elements after the start of electrical excitation, 

when the applied external load is: a) 0.1 kg; b) 0.25 kg; c) 0.5 kg; d) 1 kg 
 

a)  
 

b)  
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c)  
 

d)  
 

Fig. 2. Transient response of the arbitrary selected point of the rotor with respect to the axial 

displacement after the start of electrical excitation when applying the external load of: a) 0.1 

kg; b) 0.25 kg; c) 0.5 kg; d) 1 kg 


