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Abstract

This thesis discusses the development of a novel parallel composite-joint piezohydraulic

micromanipulator. The micromanipulator is composed of three prismatic actuators

connected in parallel. The actuators are new piezohydraulic actuators, where the

deformation of a piezoelectric disk is transformed into a linear displacement using

hydraulic oil and a bellows. Three bellows, which are able to elongate along their

longitudinal axis and bend about the other two axes, form the kinematic chains of the

micromanipulator. Since the bellows is a monolithic element and possesses both

translational and rotational degrees of freedom, that micromanipulator is composed of

composite joints.

The constructed piezohydraulic micromanipulator is the first parallel structure which is

composed of composite joints and thus, does not need separate revolute, universal,

spherical or prismatic joints. This is a beneficial feature in the fabrication and assembly

of miniaturised micromanipulators. 

The micromanipulation system consists of five subsystems: the micromanipulator, a

control system, a vision system, a signal processing system and accessories. The emphasis

of this thesis is on the structure and experimental evaluation of the micromanipulator and

the piezohydraulic actuator and on the development of position feedforward and position

feedback control schemes. The position feedforward control is based on the inverse

position kinematic equations. The thesis presents two inverse position kinematic models:

a first generation model and a second generation model, the latter providing slightly better

results in the feedforward control scheme. 

Two inverse Jacobian matrices are derived from the inverse position kinematic models.

The second generation model is used in a vision-based control scheme and the first

generation model in a Hall-sensor-based control scheme. Both control schemes are

decentralised task space control schemes, which are composed of the position
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measurement system, independent single-input / single-output controllers for each joint

and a static nonlinear decoupling element – the inverse Jacobian.

The micromanipulator controlled using the vision-based position feedback control

scheme possesses the following performance:

• steady-state accuracy of ± 1 pixel in the xy plane. With the 100x magnification:

1,7 micrometres and 3,3 micrometres along the x and y axis, respectively;

• repeatability of 1 and 2,5 micrometres along the x and y axis, respectively with the

100x magnification;

• resolution of nanometres;

• an ellipsoid workspace, the length of the semi-axes of which are 250 µm x 250 µm

x 100 µm;

• sampling frequency of 18 Hz.

The Hall-sensor-based control scheme provides the same resolution and workspace. It

possesses a limited accuracy of 20 micrometres but it can be employed at significantly

higher speeds than the vision system. Therefore, the future implementation can be a

system, where the Hall sensor measurement is used for high-speed course positioning and

the vision system for precise positioning to move the end-effector close to the target.
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Chapter 1

Introduction

This thesis describes the development of a new type of a parallel micromanipulator and

its position control. The micromanipulator has a composite-joint structure and is

composed of three piezohydraulic actuators operating in parallel. It possesses three

significant properties: it provides high resolution, large workspace and compact size.

Micromanipulators typically lack one of the features: they can be very precise and can

provide large displacements, but tend to be large and unwieldy. 

The thesis also presents two inverse position kinematic models and two inverse Jacobian

matrices capable of producing decent orthogonal displacements in the task frame. The

developed inverse position and inverse velocity kinematic models can be used in open-

loop control and they are demonstrated in teleoperation, where the feedback loop is closed

by the operator. When high accuracy and high speed are needed, closed-loop control

strategies should be implemented. This thesis presents two position feedback control

schemes which utilise the inverse Jacobian matrix of the manipulator and single input /

single output (SISO) proportional-integral-derivative (PID) controllers. In the first control

scheme, the position of the end-effector is measured in three dimensions using a machine

vision system. This provides a very accurate but however, for some applications, an

overly slow system. The second control method uses Hall sensors which provide

measurements at high speeds but at the expense of accuracy. 

The study reported here was started in 1995 as a two-year project funded by Tekes (the

National Technology Agency of Finland) and Wallac Oy. The goal of the project was to

develop a system for micromanipulation which is able to separate differently coloured

plastic spheres measuring less than 40 micrometres in diameter. The micromanipulator
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was developed at Tampere University of Technology in the Control Engineering

Laboratory (presently the Institute of Automation and Control), and the vision system at

VTT Automation (presently VTT Industrial Systems). The technical goals of the project

were to develop a micromanipulator that 

• facilitates automatic micromanipulation,

• is composed of off-the-shelf components

• is compact in size (a few centimetres in diameter),

• has a large workspace relative to the objects to be manipulated (a few hundred

micrometres in the xy plane) and

• provides sub-micrometre resolution.

The project resulted in the successful development of the micromanipulator. In the

beginning of 1998, another two-year project (1998 – 1999) was started with the goal of

developing a position feedback control system for the micromanipulator and thus,

improving the accuracy of the micromanipulator. In addition to establishing a basis for the

automatic micromanipulation, the project studied microfluidics (its simulation and

application to micro dispensing). The project was funded by Tekes, Wallac Oy and Orion

Diagnostica Oy and was a collaborative effort involving the Institute of Automation and

Control at Tampere University of Technology, the Control Engineering Laboratory at

Helsinki University of Technology, the Microelectronics and Material Physics

Laboratories at the University of Oulu, VTT Chemical Technology and VTT Automation.

On completion of the second two-year project, development work continued under the

SOLOMANDA project, a three-year (2000 – 2002) project funded by Tekes, Wallac

Perkin Elmer Life Sciences, Orion Diagnostica and Hormos Medical. The research

partners were the Institute of Automation and Control at Tampere University of

Technology, the Control Engineering Laboratory at Helsinki University of Technology,

VTT Automation and the Cell Research Centre at the University of Tampere. The

SOLOMANDA project has emphasised biological perspectives and therefore, not only

micromanipulation, but also cell culturing, cell detection and cell analysis techniques

have played a very essential role. The size of the micromanipulator was not originally a

critical feature. More essential for the micromanipulator was to provide as precise

movements as the micromanipulation task requires. Recently, the need for using multiple

micromanipulators simultaneously has enhanced the importance of designing miniature

sized micromanipulators. 
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1.1 Micromanipulation

The Oxford English Dictionary defines micromanipulation as: 

“the performance of extremely delicate operations (such as the isolation of a single 
yeast cell from a culture) under a microscope.” 

In micromanipulation, the sizes of particles being manipulated range from one

micrometre to a few millimetres. The objects can be either natural such as biological cells,

bacteria, spores, minute blood vessels and paper fibres, or artificial such as miniaturised

gears, other mechanical parts, electrical components and fabric fibres. The objects can be

manipulated either by touching them physically or without a physical contact. In non-

contact manipulation, the objects are manipulated using optic, electric, magnetic or

acoustic energy. Using a laser beam, a suspended living cell can be trapped, or a cell

membrane can be drilled. A general overview of optical micromanipulation can be found

in [8]. Other examples of non-contact manipulation include isolation and positioning of

biological particles and mechanical parts using electric, magnetic and acoustic fields; see

for example [3], [76] and [57] for more detailed information. 

In contact micromanipulation, operations are performed using an end-effector which is

moved in three-dimensional space by a micromanipulator1. The end-effector can be an

injection pipette, a micro gripper or a recording electrode. The tip of the end-effector has

to be small enough to facilitate the handling of minute objects and components. This study

deals with the development of a micromanipulator that will perform contact

micromanipulation. In the following chapters, the term micromanipulation refers to the

contact type micromanipulation.

1.2 Applications of Micromanipulation

The most important application area of micromanipulation has been the manipulation of

living cells. Particularly, intracellular injections and bioelectrical recordings have been

extensively used for basic biological research, drug development, in-vitro fertilisation,

transgenics and other biomedical areas. Another important application area is

microassembly: similarly as the size of electronic components has decreased and their

density and number increased in recent decades, the size of mechanical parts, sensors and

actuators have diminished and their number has risen in many products. As a result, the

handling and assembly of miniaturised parts has become an increasingly important

application field of micromanipulation and it will considerably expand in the near future.

This section will concisely describe the application areas focusing on intracellular

1.  A micromanipulator is a device which provides the delicate motions needed in micromanipulation.
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injections, electrophysiological measurements, as well as isolation, microdissection and

microassembly. 

1.2.1 Intracellular Injections

A micromanipulator is an essential tool for intracellular injections. The micromanipulator

is used for the precise positioning of an injection pipette into the neighbourhood of a cell

and for penetration of the cell membrane. After the pipette is inside the cell, the desired

substance is injected using a microinjector. The cells to be injected can be either

suspended or adherent. The suspended cells are held in place during the injection using a

vacuum pipette. Typical applications of suspended cell injections include in-vitro

fertilisation and transgenics. In in-vitro fertilisation, a spermatozoan is inserted into an

oocyte (an egg cell), while in transgenics a foreign gene (a transgene) is transferred into

a chromosome of a fertilised egg cell.

Intra-cytoplasmic sperm injection (ICSI) means the fertilisation of an egg cell in vitro.

Egg cells are relatively large in size (about 100 – 150 micrometres), thus lowering the

required accuracy of the micromanipulator. However, because intracellular injections into

egg cells are still made manually in most cases, injection of spermatozoa into an oocyte

requires skilled, experienced operators to achieve high survival and fertilisation rates.

However, the precise and consistent repetition of the process has been very difficult to

achieve. Survival and fertilisation rates could be raised through the use of automatic

microinjection systems that would provide injections of consistent precision. 

Transgenic animals are produced by injecting new DNA into a fertilized egg cell before

it starts dividing. The new DNA becomes incorporated into a chromosome within the

nucleus, thus being present in every cell of the resulting animal. Numerous transgenic

applications have been developed, including the production of animals that yield a

specific protein in their milk. Transgenic cows, goats and pigs have been developed to

produce human pharmaceuticals. Automatic micromanipulators for intracellular sperm

and DNA injections have been developed [92], [104]. Commercial devices, such as those

provided by Eppendorf, Narishige and Cellbiology Trading are available. From the

automation point of view, AIS 2 supplied by Cellbiology Trading is curretnly the most

advanced commercial microinjection system. The AIS 2 is a semi-automatic

microinjection system, which continues the advancement of the AIS manufactured by the

Carl Zeiss company in the middle of 1990’s. 

In addition to suspended cells, adherent cells can also be microinjected. Adherent cells

grow at the bottom of a petri dish and form a cell population. Their size is typically much

smaller than that of the egg cells: human ephithelial cells and neurons are 10 – 20

micrometres in diameter, for example. As the size of the cells in cell cultures is nearly 10

times smaller than that of the egg cells, microinjection of adherent cells requires

micromanipulators of higher accuracy, both in terms of the positioning accuracy as well
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as the preciseness of the penetration. Since adherent cells grow at the bottom of the petri

dish, the cells are not penetrated from the side, but from the top. Thus, the pipette must

penetrate the membrane, but it must not touch the bottom of the petri dish, which could

damage the pipette. Furthermore, the penetration movement of the pipette should be such

that the injection-caused opening in the membrane is as small as possible. Since the cells

are small and tend to grow in populations close to one another, they are difficult to detect.

This imposes extreme requirements upon the vision system as well. To summarise, the

development of a micromanipulation system for the automatic intracellular injection of a

single adherent cell is a very challenging task. However, a system that would

automatically detect, manipulate and analyse a single living cell in a cell culture would

provide enormous advantages over the manual systems. A few of the application areas of

such a system will be briefly discussed in the following.

Drug Development and Toxicology

Laboratory animals and cell lines of cancer origin are presently routinely used in drug

development to study the effects of new drug compounds. Their use, however, introduces

technical, ethical and economical drawbacks. Firstly, since different species are

dissimilar, laboratory animals may not necessarily provide precise information about the

effects of drug compounds on humans. Moreover, human cell lines are typically

homogeneous cultures of cancerous origin which do not mimic the function of normal

tissues and organs. Secondly, the use of laboratory animals in drug development and

toxicological tests poses ethical problems, and the European Union intends to forbid their

use, for instance, in the cosmetics industry as soon as alternative methods become

available. Thirdly, using laboratory animals is strictly regulated and expensive and

therefore, companies would be ready to use alternative, technologically feasible but cost

effective methods if they were available. The aforementioned reasons support the

development of new cell cultures comprised of various types of cells. Heterogeneous cell

cultures consisting of both healthy ephithelial cells and fibroblasts1 would mimic the

function of a tissue better than cells that might be of cancer origin. In addition to

heterogeneous cell cultures, it is beneficial to have primary cell2 cultures, which represent

adequately the cell types from which they are derived. However, for example neuronal

cells in primary culture have a limited capability to divide. 

When there is a need for either more detailed information concerning the behaviour of an

individual cell in a culture, the interactions between different cell types, or cultures

containing only a very small number of cells, techniques that facilitate the detection,

manipulation and analysis of a single cell should be available. One step towards automatic

manipulation of single cells is the development of the micromanipulator to be described

in this thesis. 

1.  A fibroblast is a cell found in connective tissues.
2.  Primary cells are taken directly from organisms and are not subcultured.
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Basic Biological Research

The microinjection of single adherent cells will be become even more important in the

future, after gene and stem cell technologies have been developed further. As is well-

known, the human genome has been successfully sequenced. The next step is to determine

the functions of the genes. In the future – probably even in the near future – the human

genes will be available in a form that facilitates their injection into the cells. Then,

microinjection techniques could be used for inserting genes and antisense constructs1 into

cells and for screening gene functions. Another significant future application of

micromanipulation is in stem cell2 research. Even though stem cells can be found in all

stages of human development – from embryo to adult – their capability to differentiate

decreases with age [99]. One interesting aspect of stem cell research is the understanding

of the differentiation mechanism. For a proper clinical use of stem cells, it is important to

know which stem cells – especially adult stem cells – differentiate into the desired cell

type. Micromanipulators can be used for labelling stem cells and thus, enable the

researchers to verify the origin of the differentiated cells. After understanding both

intrinsic and extrinsic regulation mechanisms, micromanipulators can be used for the

application of regulators in cells that direct differentiation. 

1.2.2 Electrophysiological Recording

Electrophysiological techniques are used for recording bioelectrical signals in cells. Both

extracellular and intracellular techniques have been developed for this purpose [80]. In the

conventional two-electrode voltage-clamp technique, two sharp high-resistance

electrodes are inserted into a cell. One electrode is used for applying voltage pulses and

the other for recording current, or vice versa. This technique is primarily used for the

measurement of bioelectrical signals from large cells. In patch-clamp techniques, one

low-resistance electrode is used. The electrode is placed onto the membrane of the cell,

not inside the cell, in such a way that a giga-ohm resistance seal forms between the

electrode and the membrane. The tip of the patch-clamp electrode is larger than the tip of

a conventional intracellular recording electrode. In patch-clamp techniques, either the

voltage or current is clamped and respectively, either the current or voltage is measured.

Patch-clamp methods allow not only the whole-cell measurements but also the recording

of the activities of a single membrane channel. Patch-clamp techniques impose extreme

requirements upon the micromanipulator. In addition to the high position accuracy

required to place the electrode on the membrane, the micromanipulator should be devoid

of all drifting. The electrode is not permitted to drift during the recording process in order

to avoid breaking the giga-ohm seal, which is likely to result in the failure of the

measurement. Future visions of electrophysiological recordings include the

microinjection of a compound, or several different compounds, into a cell, and

1.  An antisense construct is used for the inactivation of a gene.
2.  A stem cell is not specialised and can differentiate into a specialised cell type as it multiplies.
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simultaneous measurement of the electrophysiological effects on the injected cell and its

neighbours. This is presented in a conceptual illustration in Figure 1.1. Simultaneous

measurement and injection requires the parallel use of several micromanipulators and can

only be performed if the micromanipulators are diminutive. 

1.2.3 Isolation of Micro-organisms and Microdissection

For the identification and characterisation, the micro-organisms (such as bacteria or yeast)

must first be isolated from a complex mixed culture and then further cultivated in a pure

culture which contains only the desired micro-organisms. Fröhlich and König, for

example, have used a mechanical micromanipulator to isolate individual bacteria from a

mixed culture [30]. The technique requires isolation and aspiration tools to collect the

desired isolated organisms.

Microdissection – the isolation of a single cell or cell clusters from histological samples

– has traditionally been performed using an LCM (laser capture microdissection) method.

However, mechanical methods have also been used. A fine metal blade is first made to

oscillate at a high frequency having a low amplitude to dissect the desired cell or cell

cluster. Then a micropipette is used for the aspiration of the isolated cells, which are used

in DNA, RNA or protein analysis, for example. The microdissection technique has been

used for instance in cancer research. A human biopsy sample is first frozen to stop the

gene expressions and the frozen sample is then cut into thin slices consisting of both

tumour and healthy cells. This procedure is followed by the isolation of the cell types in

order to study the difference in the gene expressions in the tumour and healthy cells.

1.2.4 Microassembly

Miniaturization has been one of the most important technological trends in the last three

decades. Microelectronics has paved the way by reducing the sizes of microchips from

Figure 1.1. Illustration of integrated intracellular microinjection and bioelectrical 

recording.
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centimetres to micrometres and achieving very high component densities.

Microminiaturization of mechanical components was initiated by microfabricating

sensors and structures and it was followed by the microfabrication of actuators. The

integration of microelectronics, micromechanisms, microsensors and microactuators into

microsystems has become a prominent research area throughout the world. Different

terms are, however, used in the various parts of the world: the miniaturised systems have

mainly been called microsystems in Europe1, micro-electro-mechanical systems (MEMS)

in the USA and micromachines in Japan. Today, the most successful MST (Micro System

Technology) products, such microsensors as accelerometers and pressure sensors, are

manufactured using silicon-based techniques: surface micromachining and bulk

micromachining. The infrastructure of the silicon-based micromachining has been

designed for massive parallel fabrication, where a large number of identical products are

fabricated on a silicon wafer. Little or no assembly is needed in the fabrication of such

monolithic products. However, monolithic microsystems can be used only in a limited

number of applications. Increasingly complex high-aspect-ratio hybrid microsystems will

be developed. These microsystems can be composed of components fabricated using

different processes (silicon fabrication, LIGA, electro discharge machining, micro

stereolithography, etc.), having complex geometry and being made of different materials

(polymers, silicon, metals, active materials2). For hybrid microsystems, assembly is

essential. 

In the assembly of miniaturised components varying in dimensions from several

micrometres to hundreds of micrometres, extreme precision is needed. Human operators

are no longer capable of assembling microparts by hand. Therefore, micromanipulators

that extend the human capabilities to the microworld must be developed. The

micromanipulators must provide sufficient accuracy, they must be sufficiently dexterous

to facilitate complex operations and their size must be small enough to be used in a limited

space. When a component has dimensions of less than one millimetre, it is evident that

extreme precision is needed. In microassembly, the orientation of the parts is an important

aspect, since the operations include the combining of parts. Therefore, microassembly

usually requires more delicate operations than those used for biological operations where

the positioning in three dimensions and the movement along the end-effector are typically

sufficient. As was discussed in the section on electrophysiological recording, several

micromanipulators operating in parallel under an optical microscope will be required in

the future. The same applies to microassembly, where the joining of parts might require

the use of two micromanipulators equipped with microgrippers, one micromanipulator

equipped with a glue dispenser and the other micromanipulator equipped with a

miniaturised camera, for example. 

1.  The research field is called microsystem technology, MST.
2.  Active materials are materials which change their shape upon application of an external stimulus.
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In addition to a high-performance micromanipulator, another important issue in

microassembly is the so-called scaling effect. When the dimensions of the parts are

reduced to a one-millimetre or sub-millimetre scale, adhesive forces, such as van der

Waals force, electrostatic forces and surface tension, start to dominate gravity. Thus, the

assembling sequence in microassembly is usually not reversible; it necessitates the need

for new assembly techniques. Moreover, environmental conditions have a considerable

influence on the success of the assembly and must therefore carefully be controlled during

micro operations [105].

1.2.5 Discussion

Although micromanipulators are commercially available at present, in many cases they

are still controlled manually. For example, the three-axis movement is generated by

turning micrometer screws by hand, easily generating undesired vibrations. Motorized,

semi-automatic micromanipulators are also commercially available. They typically use

electric motors which perform the positioning of the end-effector. If penetration into a cell

is needed it is often performed using a piezoelectric actuator. Commercial

micromanipulators are characterised by serial structure, are cumbersome, and are not yet

thoroughly automated. The trends in the application areas presented in the preceding

sections suggest that micromanipulation systems of the future must respond to the

following challenges: fast speed, increased flexibility, high level of automation, large

information content and low costs. From the micromanipulator development point of

view, this means that the performance of the micromanipulators must be improved, the

micromanipulators must be miniaturised, and their automation level should be increased.

Specifically, the following aspects should be emphasised:

1. Performance. High speed will be increasingly essential in both biomedical and

microassembly applications. For instance, the operations in the drug development and in

the microfactory of the future will be performed at high speeds. This will partly but not

only be achieved by raising the automation level. The speed of micromanipulators must

be increased in the future, but not at the expense of the accuracy and price.

2. Miniaturisation. Many operations in biomedical applications and microassembly

must be simultaneously performed under an optical microscope in a limited space. In

biomedical applications, several different compounds need to be injected, cells will be

aspirated from a cell culture, electrophysiological signals of several cells will be recorded

and cells will be electrically stimulated. In microassembly, several microgrippers,

adhesive dispensers and visualization tools will simultaneously be needed. The trend

towards parallel operations necessitates the miniaturisation of micromanipulators.

3. Automation. To reduce human involvement in tedious micro operations and thus, free

the scientists to concentrate on the analysis of results, the automation level of

micromanipulation should be increased. This requires (i) a computer-controlled



Chapter 1, Introduction 10

micromanipulator having high positioning accuracy and repeatability, (ii) the

development of more highly automated micromanipulation, (iii) a careful task planning

which takes into account the requirements imposed by the automation and the scaling

effect, and (iv) additional measurement information on the interactions between the end-

effector and the micro particles. In order to obtain this information from the microworld

in real-time, sensors and sensor systems, such as tactile and force sensors and machine

vision systems, must further be developed. Increasing the level of automation, requires

improvements in the robustness of the system against errors and disturbances.

1.3 Parallel Mechanisms

Parallel manipulators are comprised of a fixed base to which a mobile platform is linked

by means of two or more independent parallel kinematic chains. Parallel manipulators

have several benefits over the serially linked manipulators. Since the actuators are linked

in parallel, errors in links do not accumulate and the parallel structures tend to be more

accurate than serial manipulators composed of actuators of the same level of accuracy.

Moreover, parallel manipulators experience smaller vibrations under high accelerations

and better load-carrying capabilities than serial manipulators. 

The field of parallel manipulators is relatively young. The first device was built by Gough

in the 1950’s [37] and the well-known device by Stewart in 1965 [90]. In the 1970’s, only

few conceptual papers were published. According to [68], the number of publications on

parallel manipulators started to increase in the beginning of the 1980’s, rising rapidly

towards the end of the decade. More than one hundred conference and journal papers were

published in the middle of the 1990’s, see Figure 1.2. Despite the increasing number of

publications on the topic, only very few books have been published on parallel

manipulators, in contrast to the large number of books published on serially linked

manipulators. A good introduction to parallel manipulators is presented in Merlet’s book
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Parallel Robots [67]. A good overview of the field is given by Dasgupta and

Mruthyunjaya in [24]. 

Both Merlet, and Dasgupta and Mruthyunjaya outline the problems for the research on

parallel manipulators. Analytical formulation of inverse kinematics is available for

parallel manipulators. Methods for solving the direct kinematic equations have

progressed considerably in recent years and methods that give all the solutions are now

available. However, the algorithms are somewhat complex and take too much time when

the solutions are needed in real-time. Similarly, the inverse Jacobian is easy to derive, but

the analytical formulation of the Jacobian is demanding. With respect to the optimal

synthesis and design of parallel structures and the analysis of singularities and workspace,

many problems have been solved, but complete solutions still do not exist. The dynamics

of parallel manipulators are complex, and the algorithms are time consuming. Finally,

very little research results have been published on the control of parallel manipulators.

Dasgupta and Mruthyunjaya claim that “the control of a Stewart platform manipulator is

almost an open field and the works reported are not rigorous”. This thesis reviews the

control of parallel manipulators and compares the algorithms with those typically used in

the calculations of serially linked manipulators.

Figure 1.2. Annual number of references on parallel mechanisms [68].
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1.4 Organisation of the Thesis

This thesis discusses the development of a new type of parallel manipulator and its

position control. After the introduction given in this chapter, parallel manipulators are

reviewed in Chapter 2. The chapter starts with a short historical review of parallel

manipulators, and presents definitions for terminology. Then different types of parallel

structures are introduced and their benefits and drawbacks are discussed. The duality

between the parallel and serial manipulators is discussed and features of parallel

manipulators are compared with those of the serial manipulators. The chapter ends with a

survey of parallel micromanipulators covering research prototypes and commercial

products. Moreover, the reported performances of different parallel micromanipulators

are compared. 

Few studies have examined the control of parallel manipulators, and none of these have

focused, for example, on specialised control schemes that would take advantage of the

parallel structure of the manipulator. An overall review summarising the control schemes

for parallel manipulators seems to be missing. Chapter 3 provides an overview of the

schemes used for motion control of parallel manipulators. The first section discusses

controllability which has hitherto been barely broached. The next two sections present

decentralised joint space control schemes and task space control schemes proposed for

parallel manipulators. The conclusions of the chapter are given in the last section.

Chapter 4 presents two of the major contributions of the thesis: (i) a new type of

piezoelectric actuator in which the deformation of a piezoelectric wafer is transformed

into linear motion using a bellows and hydraulic oil and (ii) a new type of composite-joint

parallel manipulator composed of the three aforementioned piezohydraulic actuators. The

chapter first describes the piezohydraulic actuator, its operation principle, structure and

experimental evaluation and then discusses the structure and novelties of the new parallel

manipulator.

To control the pose of the mobile platform in a parallel manipulator and thus, the position

of an end-effector attached to the mobile platform, the lengths of the kinematic links must

be known. Chapter 5 derives two inverse position kinematic models and two inverse

velocity kinematic models (inverse Jacobian matrices) for the micromanipulator. The

inverse position kinematic models determine the link lengths for a given pose of the

mobile platform and are used for an open-loop control scheme. The inverse Jacobian

matrix relates a desired change in the pose to the required changes in the joint variables.

The derived Jacobian matrices are used for task space position feedback control of the

micromanipulator. 

The position of the micromanipulator is controlled in either open-loop or closed-loop

control. Chapter 6 discusses open-loop control in which the position of the end-effector is
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not measured. Since the actuators of the micromanipulator are in practise never exactly

identical, their differences are compensated. The actuator balancing is discussed in the

beginning of Chapter 6. Two open-loop control schemes based on the inverse position

kinematic models are next described. The chapter presents experimental results for both

models and discusses the performances of the open-loop control schemes. The

micromanipulator with an open-loop controller is demonstrated in a

microtelemanipulation task designed to separate glass spheres. 

In many teleoperation applications, open-loop control is sufficient, since the loop is

closed by the operator. However, automatic operations in which the loop is not closed by

the operator place higher accuracy demands on the micromanipulation system. The high

accuracy can be achieved by applying a position feedback control. Chapter 7 presents two

task space control schemes where the position of the end-effector is measured either

directly or indirectly. Firstly, a control scheme is proposed that is based on the direct

measurement of the end-effector position using a machine vision system. The controller

utilises the inverse Jacobian matrix derived in Chapter 5 and three SISO P(ID) controllers.

The chapter briefly describes the structure of the vision system, discusses the structure

and tuning of the controller and presents experimental results and performance data for

the closed-loop controlled manipulator. Secondly, the chapter discusses a control scheme

that is based on measuring the orientation of the mobile platform available from Hall

sensors. The measurement system, the structure of the controller and experimental results

are presented. Chapter 7 concludes with discussion and comparison of the results.

Finally, Chapter 8 concludes the thesis with a summary of the results and suggestions for

future work.

1.5 Contributions

The contributions of this thesis are summarised in the following list:

1. the development of a new micromanipulation system which has a resolution of a few

dozen nanometres, an accuracy of better than one micrometre, a workspace of a few

hundred cubic micrometres and volume of a few dozen cubic centimetres;

2. the development of a new type of piezohydraulic actuator designed especially for

parallel manipulators; 

3. the development of a novel composite-joint parallel manipulator: the proposed

manipulator does not consist of separate revolute, universal, spherical or prismatic

joints, but monolithic bellows possessing one translational and two rotational degrees

of freedom – composite joints;
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4. the derivation of the inverse position kinematic and the inverse velocity kinematic

models that facilitate the movement of the new micromanipulator along coordinate

axes in task space;

5. the development of a Hall sensor-based position sensing system for parallel

manipulators;

6. the development of a position feedback control scheme for the new

micromanipulator.
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Chapter 2

Parallel Mechanisms

A parallel mechanism is a closed-chain mechanism in which a mobile platform is

connected to a base platform by at least two independent kinematic chains [74]. The

history of parallel mechanisms is not long. The first papers on parallel manipulators were

published in 1960's. Gough in 1962 [37] and Stewart in 1965 [90]. Gough developed a

parallel manipulator for testing tyres already in the middle of 1950’s (published 1962).

His mechanism consists of six prismatic actuators that couple a base platform to a mobile

platform. The prismatic links were connected to the mobile and base platforms by means

of spherical and universal joints, respectively. In 1965, Stewart proposed another parallel

manipulator to be used as a flight simulator. The manipulator had six prismatic actuators

but arranged differently from those in the device developed by Gough. At the end of his

paper, Stewart proposed possible modifications to his structure which would lead to a

“Gough’s manipulator”. The structure proposed first by Gough and then independently by

Stewart is nowadays known as a Stewart platform. Even though the majority of papers on

parallel mechanisms discusses Stewart platforms, many other types of parallel

manipulators have also been proposed. Examples of other parallel structures are planar

parallel manipulators [65], spherical parallel manipulators [36], tripod (or 3-RPS)

manipulators [59] and Delta manipulators [18].

This chapter defines first the terminology used in the thesis. Then duality between parallel

and serial manipulators, and the benefits and drawbacks of parallel mechanisms will be

discussed. An overview of applications will be presented. Since Stewart platforms and

tripod manipulators are similar to the manipulator developed in this thesis, they are briefly

discussed. The chapter will finish with an overview of parallel micromanipulators.
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2.1 Terminology

The purpose of this section is to provide a list of commonly used terms in this thesis. They

are mainly from the terminology list used in ParalleMIC in [74], but some exceptions and

supplements to the list have been made. 

Parallel Mechanism

A parallel mechanism is a closed-chain mechanism in which a mobile platform is

connected to a base platform by at least two independent kinematic chains. Parallel

mechanisms are also called parallel-link mechanisms but in this thesis the terms parallel

mechanism and parallel manipulator are used.

Mobile Platform

A mobile platform is a platform which moves and to which an end-effector of a parallel

manipulator can be attached.

Base Platform

A base platform is the fixed platform of a parallel manipulator.

End-Effector

An end-effector is usually a tool of the manipulator, such as an injection pipette, a gripper

or a recording electrode.

Kinematic Chain

A kinematic chain is an assemblage of links and joints. In a parallel manipulator, it

connects the mobile platform to the base platform and consists of at least one actuated

joint. The structure of the kinematic chain is usually described by a sequence of capital

letters representing the order and the type of the joints. The following notations are

typically used:

• P: a prismatic joint

• R: a revolute joint

• U: a universal joint

• S: a spherical joint

The architecture of a parallel manipulator having identical kinematic chains is described

using the notation n-XXX, where n is the number of kinematic chains and “XXX”

describes the architecture of the chain. The last letter denotes the joint attached to the

mobile platform. If a parallel manipulator is composed of six indentical kinematic chains,

each of which have a universal joint, a prismatic joint and a spherical joint, the

manipulator possesses a 6-UPS architecture.
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Joint Space and Task Space

For the manipulator discussed in this thesis, the joint variables  represent the

lengths of the links, or kinematic chains. The term “link variables” is used as a synonym

for the term “joint variables”, in the thesis. The set of all possible joint vectors

 is called a joint space. A task space (Cartesian space) is the set of all

possible pose vectors x (positions and orientations) of the end-effector [22], [88]. 

Inverse [Position] Kinematics

The inverse position kinematics, or inverse kinematics, describe the equations for the

determination of the joint variables, when the pose vector of the mobile platform is given. 

Direct [Position] Kinematics

The direct position kinematics, or direct kinematics, describe the equations for the

determination of the pose vector of the mobile platform, when the joint variables are

given.

Inverse Velocity Kinematics

The inverse velocity kinematics describe the equations for the determination of the joint

velocities, when the velocities of the mobile platform are given:

, (2.1)

where  is the velocity vector of joint variables,  is the mobile

platform velocity vector being composed of the linear and angular velocity

components  and , respectively, and  is the inverse of the manipulator

Jacobian.

Direct Velocity Kinematics

The direct velocity kinematics describe the equations for the determination of the

velocities of the mobile platform, when the joint velocities are given

, (2.2)

where J(q) is the Jacobian matrix of the manipulator.
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2.2 Parallel Mechanisms

Parallel manipulators have a number of benefits which make them the best choice in many

applications. Firstly, parallel manipulators tend to be more precise than serial-link

manipulators, as the inaccuracies of the actuators and joints do not accumulate. Therefore,

if a parallel and a serial manipulator are composed of the same actuators, the parallel

manipulator is generally more precise. By avoiding the cantilever structure of the serial

manipulators, the parallel manipulators also possess a better dynamic performance and

thus, decreased tendency for vibrations under high accelerations. Furthermore, the load

carrying capability of the parallel manipulators is better than that of the serial

manipulators, because the mass of the structure and the load are equally distributed on the

actuators. Hence, in order to carry a heavy load, a parallel manipulator can be made much

lighter than a serial manipulator. The general drawbacks of parallel structures are their

small workspace and reduced manoeuvrability. To summarize, parallel manipulators are

good candidates in applications where high load-carrying capability, high dynamic

performance and / or precise positioning are of primary importance.

Serial and parallel manipulators share many dual features. In serial manipulators, the

direct position kinematics, which express the equations between the position and

orientation of the end-effector and the joint variables, are relatively straightforward.

However, the calculation of the inverse position kinematics, that is the determination of

the joint variables required to reach a certain position and orientation, is difficult. The

opposite is true for parallel manipulators: solving inverse position kinematics is simple

but direct position kinematics are complicated. The inverse position kinematics of a

Stewart platform refers to finding the lengths of the kinematic chains for a given pose of

the mobile platform. The direct position kinematics can be formulated as: given the

lengths of the kinematic chains, find all the possible poses of the mobile platform. The

solution of the inverse kinematic equations is unique: only one set of link lengths leads to

a given position and orientation. A given set of link lengths can, however, be related to

multiple poses of the mobile platform. A closed-form solution of the direct kinematics

equations presenting all poses of given link lengths of the general Stewart platform has

been a challenging problem. Numerical methods have been used when only one real

solution is required and a good starting point is available. For some special cases (such as

a 3-3 Stewart platform) a closed-form solution of the direct position kinematic equations

has been presented in [24]. 

Similar to the position kinematics, the inverse velocity kinematics of the parallel

manipulators are straightforward, whereas the direct velocity kinematics are complicated.

For serial manipulators, the Jacobian matrix describing the velocity relationship, is easy

to derive, while for the parallel manipulators, the inverse of the Jacobian is easily

available. In other words, an analytical form of the inverse Jacobian of a parallel
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manipulator can be derived but an analytical form of Jacobian matrix does not generally

exist.

In addition to the kinematics, the duality between the serial and parallel manipulators

applies to the static force transformation and the singularities. The direct force

transformation1 of a parallel manipulator is relatively straightforward, while the inverse

force transformation is complicated. The opposite is true for serial mechanisms.

Singularities in the serial manipulators are associated with a loss in degrees of freedom,

while in the parallel manipulators typical singularities result in a loss of degrees of

constraints making the structure uncontrollable.

As mentioned above, the closed forms of the direct position and velocity kinematics and

efficient numerical algorithms to solve them are still missing. Other open problems in

parallel manipulators – reviewed in [24] and [67] – are described briefly in the following.

In general, the derivation of the workspace of the parallel manipulators is more

complicated than in the serial manipulators, since in parallel mechanisms the translation

and orientation workspaces are coupled. The analytical determination of singularities of

the parallel manipulator is a challenging problem, and methods that would generate a

singularity free trajectory inside the workspace are needed, but not presently available.

The optimal design and kinematic synthesis of a parallel manipulator is an open research

field as well. For example, there is no method to determine the best structure for a given

task. Finally, the study of the dynamics and control of parallel manipulators should gain

more attention in the future. 

The number of companies offering commercial parallel manipulators for various

applications is steadily increasing. In spring 2002 ParalleMIC – a Parallel Mechanisms

Information Center – listed more than 100 companies manufacturing parallel

manipulators [74]. The highest number of companies was in the category of motion

simulators (64 companies). Parallel manipulators were also advertised for machining (24

companies), industrial applications (11 companies), medical applications (3 companies)

and miscellaneous applications (14 companies). Almost all commercial motion

simulators are based on a parallel mechanism and therefore, there are numerous

companies offering parallel motion simulators. The most common simulator is an

aeroplane flight simulator, but also helicopter, space, horse-riding, car, bus, truck and

leisure simulators are available. Technical information on the motion simulators can be

found in [40], [71] and [81], for example. Commercial parallel machining devices include

5-axis milling machines, 5-face and 6-axis CNC machining tools, ophthalmic lens

manufacturing tools and coordinate measuring machines. Even though the number of

companies manufacturing parallel industrial manipulators is relatively small, the

applications are extensive. Parallel manipulators have been applied, for instance, to high-

speed pick-and-place tasks, spot welding, vehicle lifting, fibre alignment and component

1.  Computation of the forces on the mobile platform when the joint forces are known.
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assembly. A well known parallel robot for industrial applications is a Delta robot

manufactured by a Swiss company Demaurex [89]. It has been designed for ultra-high-

speed pick-and-place tasks. Medical applications include endoscopic inspection and

therapy, and placement of surgical screws. Commercial parallel structures are also

available for haptic devices, active vibration isolation, telescope positioning and other

high-precision pointing and positioning tasks. In addition to the commercial products, a

large number of prototypes have been built for different purposes. A few examples of

research prototypes are: a crane [95], an excavator  [72], a vibration isolation device [34],

a haptic device [21], a force sensor [85], an endoscope [101]. Other applications include

ophthalmology [38], neurosurgery [98], precision pointing [64] and micromanipulation

[4]. More examples can be found in [67]. 

2.3 Stewart Platform, Tripod Manipulator and Delta Manipulator

This section introduces briefly a Stewart platform and a 3-RPS tripod manipulator, as they

are relatively similar to the manipulator discussed in this thesis. Also a parallel Delta

manipulator, which is several times referred to in Chapter 2, is briefly described. 

Stewart Platform

Stewart platforms are the most studied parallel mechanisms. They consist of six prismatic

links that connect a mobile platform to a base platform. The position and orientation of

the mobile platform can be controlled with respect to the base platform by changing the

lengths of the prismatic links. In the most general form, the links are connected to two

rigid bodies and have six mounting points on both bodies. The mounting points are not

necessarily on the same two-dimensional plane. However, in practice the mountingpoints

are co-planar and thus, the rigid bodies are planar platforms. A prismatic link is typically

connected to the platforms either by two spherical joints or by a universal joint (base

platform) and a spherical joint (mobile platform). Depending on the type of the joints, the

Stewart platform can be a 6-SPS Stewart platform or a 6-UPS Stewart platform.

Depending on the number of mounting points on the platforms, the Stewart platform is

called a 3-3 Stewart platform (three joints on the base, three joints on the mobile
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platform), a 6-3 or a 6-6 Stewart platform. Figure 2.1 illustrates a 6-SPS 6-6 Stewart

platform. 

Tripod Manipulator

Basu and Ghosal [7], Fang and Huang [29], Hunt [47], Lee and Shah [59], Pfreundschuh

et al. [78], and Waldron et al. [96] have studied a 3-RPS tripod manipulator, which is a

three degrees of freedom (DOF) parallel mechanism consisting of three kinematic chains.

Each kinematic chain is composed of a revolute joint, a prismatic joint and a spherical

joint, as presented in Figure 2.2. The manipulator has one translational and two rotational

degrees of freedom. Modifications of the general 3-RPS structure include the replacement

of the prismatic actuator by a system of passive links and a rotary actuator located in the

base platform [27]. Merlet et al. [66] and Ohya et al. [73] have placed the prismatic

actuators vertically to the base platform. Each prismatic actuator is connected to a fixed-

Figure 2.1. Schematic of a 6-SPS 6-6 Stewart platform.
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length link using a revolute joint and the fixed-length link is connected to the mobile

platform using a spherical joint making the structure a 3-PRS structure. 

Delta Manipulator

The Delta manipulator initially developed by Clavel and at present marketed by the

Demaurex company is probably the most famous three degrees of freedom parallel

manipulator. The three kinematic chains of the robot are RRPaR type, where Pa represents

a parallelogram. An active revolute joint connects a lever to the base platform. The

parallelogram is attached to the other end of the lever using the second revolute joint.

Finally, the other end of the parallelogram is connected to the mobile platform using the

last revolute joint. Thus, the Delta manipulator is actuated using three rotary actuators.

2.4 Parallel Micromanipulators

Parallel mechanisms have been employed in high precision positioning and manipulation

applications because of their high stiffness and accuracy. Early papers on parallel

micromanipulators were written by Hara and Sugimoto [41], Lee and Shah [59] and

Hunter et al. [48] in the end of 1980’s. Later T. Arai et al. developed the first 6 DOF

parallel micromanipulator, which was used as a part of a device named a two-fingered

micro-hand (see [4], [73] and [93], for example). Parallel mechanisms have also been

proposed for micromanipulation by Ando et al. [2], Breguet et al. [11], Cai et al. [13], Gao

and Swei [32], McInroy et al. [63], Portman et al. [77], Shim et al. [83] and Wang et al.

[97]. They have all developed manipulators that are able to manipulate microscopic

Figure 2.2. Schematic of a 3-RPS tripod manipulator.
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particles – either biological organisms or micromechanical components – that have

dimensions ranging from a few micrometres to several hundred micrometres. 

Six Degrees of Freedom Micromanipulators

In the beginning of 1990’s, T. Arai et al. developed a 6 DOF parallel micromanipulator

that has a 6-SPS structure [4]. This Stewart platform consists of six piezoelectric stack

actuators attached to the base and mobile platforms using stainless steel wires resembling

a spherical joint. Arai et al. use strain gauges to measure the deformation of the

piezoelectric actuators and SISO PI controllers to compensate for the hysteresis and drift

of the actuators. Using two 6-SPS structures, this Japanese group later developed a system

which they call a two-fingered micro-hand. Its operation mimics the motion of chopsticks:

micro-objects are manipulated using two glass needles similar to the way chopsticks are

used. The micromanipulators were first arranged in a parallel configuration but later, were

connected in series to enlarge the operational workspace and to make co-operative control

of the micromanipulators easier [93]. Figure 2.3 depicts the serial and parallel designs of

the two-fingered micro-hand.

McInroy et al. have developed a Stewart platform for precision pointing applications [63].

They use voice coil motors to drive the micromanipulator and PSD (position sensitive

diode) sensors for measuring the rotation of the mobile platform about the x and y axis. In

addition to the precise pointing of the end-effector, the manipulator is capable of

eliminating high-frequency vibrations of the base.

Ando et al. and Cai et al. have placed all six actuators into the base platform. In their

designs, the kinematic chains between the base and mobile platforms are passive and do

not deform. In the 6-PSRS manipulator, Ando et al. use six AC servo actuators that are

integrated in the base platform and that are perpendicular to the platform [1], [2]. In the

Figure 2.3. Two fingered micro-hand a) in parallel and b) in serial configuration [93].
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6-PSS parallel mechanism of Cai et al., six piezoelectric stacks are used for actuation. The

piezoelectric actuators are located in the base platform, and are connected to fixed-length

links using spherical joints. The fixed-length link is connected to the mobile platform

using a spherical joint [13].

Gao and Swei, and Shim et al. have built six degrees of freedom 3-PRPS

micromanipulators that consist of three actuators located horizontally in the base platform

and three actuators located in the links. Gao and Swei have developed a piezoelectric

translator that consists of a piezoelectric stack, a monolithic leaf spring and a pre-loading

mechanism. Three translators are located horizontally in the base platform and three

translators vertically and perpendicularly to the base platform as depicted in Figure 2.4.

The translators are connected to the base and mobile platforms using 1 DOF and 3 DOF

flexure hinges, respectively [32]. Shim et al. use similar design but – instead of

piezoelectric actuators – they apply Lorentz force electromagnetic actuators. The

displacements of the actuators are measured using PSD sensors  [83].

Portman et al. use six elastic longitudinally deformable hydraulic cylinders which are

rigidly welded to the mobile and base platforms. Due to the rigid connection of the

cylinders, the classical kinematic model of a Stewart platform does not provide sufficient

accuracy and therefore, the group has modified the Jacobian matrix by “an influence

factor matrix”. Portman et al. use LVDTs to measure the displacements of the actuators

and apply local feedback loops to improve the accuracy of the manipulator [77]. 

Breguet et al. have used stick-and-slip actuators that are inertial drive type of piezoelectric

linear stepper motors in their six degrees of freedom micromanipulator. The manipulator

contains three stick-and-slip actuators each of which has two degrees of freedom [11].

Figure 2.4. 3-PRPS micromanipulator developed by Gao and Swei [32].
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Wang et al. have studied the kinematics and dynamics of a structure that is composed of

two 3 DOF parallel manipulators connected in series. The upper manipulator is a 3-RPS

structure, and the lower manipulator is a planar 3-RRR structure. The prismatic links of

the 3-RPS structure and one of the revolute joints of the 3-RRR structure are actuated by

piezoelectric stacks  [97]. 

Parallel manipulators for high-precision positioning applications are commercially

available, too. Some examples are six degrees of freedom hexapods provided by German

companies Physik Instrumente (M-850 Hexapod [75]) and Marco (Hexapod [62]) and a

USA company Hexel (S.A.M.M.™ [42]). Physik Instrumente and Hexel use electric

motors, whereas Marco uses piezoelectric actuators to generate the movements of the

hexapod. 

Three Degrees of Freedom Manipulators

Hunter et al. [48], [49] developed a micromanipulation system to measure the mechanical

properties of a single muscle cell. Their system consists of two 3 DOF parallel

micromanipulators that are actuated by a combination of a piezoelectric stack actuator for

fine movements and a linear electromagnetic actuator for rough movements. The

combined linear actuators are orthogonal, and each of them contains a flexible beam

attached at the end of the actuator. The free ends of the beams are connected together at

the end-point of the manipulator resulting in a spherical motion. 

The other early parallel micromanipulator proposed by Lee et al. has a 3-RPS structure.

Thus, the manipulator has three degrees of freedom and its kinematic chains are

composed of a revolute joint, a prismatic joint and a spherical joint. Lee et al. studied the

kinematics and dynamics of the manipulator and have also built a prototype actuated by

piezoelectric stack actuators [59], [60]. 

Since all six degrees of freedom are not needed in the micro-hand application discussed

in the previous section, Arai’s group has constructed two three degrees of freedom

manipulators. The first 3-RPRP design possesses three translational degrees of freedom,

and its kinematic chains are composed of two revolute and two prismatic joints

implemented using flexure hinges [5], [94]. The prismatic joint is a planar parallelogram

composed of four revolute joints. Piezoelectric stack actuators, which are located in the

lower prismatic joint, are used for the actuation. The second design consists of three PRS

chains actuated by piezoelectric actuators. The piezoelectric actuators are located in the

base platform perpendicularly to the platform. Each actuator is connected to a passive link

through a revolute joint and the passive link is connected to the mobile platform using a

spherical joint. A revolute flexure hinge is used as the revolute joint, and a steel wire

mimics the spherical joint. Similar to Lee’s structure, the micromanipulator has two

rotational and one translational degree of freedom [73].
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Summary

The inverse piezoelectric effect has been the most commonly used actuation principle in

parallel micromanipulators, and only few designs have employed hydraulic actuators and

electromagnetic motors. Micromanipulators that are based on piezoelectric actuation are

typically smaller in size and provide the highest resolution and repeatability, but their

workspace is significantly smaller than with other type of actuators. This can be seen in

Table 2.1, which compares the performance of parallel manipulators. The manipulators

are listed according to the actuation principle. 

Table 2.1 Comparison of parallel micromanipulators. 

Manipulator DOF and type Actuator type Volume Workspace Repeatability

Lee et al. [59],
1987

3
3-RPS

Piezoelectric
stack

N.A. 4 x 10-6 mm3 N.A.

Arai et al. [4], 1993 6
6-SPS

Piezoelectric
stack

240 cm3 2 x 10-2 mm3 ***

Arai et al. [5],
1996, Tanikawa et

al. [94].

3
3-RPRP

Piezoelectric
stack

21 cm3 2 x 10-4 mm3 ***

Ohya et al. [73],
1999

3
3-PRS

Piezoelectric
stack

21 cm3 1,7 x 10-3 mm3 ***

Gao and Swei [32],
1999

6
3-PRPS

Piezoelectric
stack

N.A. 5 x 10-6 mm3 N.A.

Marco, Hexapod
[62]

6 Piezoelectric
stack

230 cm3 1,4 x 10-4 mm3 N.A.

Breguet et al. [11],
1996

6 Piezoelectric
stick and slip

4 cm3 140 mm3 N.A.

Kallio et al. [52],
1998

3 Piezohydraulic 150 cm3 2,5 x 10-2 mm3 ***

Portman et al. [77],
2000

6
6-fixed

Hydraulic 9 400 cm3 N.A. (stroke of
the actuator

4 x 10-2 mm)

***

Shim et al. [83],
1997

6
3-PRPS

Lorentz force
actuator

65 cm3 N.A. (stroke of
the actuator

2,5 mm)

*

Ando et al.  [2],
2000

6
2-P-RRR-R-S

AC motor 1 780 cm3 *

Physik
Instrumente,

Hexapod [75]

6 DC-motor 30 800 cm3 62 500 mm3 **

Hexel, SAMM [42] 6 Electric motor 14 300 cm3 12 900 mm3 *

*** better than one micrometre, 
** better than ten micrometres and 
* worse than ten micrometres. 
N.A. data not available
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One of the trends in parallel micromanipulator development has been to modify the

classical Stewart platform in order to increase the workspace. Various types of joints have

been used and in some designs, the joints have been replaced by flexure hinges and

welded joints to reduce the difficulties in miniaturization. The flexure joints which simply

provide the motion by bending the joint structure have been a special feature of

micromanipulators, since they improve the precision by eliminating friction and backlash

and ease miniaturisation. 

The bellows-based composite-joint parallel micromanipulator proposed in this thesis

consists of three piezohydraulic actuators. It differs from the 3-RPS and 3-PRS

manipulators proposed by Lee et al. and Ohya et al., respectively, since a kinematic chain

of the manipulator does not consist of separate revolute, prismatic and spherical joints, but

the bending and the axial displacement characteristics of the bellows are utilised resulting

in a single composite joint. Furthermore, hydraulic displacement amplification results in

an increased workspace without the loss of the high resolution of piezoelectric actuators.

A high position accuracy and repeatability are achieved using vision-system-based

position feedback control. 
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Chapter 3

Control of Parallel Manipulators 

Robot manipulators are usually used for performing tasks that are repetitive, hazardous,

costly or that require accuracy, strength or skill beyond the capability of human operators.

The task, be it assembly, welding, motion simulation or cell injection, sets certain

requirements on the manipulator. The manipulator should perform the task with a certain

accuracy and repeatability in a certain time and without damaging its environment. The

role of the control system is to drive the actuators of the manipulator in such a way that

the position and contact forces of the end-effector satisfy both transient and steady-state

requirements given by the operator. The tasks can be classified into free motion tasks

where no interaction between the manipulator and the environment occurs, or the

interaction is negligible, and interaction tasks where the interaction between the

manipulator and the end-effector must be taken into account. 

The problem in motion control is to move the end-effector of the manipulator in free space

along a desired trajectory. Since parallel manipulators – similar to serial manipulators –

are nonlinear multivariable systems, the problem is inherently a nonlinear multivariable

control problem. Before the actual motion control, the trajectory must be generated. In

repetitive operations where no interaction with the environment takes place the trajectory

is generated entirely off-line. The other extreme is teleoperation where the trajectory is

generated on-line by the operator. This chapter concentrates on the trajectory tracking –

the motion control of a parallel manipulator – assuming that the motion planning and the

trajectory generation phases have been performed. The trajectory is typically given in task

space, whereas the control actions are performed in joint space. Therefore, the coordinates

of the reference trajectory will be transformed into the joint variables. The controller can

operate either on the task space coordinates or on the joint variables. If the controller
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operates with the joint variables, the control is called joint space control. If it operates with

task space coordinates, the control scheme belongs to task space control. 

Control of serial manipulators is an extensively studied topic. Several books have been

written about the control of serial manipulators, see for example [25], [55], [82] and [88].

Control of parallel manipulators has almost been ignored. For instance, a recent and

comprehensive book on parallel robots [67] discusses control issues only very briefly.

Furthermore, a recent state-of-the-art survey on parallel mechanisms [24] claims that “the

control of Stewart platform is almost an open field, and the works reported are not

rigorous”. On the other hand, it emphasises the importance of the development of specific

control schemes for parallel manipulators. This chapter gives an overview of motion

control schemes proposed for spatial motion parallel manipulators which have either three

or six degrees of freedom and which use prismatic actuators. Thus, in the sequel, the terms

parallel robot and parallel manipulator refer to Stewart platform and tripod types of

manipulators. Interaction control is out of the scope of this work and therefore, interaction

control schmes are not reviewed. 

The remainder of the chapter is organised as follows. Section 3.1 discusses controllability

issues of parallel manipulators. Section 3.2 presents joint space motion control schemes

and Section 3.3 discusses task space control. A summary of the chapter is given in Section

3.4.

3.1 Controllability 

Choudhury and Ghosal report a study on the relationship between singularity and

controllability of parallel structures in [16]. They derive state-space representations for

various parallel manipulators and determine their controllability matrices. A system is

said to be controllable if the state of the system can be transferred from any initial state to

any final state over any arbitrary time interval by an appropriate control input [102]. 

Parallel manipulators possess two types of singularities: an end-effector singularity and

an actuator singularity. When the pose of a parallel manipulator is located on the boundary

of the workspace, it loses one or more degrees of freedom and the end-effector does not

move, even though the manipulator has a non-zero joint velocity vector. This type of

singularity is called the end-effector singularity or stationary singularity. In the actuator

singularity, or uncertainty singularity, the parallel manipulator has a non-zero task space

velocity vector for which the link velocities are zero. The end-effector is able to move at

least slightly without a change in the link lengths and thus, the manipulator gains one or

more uncontrollable degrees of freedom. Parallel manipulators possess actuator

singularities and thus, uncontrollable regions inside the workspace.
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Singular configurations can be found by studying the singularities of the force

transformation matrix  [67]. Since the analytical expressions of the determinant of the

force transformation matrix and the controllability matrix are complicated, Choudhury

and Ghosal obtain singular and uncontrollable regions numerically based on the rank

deficiency of the force transformation and controllability matrices. They compare the

singular and uncontrollable regions and observe that singular regions are a subset of

uncontrollable regions and the uncontrollable regions are surrounding the singular

regions. Therefore, finding singularities does not guarantee that all uncontrollable regions

of the workspace have been found. On the other hand, if the force transformation matrix

of a parallel manipulator loses rank, the manipulator does not meet the controllability

requirement. Choudhury and Ghosal have initiated the research on the controllability of

parallel manipulators using a numerical approach and therefore, there is plenty of room

for additional work in this area in the future. 

Choudhury and Ghosal and others have shown that the number of singular configurations

can be reduced by introducing additional actuators into the parallel manipulator. The use

of redundant actuators1 introduce new control problems which have been discussed by

Todokoro [91] and Liu et al. [61], for example. 

3.2 Joint Space Control

The reference signal (the desired trajectory) determined during the planning is typically

given in task space. In the joint space control methods, the task space coordinates are first

transformed into the joint variables using a feedforward compensator. In parallel

manipulators, the feedforward compensator is typically an inverse position kinematic

model, but in micromanipulators it can also be an inverse velocity kinematic model. The

inverse position and velocity kinematic solutions are generally straightforward for a

parallel manipulator. 

In addition to the inverse kinematic model, decentralised joint space control methods have

individual joint controllers. More complicated decentralised control schemes also include

velocity, acceleration and torque estimation, as will be shown in this section. First,

decentralised open-loop position control and position feedback control schemes will be

discussed and several examples in parallel manipulators will be presented. Then position

feedback control either with velocity and acceleration compensation or velocity and

acceleration feedback will be discussed. Finally the application of the computed torque

method to parallel manipulators will be reviewed.

1.  If the number of actuated joints is higher than the number of degrees of freedom the manipulator
contains redundant actuators.

J T–
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Open-loop Position Control 

The simplest joint space control scheme is an open-loop control scheme where the inverse

position kinematics transform the reference pose into the joint variables, as depicted in

Figure 3.1. A diagonal matrix gain can be used for transforming the joint variables into

the control signals. Since (i) actuator nonlinearities (backlash, friction, drift, hysteresis)

are not included in the inverse kinematic model, (ii) the dynamics of the manipulator are

neglected, and (iii) the motion of the active joints is not measured, the tracking

performance of the control system is low. Therefore, the position feedforward control

control is feasible mainly in teleoperation of parallel manipulators, where the operator

closes the loop and thus, eliminates the tracking error. Chapter 6 will discuss position

feedforward control of the piezohydraulic micromanipulator and demonstrates its

performance in the teleoperated separation of micro particles. Gao et al. also apply

position feedforward control to their piezoelectric micromanipulator by using a constant

inverse Jacobian without feedback loops [33].

Position Feedback Control Using Inverse Position Kinematics

To improve the tracking performance, feedback control is used. Decentralised position

feedback control in joint space, or independent joint control, contains the inverse

kinematic model, and n independent position feedback controllers, one for each active

joint (typically prismatic actuators in parallel manipulators). The joint positions are

measured and the errors in the joint positions are eliminated using SISO controllers. Many

of today’s robot systems, which use electric motors, rely on PD controllers. A block

diagram of decentralised position feedback control is depicted in Figure 3.2. Compared to

Figure 3.1. Decentralised open-loop control in joint space. Vector xr is the reference 

pose of the manipulator, vector qr presents the reference joint variables, u is the control 

vector (including n control signals, where n is the number of the active joints), vector q 

presents the joint variables, and x is the pose of the manipulator.
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open-loop control, position feedback control reduces the impact of actuator nonlinearities

on the position accuracy by linearising the actuator displacements. 

Ando et al. have used decentralised position feedback control in their six degrees of

freedom 6-PSRS micromanipulator which uses AC servomotors. Their motion control

scheme is based on the inverse position kinematics of the manipulator and six independent

control loops for the motors [2]. 

An example of the application of the decentralised position feedback control scheme to a

parallel macro manipulator is the work of Chung et al. [17]. They use hydraulic actuators

in their Stewart platform and control it with an inverse kinematic model and six

independent SISO PD controllers. The PD controllers have been implemented using fuzzy

logic and stability analysis of the fuzzy controlled actuator has also been performed.

Huynh et al. also use decentralised joint space position control in their parallel

manipulator, where six linear rails are fixed on a base platform with a certain inclination

angle. The linear rails are not connected to a mobile platform directly but through a

passive link equipped with a universal joint on both ends. They use six AC servo motors

to move the linear rails and control the motors with six independent PD controllers [51].

In addition to the decentralised control scheme, the group has studied an optimal

trajectory generation. A trajectory between two given poses is derived such that the end-

effector velocity is maximum by taking into account the known maximum velocities of

the prismatic motors.

Position Feedback Control Using Inverse Velocity Kinematics

An inverse velocity kinematic model can been used instead of the inverse position

kinematic model in micromanipulators whose prismatic actuators possess very small

strain. If the strain is very small it can be assumed that all the movements of the

manipulator are produced by infinitesimal displacements of the actuators. Furthermore, if

Figure 3.2. Decentralised position feedback control in joint space. The Controller block 

represents n SISO controllers and the Sensor block n joint variable sensors, one for each 

active joint. The vector qm contains the measured joint variables. Other symbols are as 

in Figure 3.1.
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the task space coordinates and the joint variables represent sufficiently small changes

from the initial pose and joint variable values, respectively, the inverse Jacobian matrix

can be used for the determination of the joint variables for a given pose. Note that the joint

variables are relative to the initial values of the joint variables and the pose values should

be given relative to the initial pose. Due to the minute displacements, a constant Jacobian

can be used. A block diagram of the scheme is shown in Figure 3.3. 

Since a kinematic model can never perfectly describe the geometric structure of the

manipulator and moreover, since it neglects the dynamic behaviour, the positioning

accuracy of this type of controller is limited. Calibration is one approach used for

improving the inverse kinematic models. In the external calibration, the values of the joint

variables are varied. The pose of the end-effector is measured using an external sensor and

the inverse kinematic model is formed using the measured joint variables and the

measured end-effector coordinates. If the inverse Jacobian can be assumed to be a

constant matrix and the task space variables can be measured calibration is relatively

simple. 

Arai et al. [4] have used the inverse Jacobian in motion control of their micromanipulator.

They have assumed a constant Jacobian matrix and have developed a calibration method

to identify the inverse Jacobian from measured link and mobile platform displacements.

Arai et al. linearise piezoelectric actuators using the strain gauge measurement and SISO

PI controllers. The group has used the same control method in their three and six degrees

of freedom micromanipulators [4], [5], [94]. The calibrated inverse Jacobian scheme has

also been utilised in commercial products: Marco’s piezoelectric Hexapod is based on this

control principle.

Figure 3.3. Decentralised position feedback control based on inverse Jacobian. Now the 

vector xr is the reference pose of the end-effector relative to the initial pose and the 

vector qm includes the measured joint variables relative to the initial values. Other 

symbols are as in Figure 3.2. 
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Portman et al. [77] have also experimentally identified the inverse Jacobian and used

independent controllers for the actuators. The actuators are hydraulic actuators whose

displacement is measured using LVDTs. 

Position Feedback Control with Velocity and Acceleration Compensation

If tracking the reference trajectory requires the generation of high joint velocities and

accelerations, the SISO position feedback controllers are not necessarily sufficient; more

complicated methods may be needed. This section presents a control scheme where the

reference joint velocities and accelerations are used together with the position feedback

controller to improve the tracking result. The following sections discuss other methods

often used in high-speed applications. 

In the velocity/acceleration compensation method, the joint velocities/accelerations are

computed for each joint and they are used in a feedforward manner. The compensation

method is therefore a decentralised feedforward compensation method. The block

diagram of the method is given in Figure 3.4. In the parallel structures, the velocity and

acceleration compensation has not been widely reported. Codourey has, however, used an

acceleration feedforward compensator in the control of the Delta robot [20].  

Position, Velocity and Acceleration Feedback Control

In addition to a position feedback loop, velocity feedback and acceleration feedback loops

have been used in the control of parallel manipulators. Chiacchio et al. have presented a

decentralised control scheme for parallel manipulators with joint position, joint velocity

Figure 3.4. Decentralised position feedback with velocity and acceleration 

compensation.  is a differentiation operator and G1 and G2 are actuator dependent 

gains.  and  are the reference joint velocities and accelerations, respectively. Other 

symbols and blocks are as in Figure 3.2.
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and joint acceleration loops [15]. They conclude that by closing the three loops, the use

of a dynamic model can be avoided in the control of high-speed manipulators. The

structure of the controller is simple: only the inverse kinematics of the manipulator, two

P controllers (for the position and the velocity), one PI controller (for the acceleration) and

three estimators (for the reference velocity and for the reference and real accelerations)

are needed. Chiacchio et al. made experiments on the Delta robot and concluded that the

introduction of a dynamic feedforward compensator did not remarkably improve the

performance. However, it should be noted that the dynamic model they used was a rough

identification comprising a linearised model and static friction.

Position Feedback with Computed Torque Feedforward Control

In the previous control schemes, nonlinear couplings between the joints are not

compensated for but they are taken into account as disturbances. The nonlinear coupling

terms depend on the structure and thus, vary during the motion of the manipulator. In

computed torque methods, they are compensated for using an inverse dynamic model of

the manipulator in the feedforward path. The “torque” or the joint force vector is

computed using all the joint variables and therefore, the torque computation is sometimes

referred to as centralised feedforward action. Since the compensation is based on the

inverse dynamic model whose parameters can never be exactly known, tracking errors

exist. However, the effect of the dynamic interactions caused by inertial, Coriolis,

centrifugal and gravitational forces can be considerably reduced. It should also be pointed

out that the compensation action is based on the reference trajectory and not on the

measured trajectory. A block diagram of the scheme is depicted in Figure 3.5. 

Figure 3.5. Decentralised position feedback with computed torque compensation. The 

“v and a compensation” block is the decentralised velocity and acceleration 

compensator.  is the computed joint force vector. Other symbols and blocks are as in 

Figure 3.2
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As can be seen, the computed torque scheme requires the inverse dynamic model of the

manipulator. Formulations developed for parallel structures are complicated and thus, not

efficient for real-time control purposes. The difficulty has been to find a model that would

accurately represent the dynamic behaviour of the manipulator and would be simple

enough for real-time control algorithms. Especially, the formulations in joint space are

complicated. The computation of the joint forces requires a transpose of the Jacobian,

which is not straightforward for the parallel manipulators. 

Codourey formulates a computed torque scheme for a parallel Delta robot in [20]. The

method is as presented in Figure 3.5 except that the velocity and acceleration compensator

is not used. The inverse dynamic model computes the torques of the motors from the

reference values of the joint and task space variables and their second-order derivatives.

The joint and task space variables are needed in the computation of the transpose of the

Jacobian matrix which is part of the dynamics computation. Codourey uses SISO PD

controllers as joint controllers. He compares the computed torque scheme with a scheme

consisting of independent PD controllers for each joint (decentralised position control in

joint space) and with a scheme having independent PD controllers and acceleration

compensation for each joint (decentralised position control with acceleration

compensation). His conclusion is that in the high-speed applications, the computed torque

scheme reduced the position error six times compared to the strategy of SISO PD

controllers and three times compared to the strategy being composed of SISO PD

controllers and acceleration compensation. With low-speed trajectories the performances

were comparable.

Honegger et al. propose an adaptive computed torque scheme for a parallel manipulator,

[45], [46]. The strategy consists of an adaptive inverse dynamic model formulated in task

space, the inverse kinematics to compute the reference joint variables, independent SISO

PD controllers and a decoupling matrix. The major differences as compared with the

computed torque scheme presented in Figure 3.5 are the adaptive inverse dynamics, lack

of velocity and acceleration compensation, and the use of the decoupling matrix after the

SISO controllers. The adaptation of the dynamic parameters is based on minimising the

tracking errors. The operation-point-dependent decoupling matrix is computed as the

matrix product of the transpose of the Jacobian matrix, the mass matrix and the Jacobian

matrix. Honegger et al. compare the performance of the adaptive scheme with a

decentralised position feedback control scheme consisting of six independent PD

controllers. Different trajectory velocities are used. The conclusion is that the tracking

errors of the independent PD controllers increase rapidly with increasing speed. However,

the tracking errors of the adaptive controller remain small even at high speeds.

A computed torque method for parallel manipulators has also been proposed by Lee and

Geng [58] and McInroy et al. [63]. A short summary of the issues in computed torque

control of parallel manipulators is given by Tadokoro in [91]. 
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3.3 Task Space Control

In the control schemes presented in Section 3.2, the input signal of the controller is

expressed in terms of the joint variables and each joint has an independent joint controller.

The control schemes that operate in joint space typically provide a high repeatability, but

they suffer from a limited accuracy induced by modelling errors. Fabrication and

assembly tolerances, mechanical and thermal deformations, unknown dynamics and

external disturbances reduce the accuracy. Errors in the kinematic model (due to assembly

and fabrication tolerances and tool exchange, for example) can be compensated for using

calibration. However, error sources such as thermal deformation and vibrations, cannot be

eliminated. The use of the pose measurement in the control system facilitates the

compensation of external disturbances and inaccuracies in the manipulator model. Thus,

the use of a vision-based pose measurement as a part of a task space control scheme

provides an attractive control strategy for parallel manipulators. This type of control

strategy can provide a high accuracy with a moderate speed.

When a high accuracy together with a high speed is required, control methods that include

the manipulator dynamics have been applied. In serial manipulators, the dynamics control

schemes have typically been implemented in joint space but in parallel manipulators the

task space formulation is more beneficial. This section introduces first an inverse Jacobian

control method and its application to the parallel manipulators and gives then a few

examples of dynamics control schemes proposed for parallel manipulators.

Inverse Jacobian Control

Figure 3.6 depicts inverse Jacobian control in task space. The reference trajectory is given

in task space and the pose of the end-effector is either provided by a pose measurement

system or calculated from the measured joint variable values using a direct kinematic

model. The input for n independent SISO controllers is the pose error signal (n
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coordinates). The output of the controllers is then transformed into joint space using an

inverse Jacobian matrix. 

McInroy et al. have developed a six degrees of freedom parallel manipulator for pointing

applications, such as a laser communication system between ground and space stations.

Even though the manipulator has 6 DOF, only two pose variables are measured and

controlled, namely the rotations about the x and y axis. McInroy et al. have implemented

a control scheme consisting of two SISO controllers for tracking the angles and a constant

inverse Jacobian matrix for decoupling the link interactions [64]. 

This thesis will present a task space control scheme for the piezohydraulic

micromanipulator in Chapter 7. The control scheme consists of independent SISO

controllers and a feedforward compensator based on the inverse Jacobian. Two pose

measurement systems are presented: direct pose measurement using a machine vision

system and an indirect measurement based on the use of Hall sensors.

Inverse Dynamics Control

In all previous control schemes, the dynamic interactions are either considered as

disturbances, or they are compensated in a feedforward path. However, a manipulator

(either parallel or serial) is not a set of n decoupled, independent systems but a nonlinear

multivariable system with n inputs (joint forces or torques) and six outputs (the pose of

the end-effector with n controlled coordinates). Therefore, the use of centralised

multivariable control laws including manipulator dynamics has been proposed for

applications where a high speed is needed. 

In serial manipulators, the joint space formulation of the dynamics is attractive, and

therefore, the inverse dynamics control in joint space is common. In the case of parallel

manipulators, the joint space formulation is complicated, and it is generally easier to

derive the dynamic equations in task space. Therefore, the inverse dynamics control

Figure 3.6. Inverse Jacobian control in task space.  is the inverse Jacobian matrix 

and  is the pose of the manipulator measured by a pose sensor (the Sensor block). 

Other symbols and blocks are as in Figure 3.2.
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schemes for the parallel manipulators have typically been implemented in task space and

not in joint space. 

Koekebakker et al. have implemented the inverse dynamics control in task space for a

parallel hydraulic flight simulator [54]. They do not measure the pose of the end-effector

but the joint variables. Therefore, a direct kinematic model is needed for the determination

of the pose from the measured joint variables. The direct kinematics are solved iteratively

and the iteration is shown to converge within the accuracy of the joint variable

measurement in two iterations. The controller also consists of an inverse dynamic model

(formulated in task space) which linearises the manipulator, a multivariable PD controller

and a feedforward block for the generation of accelerations from the given trajectory. A

block diagram of the control scheme is depicted in Figure 3.7. The control system also

includes independent displacement controllers of the hydraulic actuators which are not

shown in the figure.  

Bhattacharya et al. propose an adaptive inverse dynamics control of a Stewart platform

[9]. Their method is similar to the scheme presented in Figure 3.7 but it is supplemented

with the adaptive property. They use force and velocity sensors for measuring the forces

and velocities of the links. The Jacobian matrix is needed to transform the joint velocities

into the end-effector velocities. The direct kinematics of parallel structures are known to

be complicated, and Bhattacharya et al. recognised it to be the most time consuming

element in their method. Measured forces and estimated end-effector velocities are used

for updating the dynamic parameters. The new dynamic parameters are then used for

computing the new values of the actuator forces to move the end-effector along the

desired trajectory. 

Figure 3.7. Inverse dynamics control in task space proposed by Koekebakker et al. [54]. 

 is a differentiation operator. KP and KD are diagonal control matrices.  and  are 

measured joint variables and their derivatives, respectively,  and  are the 

estimated pose and its derivative, respectively. Other symbols are as in Figure 3.2.
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Another adaptive inverse dynamic control scheme in task space is presented by

Sirouspour and Salcudean in [84]. Their manipulator is a six degrees of freedom hydraulic

Stewart platform. The dynamic model includes the dynamics of both the hydraulic

actuators and the manipulator, and its parameters are estimated in real-time. Accelerations

are not measured but estimated using a robust observer. Sirouspour and Salcudean

compare the results with a “well-tuned” P controller and conclude that the performance is

five to ten times better if the adaptive control is used.

3.4 Summary

This chapter gave an overview of the control of parallel manipulators. Controllability and

motion control were discussed. Interaction control and control issues in bilateral

teleoperation were not covered, since the contact between the environment and the end-

effector is not studied in this thesis. Controllability of parallel manipulators is almost an

entirely open problem. Choudhury and Ghosal have studied the relationship between

singularity and controllability using numerical methods. 

The motion control schemes of parallel manipulators have mainly been implemented in

joint space, since the reference trajectory given in task space can easily be transformed

into joint variables, thanks to the straightforward inverse position and inverse velocity

kinematics. On the other hand, the transformation of the measured joint variables to the

task space coordinates requires the direct kinematic solution which is complicated. Due

to the aforementioned facts, most of the control schemes of parallel manipulators found

in the literature are decentralised joint space control schemes where the links are

controlled independently using the SISO controllers. The applied control scheme is either

a position feedback control scheme or a computed torque control scheme. The computed

torque scheme has been applied when the manipulator has to cope with high speeds. An

example is the control of the Delta robot.

Only few examples of task space control schemes can be found, and they are based on

either the use of inverse Jacobian or inverse dynamics. Among the few inverse dynamics

control schemes, there are also adaptive controllers. As mentioned earlier, the

complicated direct kinematics make the application of task space schemes feasible if task

space coordinates can be measured. Reports on the approach where the task space

coordinates are measured are, however, very few. Therefore, the advancement of the

sensor technology, including miniaturisation, supports the development of task space

control strategies. Furthermore, the multivariable centralised control schemes are

proposed for really high-performance applications. For instance, Koekebakker et al. have

studied the mass variations, which a decentralised control system has to deal with, when

a Stewart platform moves in different directions [53]. The variations are considerable and
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therefore, they propose the development of centralised control schemes. The centralised

control schemes are preferred to operate in task space, since the formulation of the

dynamics of parallel manipulators is difficult in joint space.

Parallel micromanipulators have so far been controlled using relatively simple position

feedback control schemes, since high accuracy has been more important than high speed

in micromanipulation applications. The use of small-strain actuators has facilitated the

use of simple joint space control schemes, where the actuators have been linearised using

independent SISO controllers, and the links have been decoupled using a constant inverse

Jacobian. However, the micromanipulation applications will require higher speeds in the

future and therefore, more advanced control methods must also be applied to the parallel

micromanipulators.

The conclusions of this chapter can be summarised as:

• motion control schemes used in parallel manipulators are at present mostly

decentralised joint space control schemes,

• in the future the emphasis should be placed on the development of task space

schemes, 

• micromanipulation applications will require higher speeds in the future which

places pressure on the development of more advanced motion control schemes for

parallel micromanipulators, 

This thesis contributes to the development of motion control of parallel manipulators as

follows. Two decentralised task space control systems are introduced: one based on the

vision system and providing extremely high accuracy, and the other based on Hall sensors

and providing high speed.
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Chapter 4

Parallel Composite-joint Piezohydraulic

Micromanipulator

The micromanipulation system consists of the following five sub-systems: 

1. a micromanipulator, 

2. a control system including control algorithms and software, graphical user-interface

and a hand controller, for instance a joystick, 

3. a vision system including a microscope, a CCD-camera, a monitor, and vision

algorithms and software,

4. signal processing sub-system including signal amplifiers, filters and signal converters

and 

5. accessories including a vibration isolation table, a power supply and a stage for the

micromanipulator. 

Components of the micromanipulation system are depicted in Figure 4.1 and the signal

flow graph in Figure 4.2. This chapter describes briefly all the sub-systems with emphasis

on the micromanipulator. The first two sections discuss the micromanipulator sub-system.

An overview of the micromanipulator and description of its structure are given in Section

4.1. The piezohydraulic actuator used in the manipulator is presented in Section 4.2. The

control system is discussed in Section 4.3 (control algorithms are presented in detail in

Chapter 6 and Chapter 7). Section 4.4 discusses the vision system and Section 4.5 the
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signal processing sub-system. The accessories needed in the system are described in

Section 4.6.   

4.1 Micromanipulator

The micromanipulator consists of three piezohydraulic actuators, a mobile platform, an

end-effector and a pose measurement system. The components of the manipulator are

illustrated in Figure 4.3. This section describes the structure of the micromanipulator and

discusses its benefits. The next section introduces the piezohydraulic actuator and

presents experimental results. 

Figure 4.1. Components of the micromanipulation system.

Figure 4.2. Illustration of the sub-systems and the flow of signals in the system.
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Due to the advantages of parallel manipulators, parallel configuration was selected for the

micromanipulator. More detailed information on parallel structures and their benefits are

given in Chapter 2, and not repeated here. The free ends of the piezohydraulic actuators

are connected to the mobile platform. This results in a parallel tripod-like configuration,

as shown in Figure 4.3. The base of the actuator is rectangular in shape, which makes it

easy to assemble the actuators using triangular connection pieces. This asserts a very

steady and compact structure. An end-effector – an injection pipette in this work – is

mounted on the platform. By changing the lengths of the actuators, the orientation of the

mobile platform, and thus the position of the end-effector, can be controlled. The

micromanipulator consists of an internal pose measurement system. The system detects

the motion of the mobile platform by means of Hall sensors. In addition to the Hall sensor

measurement, the micromanipulation system possesses an external vision-based

measurement system to measure the position of the tip of the end-effector. Both

measurement systems are described in more detail in Chapter 7. 

The bellows-based composite-joint parallel micromanipulator proposed in this thesis

differs from the conventional Stewart platforms and 3-RPS manipulators: the kinematic

chain of the manipulator does not consist of separate revolute, prismatic and spherical

joints, but the axial deformation and the two degrees of freedom bending of the bellows

are utilised resulting in a composite joint. This simplifies the structure and the fabrication

of microminiaturised spherical, universal or revolute joints are avoided. Furthermore, the

nonlinearities caused by friction in the joints can be avoided by using the bellows. Since

the bellows are flexible elements, the manipulator has passive compliance which is a

Figure 4.3. Structure of the piezohydraulic micromanipulator: 1) end-effector, 2) mobile 

platform, 3) bellows, 4) permanent magnet of the pose measurement system, 5) place for 

the piezoelectric actuator (fluid chamber), 6) triangular connection piece.
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useful property when interaction forces between the manipulator and the environment are

considered, as in assembly tasks. The passive compliance has not been tested in practical

applications yet, but the flexible nature of the bellows suggests beneficial compliance

properties.

4.2 Piezohydraulic Actuator

4.2.1 Background

The micromanipulator has been designed particularly for biological applications where

controlling the orientation of the end-effector is not crucial. Since the size of biological

particles in the applications to be studied vary from one to one hundred micrometres, the

micromanipulator should have a planar work space of a few hundred micrometres and

possess a sub-micrometre resolution. Moreover, the size of the manipulator should be

small to facilitate the simultaneous use of several micromanipulators under a microscope. 

The requirements − sub-micrometre resolution, stroke of a few hundred micrometres and

a compact size − impose great demands on the actuators. Despite their very small strain,

piezoelectric ceramics have beneficial properties for micromanipulation, and they have

been used in many micromanipulator designs. For example Breguet et al. [10], Carrozza

et al. [14], Codourey et al. [19], Fukuda et al. [31], Goldfarb et al. [35], Hunter et al. [48],

Morishita et al. [69] and Tanikawa et al. [93] have utilised piezoelectric actuators in their

micromanipulators. In micromanipulation, the most beneficial property of the

piezoelectric ceramics is the excellent resolution which provides opportunity to

nanometre-scale movements. Moreover, they produce enough force and are sufficiently

fast even for high-speed micromanipulation. However, piezoelectric ceramics suffer from

a very small strain of approximately 0,1 per cent. This is a serious drawback when an

actuator that has a nanometre-scale resolution and a stroke of several hundred

micrometres is needed. 

Various approaches to amplify the displacement of piezoelectric ceramics have been

proposed. Lever and frame designs, piezoelectric benders (unimorphs, bimorphs or

multimorphs), Cymbal® actuators [26] and RAINBOW®  [39] actuators are examples of

mechanical amplification of the displacement. The hydraulic amplification based on

cylinder-piston assemblies has also been used. An alternative approach to amplification

is to build a linear stepper motor using piezoelectric actuator elements. Piezoelectric

stepper motors provide a resolution of nanometres with an “unlimited” stroke. Various

designs have been developed including an inch-worm motor introduced by the Burleigh

company, a stick-and-slip actuator [11], and an impact drive actuator [43]. Ultrasonic

motors that are based on the ultrasound-frequency vibration of piezoelectric elements

have been developed. They have already found industrial applications in watches and the
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auto-focus systems of cameras. The drawbacks of the linear piezoelectric stepper motors

include varying step size (caused for example by a varying load) and a high price.

This section describes a novel piezohydraulic actuator developed in a project funded by

Tekes in 1995 − 1997. It is based on a RAINBOW® actuator − a commercial unimorph

type of piezoelectric actuator − whose deformation is amplified and transformed into

linear displacement hydraulically. Instead of a piston-in-a-bore assembly which is

typically used in hydraulic amplification, the actuator is introduced with a bellows. This

eliminates the leakage problems which is a significant benefit compared to a cylinder-

piston system. The actuator possesses several other important properties: it has a

resolution of tens of nanometres, provides a stroke of a few hundred micrometres, its size

and shape are compact, it does not suffer from backlash and friction, does not generate

disturbing sound, and does not heat up significantly. The next sections describe first the

operation principle and components of the actuator, and then experimental results on the

performance of the actuator are presented. 

4.2.2 Operation Principle

The piezohydraulic actuator consists of a piezoelectric RAINBOW® actuator, a

miniaturised hydraulic chamber, hydraulic oil and a bellows, as illustrated in Figure 4.4.

The piezoelectric actuator is the active element and placed in the chamber. When a

voltage is applied to the piezoelectric element, it deforms. By buckling the actuator, the

oil is moved from the fluid chamber to the bellows, which elongates. Since the volume

does not change, and the effective area of the bellows is smaller than that of the

RAINBOW® element, the displacement is amplified. 

In the mechanical design, the emphasis was on the applicability of the actuator to parallel

structures. Furthermore, as the actuator contains the oil, easy priming of the actuator is of

great importance. Therefore, the actuator was designed in such a way that it can be easily

assembled and filled under oil using a syringe. The oil is inserted to the actuator from a

Figure 4.4. Schematic of the piezohydraulic actuator.
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filling valve located in the fluid chamber. It flows through the actuator to a priming valve

located at the top of the bellows. 

4.2.3 Piezoelectric Actuator

The actuator (RAINBOW®, Reduced and INternally Biased Oxide Wafer) is fabricated

by Aura Ceramics and is structurally similar to unimorph type of elements. A standard

unimorph element consists of a piezoelectric disc externally bonded to a metal shim.

When a voltage is applied to the piezoelectric element, it deforms and results in an axial

deflection as the metal disc opposes the movement of the piezoelectric wafer. The

RAINBOW® actuator is a single element structure consisting of a PZT side and a metallic

side [39]. One side of the circular shape element is under tension and the other under

compression resulting in a domed structure. When a voltage is applied opposite to the

poling field, the disc buckles. When the voltage is parallel to the poling field, the disc

straightens. The entire surface deforms but the motion is more pronounced at the centre.

The characteristics of the RAINBOW® disc used in the micromanipulator are given in

Table 4.1 and the disc installed in the fluid chamber is illustrated in Figure 4.5.   

Table 4.1 Characteristics of the RAINBOW® disc.

Diameter 31,75 mm

Area 792 mm2

Thickness 0,76 mm

Height of the dome 0,36 mm

Maximum displacement 
(with 300 V)

45 µm

Supply voltage ± 300 V

Maximum output pressure 0,4 bar
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The displacement behaviour of the RAINBOW® actuator was measured using a laser

interferometer in the Microelectronics Laboratory at the University of Oulu. Figure 4.6

shows the displacement of the actuator as a function of the supply voltage for loads of 0,1

newton and one newton. As can be seen, the displacement is approximately 45

micrometres with a supply voltage of 300 volts and approximately 20 micrometres with

160 volts. This is the maximum voltage used in the micromanipulator and the actuator

tests to be described in the sequel.

The volume of the dome in the RAINBOW® can be computed by assuming the dome to

be a zone of a sphere:

Figure 4.5. RAINBOW®disc (a) installed in the hydraulic chamber and (b) on its own. 

Figure 4.6. Displacement versus voltage of the RAINBOW® actuator.
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, (4.1)

where  is the height of the dome, and  is the radius of the RAINBOW® wafer. 

By assuming the radius  constant, the volume change  caused by the deformation

of the disc is obtained using the Taylor series:

 (4.2)

where is the height change of the dome caused by the deformation of the

piezoelectric actuator.

Since  and , we obtain for the volume change

. (4.3)

Using Equation (4.3) and the parameter values given in Table 4.1, the maximum volume

change can be estimated to be approximately 18 µl. A supply voltage of 160 V results in

a volume change of 8 µl.

4.2.4 Bellows

The bellows, illustrated in Figure 4.7, is a spring type of element: the force required to

deform the bellows is directly proportional to the longitudinal displacement. The

Servometer Corporation manufactures electro-deposited nickel bellows which can be

made very thin, and they are therefore extremely sensitive to the applied forces. In electro-

deposition, an aluminium mandrel is first formed into the shape of the inside of the

bellows, then a thin layer of spring-quality nickel is deposited onto the mandrel and finally

the mandrel is chemically dissolved [86]. 

Figure 4.7. Illustration of a bellows.
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A finite element study of the bellows verifies its linearity [79]: bending of the bellows

depends linearly on the bending force. Furthermore, a change in the pressure inside the

bellows results in a displacement that depends linearly on the interior pressure. When the

bellows extends or contracts, its spring constant changes slightly: the change is linearly

related to the displacement. Even though the bellows is a linear component, its

manufacturing tolerances are relatively large. The manufacturer promises only a tolerance

of ± 30% for the spring constant. The same applies to the bending constant. Due to the

large manufacturing tolerances, each actuator must be calibrated to improve the open-

loop performance of the micromanipulator. The calibration, “actuator balancing” will be

discussed in Chapter 6. The characteristics of the bellows are summarised in Table 4.2. 

4.2.5 Hydraulic Fluid 

Due to the required speed and narrow cavities of the hydraulic system, the kinematic

viscosity of the hydraulic fluid must be small. Moreover, the fluid should be dielectric,

should not float and should not develop air bubbles at flow rates below 5 ml/s. The fluid

should be passive such that it is compatible with PZT (material of the RAINBOW®

actuator) and brass (chamber material). Finally, a non-toxic and biodegradable fluid is

advantageous, since the micromanipulator is targeted to be used in biological laboratories.

Synthetic base oil manufactured from poly-alpha-olephins and having a high level of

biodegradation fulfils the requirements. It was therefore selected. The characteristics of

the oil are listed in Table 4.3.

Table 4.2 Characteristics of the bellows.

Outer diameter 6,3 mm

Length 18,8 mm

Wall thickness 38,1 µm

Effective area 20,3 mm2

Max. displacement 3,8 mm

Spring constant 1,07 N / mm

Max. pressure 20 bar

Table 4.3 Characteristics of the hydraulic fluid.

Kinematic viscosity 17 mm2 / s (20 °C)

Density 800 kg / m3 (15 °C)

Bulk Modulus 1005 MPa
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4.2.6 Experimental Results

Overview of the Experimental Set-up

The performance of the piezohydraulic actuator was evaluated by experiments. Control

signals generated with MATLAB® were first transformed from digital to analog and then

amplified using a piezo amplifier having a gain of 32. The amplifiers were customer-

designed and made by Wallac Oy. The displacement of the actuator was measured using

a laser displacement sensor (Wenglor YP05 MGVL-P24) the characteristics of which are

given in Table 4.4. Figure 4.8 illustrates the components of the test set-up.  

The actuator and the laser are attached to a test bench that enables the planar positioning

of the actuator with respect to the laser. Since the piezohydraulic actuator includes a

venting screw on the top of the bellows, the laser beam cannot directly be projected onto

the actuator. Therefore, a light-weight smooth metal plate glued on a rubber piece was

placed on the venting screw during the measurements. 

Table 4.4 Characteristics of the Wenglor YP05 MGVL-P24 laser sensor.

Resolution < 2 µm

Linearity < 1 %

Temperature drift < 5 µm / °C

Rise time (10 % − 90 %) 10 ms

Figure 4.8. Components and flow of signals in the test set-up.

16 bits

Laser 
displacement 

sensor

A/D 
Converter

D/A 
Converter

16 bits

Piezo 
amplifier

Power 
supply

Piezohydraulic 
actuator

Gain 32

± 10 V

± 10 V

24 V

24 V

± 320 V



Chapter 4, Parallel Composite-joint Piezohydraulic Micromanipulator 53

Repeatability of the Actuator

The repeatability of the piezohydraulic actuator was determined by measuring the

displacement of the actuator (Actuator 2) when the actuator was driven using a triangle

wave control signal. The measurement was repeated ten times without moving the metal-

rubber plate placed on the actuator between the measurements. The displacement vector

of each measurement is given as , where . The mean 

 and (4.4)

the standard deviation 

 (4.5)

of the ten displacement vectors are plotted in Figure 4.9. Instead of using the deviation of

a one single point, for instance the first peak, as a repeatability measure, the mean 

of the standard deviation is used as a measure of repeatability. 

Next the uncertainty of the displacement is compared to the measurement noise. The noise

is estimated by measuring the displacement of the actuator which is not moved. The noise

value was determined for ten measurements as a standard deviation of the measurement

Figure 4.9. Mean and standard deviation of ten displacement vectors in the repeatability 

test.
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signal. Table 4.5 presents the repeatability, the standard deviation of the repeatability, the

mean of the noise estimates and the standard deviation of the noise estimates.  

As can be seen in Table 4.5, the repeatability is approximately the same as the

measurement noise. The conclusion is that the actuator possesses a very high repeatability

for short term manipulations. The accuracy of the repeatability estimation is limited by

the measurement noise.

Reproducibility of the Measurement

As the repeatability of the actuator is in the micrometre-scale, even small variations in the

placement of the metal-rubber plate can produce remarkable deviations in the

measurements. The uncertainty caused by the variations in the placement of the metal-

rubber plate was studied by removing the plate and placing it again between the

measurements. In successive trials, the placement of the plate was the same within the

achievable degree of accuracy. To eliminate the effect of the measurement noise, the

measurement signal is filtered using a low-pass filter having a cut-off frequency of 10 Hz.

Changes in the environmental conditions are assumed to be negligible. Figure 4.10 shows

the mean and the standard deviation of the ten displacement vectors when the metal-

rubber plate was moved between the measurements. 

Table 4.5 Results of the repeatability test.

Repeatability of the actuator ( ) 1,59 µm

Standard deviation of the repeatability 0,375 µm

Mean of the noise estimates 1,54 µm

Standard deviation of the noise estimates 0,065 µm

Figure 4.10. Mean and standard deviation in the reproducibility test. 
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The reproducibility measure and the mean and the standard deviation of the measurement

noise are determined similar to the repeatability test. The reproducibility of the

measurement process is the mean value of the standard deviation of the ten displacement

vectors. A relative measure of reproducibility is also determined in order to estimate the

uncertainty of the measurement process in per cent. The relatice measure is based on the

use of first peaks of the displacement vectors. First, the standard deviation of the height

of the first peaks is determined and then a relative value is computed using the mean

height of the first peaks. Table 4.6 presents the values for all three actuators. As can be

seen, slight variations between the actuators exist. The relative reproducibility of Actuator

1, Actuator 2 and Actuator 3 are 3,7 %, 2,6 % and 1,9 %, respectively. This shows that the

displacement of the actuators can be measured with sufficient reliability.

Displacement Experiments

The maximum displacement of the piezohydraulic actuator was determined by driving the

actuator slowly using a ramp input signal. The same signal is used to estimate the

hysteresis of the actuator. Even though the maximum input voltage for the RAINBOW®

element is ± 300 V, experiments have demonstrated that a high voltage rapidly reduces

the displacement of the actuator. Therefore, only approximately half of the voltage range

of the actuator was used in the experiment and the supply voltage of 160 volts was not

exceeded in any of experiments reported in the thesis. Figure 4.11 shows the reference

signal and the measured displacement of the actuator in the maximum displacement

experiment. The maximum elongation of the actuator is 130 µm and the maximum

contraction 125 µm. The theoretical maximum displacement can be computed as follows.

First, the spring constant of the bellows is known to be 1,07 N / mm (the mass of the oil

is assumed negligible) and therefore, the load effect of the bellows is about 0,1 N for a

displacement of 100 micrometres. Figure 4.11 gives then the maximum displacement of

approximately 20 micrometres for the piezoelectric actuator with the supply voltage of

160 V. This corresponds to the volume change of 8 microlitres. Since the effective area

Table 4.6 Results of the reproducibility test.

Actuator 
1

Actuator 
2

Actuator 
3

Reproducibility ( ) 2,459 µm 2,385 µm 1,561 µm

Standard deviation of the reproducibility 
measure

0,618 µm 0,836 µm 0,482 µm

Relative reproducibility (based on the first 
peaks) 

3,7 % 2,6 % 1,9 %

Mean of the noise estimates 1,910 µm 1,053 µm 1,327 µm

Standard deviation of the noise estimates 0,282 µm 0,262 µm 0,306 µm

σ Dk( )



Chapter 4, Parallel Composite-joint Piezohydraulic Micromanipulator 56

of the bellows is known to be 20,3 cubic millimetres, the theoretical displacement is

approximately 400 micrometres. The reduced displacement of the actuator is probably

caused by air bubbles remaining inside the actuator. 

The piezohydraulic actuator suffers from hysteresis and drift, similar to any actuator that

is based on the piezoelectric effect. The hysteresis is illustrated in Figure 4.12. The

maximum value of the hysteresis error is approximately 20 µm, which is obtained by

using an end-point fitting method. The hysteresis is thus 15 per cent of the stroke of the

actuator. The magnitude of drift depends on the supply voltage. Figure 4.13 illustrates the

Figure 4.11. Maximum displacement of the actuator. 
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drift of the actuator. In the drift experiment, the supply voltage was changed from 128 V

to 160 V. The drift in this operating point is approximately 8 µm/s.   

Frequency Domain Experiments

The maximum displacement of the actuator is affected by the driving speed. The

reduction in the maximum displacement when the rise time of a triangular wave signal

Figure 4.12. Hysteresis of the piezohydraulic actuator.

Figure 4.13. Drift of the piezohydraulic actuator.
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reduces is shown in Figure 4.14. The data has been obtained by driving the actuator using

sinusoidal signals having an amplitude of 200 V, while the frequencies change from 0,01

Hz to 20 Hz. As can be seen the maximum displacement reduces remarkably when the

frequency exceeds 7 Hz. 

4.2.7 Summary and Future Aspects

This section has presented a novel piezohydraulic actuator where the displacement of a

piezoelectric actuator is hydraulically amplified. A bellows, which is a passive component

of a spring type, and hydraulic oil amplify and transform the deformation of the

piezoelectric disc into linear movement. The use of a piezoelectric actuator as a motion

generator, together with a passive bellows and hydraulic oil as a displacement amplifier,

provides several significant benefits. The piezoelectric actuator provides an excellent

resolution. The bellows facilitates a backlash-and-friction-free method for the

amplification of the displacement of the piezoelectric actuator. Furthermore, the bellows

is considerably easier to seal against leakages than piston-bore assemblies. The result is

an actuator that has a resolution of tens of nanometres, a stroke of approximately 250

micrometres, and compact size. The maximum strain1 of this actuator is approximately

0,8 %, which is four to eight times more than the strain of piezoelectric stack actuators.

The actuator has some drawbacks, too. First, air bubbles inside the miniaturised hydraulic

system can reduce the performance of the actuator. Therefore, priming must be performed

very carefully during the assembly of the actuator. Furthermore, as a piezoelectric

actuator is used for the generation of the movement, the piezohydraulic actuator exhibits

hysteresis and drift. In applications that require high accuracy, these effects must be

compensated. Finally, the use of a flexible bellows limits the application of the actuator

Figure 4.14. Frequency response of the piezohydraulic actuator.

1.  Maximum strain is the maximum displacement of the actuator divided by its initial length.
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to parallel manipulators, where the stiffness of the bellows is improved through the

parallel configuration.

Miniaturisation is one of the trends in micromanipulator development. The structure of

the piezohydraulic actuator allows its further miniaturisation. The first prototype has been

constructed using off-the-shelf components, but the manufacturers can provide even

smaller custom-made components. By decreasing the diameter of the piezoelectric disc

and the bellows, the actuator can easily be miniaturised. If the ratio between the effective

areas of the piezoelectric actuator and the bellows is maintained in the miniaturisation the

same stroke is achieved. Furthermore, the manufacturer of the bellows is able to produce

bellows containing end-fittings. The assembly and thus, the high-volume production of

the actuator would be remarkably simplified by the use of a custom-made bellows

integrated with a fluid chamber and end-fittings.

4.3 Control System

The control system includes control software, a graphical user-interface and an input

device, which can be a joystick. The control software and the graphical user-interface are

run on a personal computer having a Celeron 450 MHz processor. The components of the

control system are depicted in Figure 4.15. 

The control algorithms include both an open-loop and a closed-loop scheme. They are

described in more detail in Chapters 6 and 7, respectively. The control algorithms have

Figure 4.15. Components of the control sub-system.
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been implemented using Borland C++ Builder and National Instruments LabVIEW

software packages in a Microsoft Windows environment. The graphical user-interface is

used for the selection of the control device, for displaying the measurement results and for

changing the model and controller parameters. Since the control software and the user-

interface have not been implemented by the author of the thesis, their structure and

implementation issues are not discussed here. A detailed description of the C++-based

architecture can be found in [106]. 

To illustrate the user-interface, the manipulator command window in the C++-based

µTEL control software and a parameter window of the LabView-based control software

are shown in Figure 4.16 and Figure 4.17, respectively.   

Figure 4.16. Micromanipulator command window in the C++-based control software.

Figure 4.17. Parameter window in the LabView-based control software.
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The operator can control the micromanipulator manually either using a joystick

(Microsoft SideWinder force-feedback joystick) or a keyboard. He can also define the

trajectories off-line, store them in an ascii file, and run the file using the control software. 

4.4 Vision System

The components of the vision system are depicted in Figure 4.18 and Figure 4.19. The

vision system is composed of a microscope, a CCD camera, a frame grabbing board, a

video monitor, vision algorithms and vision software. The machine vision algorithms and

software have been developed by VTT Automation and are briefly discussed in Chapter 7.  

Two inverted microscopes have been used in the study: Leica DM IL and Nikon Eclipse

TS100. Objectives having magnifications of 4, 10, 20 have been used in the Leica

microscope and 10x, 20x and 40x objectives in the Nikon microscope. In addition to the

objective magnification, both microscopes have an ocular magnification of ten. A black-

and-white CCD (charge-coupled device) camera is connected to a microscope to provide

video image on the operation. A model 4912 of Cohu has been mounted on the Leica

microscope and a Sony camera on the Nikon. The analog video signal provided by the

CCD camera is transmitted to both a video monitor where the user sees a magnified image

of the operation and to a frame grabbing board which digitises the signal. The frame

grabber has been designed and manufactured by VTT Automation. It has its own DSP

Figure 4.18. Illustration of the vision system.
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processor, which facilitates the measurement of the three dimensional position of the end-

effector in a sampling frequency of 18 Hz. 

4.5 Signal Processing

The signal processing sub-system includes devices which are used for the processing of

the measurement and control signals. It consists of the analog-to-digital (AD) conversion,

the digital-to-analog (DA) conversion and the signal amplification, as illustrated in Figure

4.20. The Hall sensor signals used for the detection of the motion of the mobile platform

are digitised and transmitted to the memory of the PC using a 16-bit AD board (CIO-

DAS1402) manufactured by Computer Boards. Since the Hall sensor (Allegro A3507E)

consists of the Hall element, a temperature compensating circuitry, and an amplifier in a

single chip, the signal processing sub-system does not include a measurement signal

amplifier. The control algorithms produce output signals which are converted from digital

to analog using a 16-bit DA board (DDA06-16) from Computer Boards. The DA board

provides bipolar output signals with a selectable range. The maximum output voltage is

ten volts and since the piezoelectric actuators require a voltage of -160 V to 160 V, a piezo

amplifier is needed. The micromanipulator consists of three actuators and therefore, a

Figure 4.19. Components of the vision system.
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three-channel amplifier designed and manufactured by Wallac Oy was used. The output

voltage range of the amplifier is ± 200 V, the bandwidth 200 Hz and the gain 32. 

4.6 Accessories

Equipment needed in the system but not part of any other sub-system belong to the

accessories. The accessories of the micromanipulation system consist of a vibration

isolation table, a manipulator stage and a laboratory DC power supply for the Hall sensors

and the piezo amplifier.

The vibration isolation table is needed for the isolation of environmental vibrations from

the micromanipulator in the micrometre-precise operations. A commercial vibration

isolation table (Newport VH Vibration Isolation Workstation) is used. The vibration

isolation table is a passive pneumatic vibration isolation system which efficiently

eliminates not only high frequencies but also natural vibrations below 10 Hz.

The micromanipulator is attached to a stage that consists of a three-axis manual xyz-stage

(Newport), an attachment rod and a manipulator holder, as presented in Figure 4.21. The

xyz-stage is used for an initial positioning of the micromanipulator in the microscope’s

field of view. It has a working range of 25 millimetres along all three axes. A rough height

adjustment of the micromanipulator can be performed by moving the manipulator holder

along the rod before fixing it. The manipulator holder is attached to the rod, and the rod

is attached to the manual xyz-stage in such a way that the holder and the rod, and the rod

Figure 4.20. Components of the signal processing sub-system.
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and the stage are perpendicular. This minimises the alignment error between the mobile

frame of the micromanipulator and the task frame.

A laboratory power supply (Powerbox 3100) is used to provide a DC voltage to the Hall

sensors and the piezo amplifier. The Hall sensors need 5 volts and the piezo amplifier

needs 24 volts to operate. 

4.7 Summary

This chapter presented the five sub-systems of the micromanipulation system proposed in

this thesis: the micromanipulator, the control system, the vision system, the signal

processing system and the accessories. The discussion was concentrated on the novel

composite-joint micromanipulator and its piezohydraulic actuator. The piezohydraulic

actuator is composed of a piezoelectric RAINBOW® actuator, a miniaturised hydraulic

chamber, hydraulic oil and a bellows. When the piezoelectric actuator deforms, the

hydraulic oil flows from the chamber to the bellows. When the oil flows into the bellows,

it elongates and thus, the deformation of the piezoelectric disc is amplified and

transformed into a linear movement. The proposed actuator has several beneficial

features:

• backlash-and-friction-free hydraulic amplification of the displacement of the

piezoelectric actuator, 

• a hydraulic actuator which does not suffer from leakage problems,

Figure 4.21. A stage of the micromanipulator.
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• resolution of dozens of nanometres

• a stroke of approximately 250 micrometres (a strain of 0,8 %)

• shape which is beneficial in parallel manipulators,

• structure which can be further miniaturised.

The micromanipulator proposed in this thesis is a parallel link structure which consists of

three piezohydraulic actuators. The hydraulic chambers of the actuators are connected

together such that the chambers form the base of the parallel manipulator. The free ends

of the bellows are connected by the mobile platform, where the end-effector – the

injection pipette – is mounted. The use of the bellows as the kinematic chain provides a

novel composite-joint manipulator. Its kinematic chains do not consist of separate

revolute, universal, spherical or prismatic joints, but a single, multiple degree of freedom

bellows which has one translational and two rotational degrees of freedom. The composite

joints simplify the structure and the fabrication of microminiaturised spherical, universal

or revolute joints can be avoided. Furthermore, the use of the bellows reduces the

nonlinearities caused by the joint friction.
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Chapter 5

Kinematics

This chapter presents position and velocity analysis of the proposed micromanipulator.

Specifically, Section 5.1 presents the notations used in this chapter. Section 5.2 discusses

the inverse position kinematics of the micromanipulator and presents a first generation

model and a second generation model of the position kinematics. The velocity kinematics

are discussed in Section 5.3. Section 5.4 briefly analyses the effects of the simplifications

made in the derivation of the inverse position kinematic models on the accuracy of the

models.

5.1 Notations

The piezohydraulic micromanipulator consists of the base platform and the mobile

platform that are connected to each other by three links, as illustrated in Figure 5.1. The

end-effector is attached to the centre of the mobile platform. The platforms are equilateral

and the mounting points of the actuated links are equally spaced at 120º on the platforms.

The upper mounting points are located at a radius r and lower mounting points at a radius

R from the centres of the mobile and base platforms, respectively.

Three coordinate frames which are typically used in parallel manipulators are defined for

the mechanism: a base frame {B}, a mobile frame {M} and an end-effector frame {E}.

The fourth frame used is a task frame {T} in which the locations of the objects are given.

The coordinate axes of each frame are described by xk, yk and zk where k denotes the frame

(B, M, E or T). The frame with respect to which an arbitrary vector is measured is denoted
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using superscript on the left. For example Bp indicates that the vector p is given in the base

frame. 

The base coordinate frame {B} is affixed to the centre of the base platform with the zB

axis aligned with the normal of the base platform, and the xB axis pointing towards the

lower mounting point of Link 1, b1. Correspondingly, the origin of the mobile frame {M}

is located at the centre of the mobile platform with the zM axis being normal to the mobile

platform, and the xM axis pointing towards the upper mounting point of Link 1, p1. A

transformation matrix  relates a vector from the mobile frame {M} the base frame {B}

and is defined as:

, (5.1)

Figure 5.1. Coordinate frames defined for the micromanipulator.
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where  is the position of the origin of the mobile frame in the base

frame {B}, and the unit vectors ,  and  describe

the orientation of the mobile frame relative to the base frame. The unit vectors
represent the coordinate axes of the mobile frame in the base frame and therefore, in
addition to the unit magnitude, they are mutually orthogonal.

The unit vector representation of the orientation uses nine parameters which are

dependent of each other. The smallest number of parameters required to represent

orientation is three. One, often used, method is the so called roll-pitch-yaw convention. In

the roll-pitch-yaw convention, the orientation is given as the angles of rotations about x

( , yaw), y ( , pitch) and z ( , roll) axes of a fixed reference frame. The rotations are

performed in the following order: rotation about the x axis, y axis and z axis. The rotation

matrix  describes the three rotations:

, (5.2)

where α, β and γ are the angles of rotation about the xB, yB and zB axis of the base
frame, respectively. The cosine is abbreviated by C and the sine by S: Cα is a
shorthand for cosα, for example.

The end-effector frame {E} is affixed to the end of the end-effector which in this work is

the injection pipette. The zE axis of the end-effector frame is aligned with the longitudinal

direction of the pipette. Correspondingly to Equation (5.1) and Equation (5.2),

transformation and rotation matrices  and  can be determined between the end-

effector frame and the mobile frame. The pipette is fixed perpendicularly to the mobile

platform and therefore, the transformation matrix simplifies to:

(5.3)

where  is the position of the tip of the end-effector in the mobile frame.
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The compound transformation  relates the end-effector frame to the base

frame. 

The task frame is located on the microscope stage such that the  axis is perpendicular

to the stage and its position direction is towards the objectives. The origin of the task

frame is located in the initial position of the end-effector tip. The microscope is assumed

to align with the micromanipulator and therefore,

. (5.4)

As illustrated in Figure 5.1, the directions of the actuated links are represented by vectors

wi, where i = 1, 2, 3, such that the positive direction is from the lower mounting point

towards the upper mounting point. The lengths of the links are represented by scalars li.

The angle between the ith link and the base platform is expressed as θi. 

The locations of the lower and upper mounting points are represented by vectors Bbi and
Mpi, respectively. The lower mounting points can be connected by a circle whose radius

is R. Correspondingly, the upper mounting points can be connected by a circle the radius

of which is r. Both the bottom and upper mounting points are spaced at 120º angles on the

base and mobile circles, respectively. The coordinates of the lower mounting points in the

base frame {B} and the upper mounting points in the mobile frame {M}, are:

 and , respectively, (5.5)

where R is the radius of the base circle and r is the radius of the mobile circle,  is

abbreviation of ,  is abbreviation of  and

.

By applying the values of  to Equation (5.5), we obtain the following lower and upper

mounting vectors:

,  and (5.6)
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,  and . (5.7)

5.2 Inverse Position Kinematics

The bellows form the links in the proposed micromanipulator. The bellows are rigidly

connected both to the base and to the mobile platform. They are actuated using

piezoelectric discs, as described in Section 4.2. When a bellows is actuated, it expands or

contracts, and forces the other bellows not only to expand or contract but also to bend.

This simplifies the construction of the piezohydraulic micromanipulator, since revolute,

universal, spherical and prismatic joints can be replaced by a single composite element, a

bellows. On the hand, its kinematic equations will be more complicated. 

This section discusses the inverse position kinematics of the micromanipulator. Since an

analytical solution to the inverse kinematic equations of a structure that contains the

bellows is not straightforward, certain assumptions will be made to simplify analysis. A

bellows fixed at one end has four degrees of freedom: three rotational and one

translational. However, the rotational stiffness about the longitudinal axis of the bellows

is so high that it is assumed that the bellows possesses three degrees of freedom: rotations

about x and y axes and translation along the z axis1. Therefore, it is assumed that a bellows

can be replaced by a rigid link which is able to deform in the direction of the longitudinal

axis and which is connected to the base and mobile platforms using universal joints.

Furthermore, the mobile platform is assumed to have one translational and two rotational

degrees of freedom with respect to the base platform. Two inverse kinematics solutions

that are based on these assumptions will be presented in this section. The first generation

model rotates first the given end-effector position using a constant, experimentally

determined, rotation matrix and then computes the link lengths for the rotated position

vector using an inverse kinematic equation which assumes that the mobile platform has

only translational degrees of freedom. The second generation model computes the link

lengths based on the assumption that the mobile platform has one translational and two

rotational degrees of freedom. 

5.2.1 First Generation Inverse Position Kinematic Model

The method of the inverse kinematics calculation presented in this section assumes that

the task frame is not aligned with the mobile frame but rotated about the xM and yM axes.

1.  The z axis is aligned with the longitudinal axis of the bellows.
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The mobile frame and the base frame are, on the other hand, assumed to align all the time

and thus, the mobile platform is assumed to have three translational degrees of freedom

with respect to the base platform. The approach discussed in this section first rotates the

given end-effector position using a constant rotation matrix. The component values of the

matrix are experimentally determined. In the next step of the method, the link lengths are

computed using an inverse kinematic equation which models the mobile platform with

three translational degrees of freedom. When differentiated, this approach leads to a very

simple inverse Jacobian matrix, as will be seen in Section 5.3.2. The method, including

the formulation of the inverse kinematic model, is presented in this section and its

experimental validation will be given in Chapter 6.

The link vectors  can be given in the base frame as follows:

, (5.8)

where  and  are the positions of the upper and lower mounting

points in the base frame, respectively.

By applying the translation matrix given in Equation (5.1) and by writing out the

components of Equation (5.8), we obtain:

, (5.9)

where  and .

By taking into account the expression given in Equation (5.5) for  and  we have:

. (5.10)

Hence, the lengths of the vectors , which represent the distances between the lower

and upper mounting points are:

, (5.11)
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where ,  and  are the unit vectors which describe

the orientation of the mobile frame relative to the base frame;  is the

position of the origin of the mobile frame in the base frame; r and R are the radii of
base and mobile circles, respectively, and  is an abbreviation of  and  is an

abbreviation of .

Since the mobile platform is assumed to have three translational degrees of freedom, the

rotation matrix between the mobile frame and the base frame is an identity matrix: 

(5.12)

Now Equation (5.11) simplifies to

 (5.13)

and furthermore, by substituting  and , we have for the link

lengths:

. (5.14)

The position vector of the mobile platform can be written as

, (5.15)

where  are the displacements along the xM, yM and zM axes, and d

is the initial distance between the base platform and the mobile platform.

As was discussed in the beginning of this section, the method proposed here rotates the

given end-effector position using a constant rotation matrix. The alignment error of the

micromanipulator with respect to the zT axis is assumed to be negligible and therefore, the

rotation matrix has the following form:

, (5.16)
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where C is the shorthand for cos and S is the shorthand for sin, and  and 

describe rotations about the xM and yM axes, respectively.

The computation of the inverse kinematics proposed in this section can be summarised as

follows. Given the desired displacement  of the end-effector and the

parameters of the micromanipulator

1. rotate the end-effector displacement vector using the rotation matrix given in

Equation (5.16) to obtain the desired displacements  of the

mobile platform,

2. compute the position of the mobile platform using Equation (5.15),

3. compute the link lengths using Equation (5.14) 

to obtain the link lengths. 

The algorithm presented above will be demonstrated in position feedforward control of

the micromanipulator in Chapter 6. Furthermore, it will be used as a basis for the

determination of an inverse Jacobian in Section 5.3.2.

5.2.2 Second Generation Inverse Position Kinematic Model

Even though the algorithm discussed in Section 5.2.1 can be applied to the position

feedforward control of the micromanipulator, specifically in the xy plane motion control,

it is not able to fully decouple the motion in the task frame, as will be seen in Chapter 6.

Therefore, a second generation inverse position kinematic model has been derived. The

second generation model assumes that the mobile platform has two rotational and one

translational degrees of freedom with respect to the base platform. In the algorithm, the

position of the end-effector is first transformed into the pose of the mobile platform and

then the link lengths are determined based on the aforementioned assumption. 

A general expression of the link lengths was derived in Section 5.2.1, Equation (5.11), and

therefore, it is given here without deduction:

, (5.17)

where ,  and  are the unit vectors which describe

the orientation of the mobile frame relative to the base frame;  is the

position of the mobile frame in the base frame; r and R are the radii of the base and
mobile circles, respectively, and  is an abbreviation of  and  is an

abbreviation of .
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The mobile platform is assumed to have two rotational degrees of freedom: rotations

about the xB and yB axis. The rotation about the zB axis is assumed to be zero.

Furthermore, since the rotations about the xB and yB axis are very small, the following

approximations hold:

. (5.18)

Using the aforementioned assumptions, the translation matrix  simplifies to

, (5.19)

where α and β are the angles of rotation about the xB axis and yB axis, respectively,

and  is the position of the mobile platform in the base frame.

The simplified form of the rotation matrix will be needed to determine  and  from the

given displacement of the end-effector.

The distance  between the mobile frame and base frame can be expressed as follows:

, (5.20)

where  is the desired displacement of the mobile platform along the zB axis and

d is the initial distance between the base frame and the mobile frame.

Now, the lengths of the links become:

(5.21)

By substituting  and  (  and  are abbreviations of 

and ), we obtain:

. (5.22)

Since the mobile platform is assumed to have only one translational degree of freedom –

the translation along the zB axis – the translations xm and ym in Equation (5.22) are equal

to zero. Thus, 
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. (5.23)

The reference signal of the system is the desired displacement of the end-effector given

in the task frame, not the pose ( ) of the mobile platform. Therefore, a

relationship between the position of the end-effector in the task frame and the mobile

platform pose should be derived. If the motion of the mobile platform is described by the

transformation matrix given in Equation (5.19), the position of the end-effector in the base

frame is

(5.24)

where  is the initial position of the tip of the end-effector in the mobile

frame and ,  and  describe the desired displacement of the end-effector

in the end-effector (and mobile) frame.

Since the task frame and the base frame are assumed to be parallel, a displacement in the

task frame equals a displacement in the base frame. 

Given the desired displacement  of the end-effector, the orientation (α
and β) of the mobile platform can be solved using Equation (5.24)

. (5.25)

To find , α and β in Equation (5.25) are substituted into Equation (5.24) to obtain 

. (5.26)

Given the desired displacement  of the end-effector in the task frame and

the parameters of the micromanipulator, the computation of the inverse kinematics

proposed in this section can be summarised as follows:

1. compute the orientation of the mobile platform (angles of rotation α and β) using

Equation (5.25),
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2. compute the translation  along the zB axis using Equation (5.26) 

3. compute the distance between the mobile platform and the base platform using

Equation (5.20),

4. compute the link lengths using Equation (5.23).

The applicability of the proposed algorithm in the position feedforward control of the

micromanipulator will be demonstrated in Chapter 6. It will also be used to determine the

second generation inverse Jacobian in Section 5.3.3.

5.3 Inverse Velocity Kinematics

Section 5.2 described the inverse position kinematic equations of the proposed

micromanipulator. This section discusses the inverse velocity kinematics. If the mobile

platform velocities are known the joint velocities can be computed using the inverse

Jacobian matrix:

, (5.27)

where  is a 3 x 1 joint velocity vector,  is a 6 x 1 mobile platform

velocity vector consisting of the linear and angular velocity components and,  is
a 3 x 6 inverse Jacobian matrix of the micromanipulator.

This section derives first a general form of the inverse Jacobian which consists of six

column vectors. Then two 3 x 3 inverse Jacobian matrices are derived based on the first

and the second generation inverse kinematic models. The first generation inverse

kinematic model assumes only translational motions and therefore, the first generation

inverse Jacobian uses the first, second and third column of the general inverse Jacobian.

In the second generation kinematic model, the micromanipulator is assumed to have one

translational and two angular motion components. Therefore, the inverse Jacobian which

is based on this assumption includes the third, fourth and fifth column of the general

inverse Jacobian. The two inverse Jacobians will be derived in Section 5.3.2 and Section

5.3.3.

5.3.1 General Form of the Inverse Jacobian Matrix

The Jacobian matrix can be derived by differentiating the link equations with time. The

link equations are:
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where  is the rotated upper mounting point in the base frame,  is

the position of the centre of the mobile platform, and  is the position of the lower
mounting point in the base frame.

The link vector  can be presented in the form:

, (5.29)

where  is a unit vector in the direction of  and  is the magnitude (length) of

the link vector.

Now substituting Equation (5.29) into Equation (5.28) and differentiating yields

. (5.30)

Since the position of the lower mounting point does not change, .

The velocity of the upper mounting point can be represented as a cross product of an

angular velocity vector of the mobile platform and a upper mounting vector as in Equation

(5.31):

, (5.31)

where  is the angular velocity vector of the mobile platform, and  is the

rotated position of upper mounting point of ith link.

Substituting Equation (5.31) into Equation (5.30) and then taking a scalar product with

the unit vector  on both sides of the equation, yields 

, (5.32)

since  is a unit vector,  and 1.

The inverse velocity kinematics can now be written in the form

, (5.33)

where  is the link velocity vector,  is the mobile platform velocity

with linear and angular velocity components and the inverse Jacobian is as given in
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Equation (5.34):

. (5.34)

The unit vectors are obtained as

. (5.35)

By substituting the simplified transformation matrix given in Equation (5.19) to Equation

(5.10), which determines the link vectors, we obtain for the unit vectors: 

, (5.36)

where r is the radius of the mobile circle, si and ci represent  and  with

,  and  are rotations about the xB and yB axes,

respectively, ,  and  are translations along the xB, yB and zB axes,

respectively, and  represents the length of the link.

Since the cross product columns are not needed in the first generation inverse Jacobian, a

general form of the columns is not derived here. They are presented for the second

generation inverse Jacobian in Section 5.3.3.

5.3.2 First Generation Inverse Jacobian

Since the first generation model assumes that the mobile platform does not possess

rotational degrees of freedom, the last three columns of the general inverse Jacobian

matrix can be ignored. 

The first generation inverse Jacobian is thus a 3 x 3 three matrix that consist of the first

three columns, the unit vectors , of the general inverse Jacobian derived in Section

5.3.1: 
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. (5.37)

Since the rotations do not take place, . Therefore, we have for the unit

vectors:

. (5.38)

The inverse velocity kinematics is now

, (5.39)

where the inverse Jacobian is 

. (5.40)

The first generation inverse Jacobian is derived from the first generation inverse position

kinematic equations, the inverse Jacobian can also be derived by differentiating the

inverse position kinematic equations given in Equation (5.14):

. (5.41)

where , .

By differentiating Equation (5.41), we obtain 

, (5.42)
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Equation (5.42) can be written in the matrix form as follows:

. (5.43)

As can be seen, the inverse Jacobian matrix is the same in Equation (5.43) as in Equation

(5.40). The applicability of the matrix to position feedback control will be demonstrated

in Chapter 7.

5.3.3 Second Generation Inverse Jacobian

The second generation inverse Jacobian is based on the second generation inverse

kinematic model. In the second generation model, the mobile platform possesses two

rotational and one translational degrees of freedom. Since the translations along the xB and

yB axes are assumed to be zero, we obtain the following unit vectors, see Equation (5.36):

. (5.44)

Correspondingly, the cross-product columns are: 

 (5.45)

since 

 (5.46)

and  is as given in Equation (5.44).
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The general form of the inverse Jacobian  contains six

column vectors. However, only the third ( ), the forth ( ) and the fifth ( ) column are

needed in this model. Using Equation (5.44) and Equation (5.45) we obtain:

(5.47)

(5.48)

(5.49)

By taking into account the values of the upper and lower mounting points given in

Equation (5.6) and Equation (5.7), respectively, the columns of the inverse Jacobian are:
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(5.52)

Since the model is based on the assumption that the manipulator has one translational

(along the z axis) and two rotational (about the x and y axes) degrees of freedom, the link

velocities can be computed as follows:

. (5.53)

The inverse Jacobian derived in this section will be used as a part of the vision-system-

based position feedback control scheme to be discussed in Chapter 7. Its feasibility as a

static nonlinear decoupling element used after three linear single-input / single-output

(SISO) controllers will be experimentally shown in Chapter 7. 

5.4 Effect of Model Simplifications

This section discusses the effects of the simplifications made in the deduction of the

second generation inverse kinematics on the accuracy of the micromanipulator. The

derivation of the second generation model is based on the assumption that the change in

the orientation of mobile platform is infinitesimal. Therefore, it was assumed that cosα
and cosβ can be approximated with one, and sinα and sinβ with α and β, respectively. The

following simulations study the effect of the simplification on the displacement of the

end-effector. First, the values of α, β and  are determined from the given end-effector

position using Equation (5.25) and Equation (5.26). Figure 5.2(a) shows the given end-

effector trajectory and Figure 5.2(b) the simulated pose values of the mobile platform.

Next, the position of the end-effector is estimated from the simulated pose values using
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the complete, not simplified rotation matrix given in Equation (5.2). The initial position

of the end-effector in the simulations is . 

The error produced by the simplification of the rotation matrix is shown in Figure 5.3. It

illustrates the difference in the displacement of the end-effector, when either Equation

(5.2) or Equation (5.19) is used. If the simplification had no effect the displacements

would be equal and the error naturally zero. The simulated error is less than one hundred

Figure 5.2.  (a) Reference trajectory of the end-effector. (b) Simulated pose 

( ) of the mobile platform.
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nanometres for the 150-micrometre displacements of the end-effector. The simulated

error is more than ten times smaller than the accuracy of the displacement measurement. 

The simulations presented in this section demonstrate that the error due to the

simplification of the rotation matrix is significantly smaller than the measurement

accuracy of the system. Therefore, the rotation matrix can be simplified as proposed in

Section 5.2.2.

5.5 Summary

This chapter presents two inverse position kinematic and two inverse velocity kinematic

models for the proposed micromanipulator. All the models are based on the assumption

that the bellows can be modelled as a rigid prismatic link which is connected to the base

and mobile platforms using universal joints. The first generation models describe the

degrees of freedom of the micromanipulator such that the given end-effector displacement

is first transformed into the position of the mobile platform using a constant,

experimentally determined rotation matrix. The link lengths are then computed from the

mobile platform position assuming that the mobile platform has three translational

degrees-of-freedom. The second generation models determine the pose of the mobile

Figure 5.3. Simulated errors caused by the simplification of the rotation matrix.
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platform from the given end-effector displacement by assuming that the initial position of

the end-effector is known and the mobile platform has one translational and two rotational

degrees of freedom. The link lengths are computed for the determined mobile platform

pose. 

The applicability of the inverse position kinematic models to the position feedforward

control will be demonstrated in Chapter 6. The inverse Jacobians derived from the inverse

position kinematic models will be demonstrated in position feedback control in Chapter

7. The first generation Jacobian will be applied to Hall-sensor-based closed-loop control

and the second generation model to vision-system-based closed-loop control.
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Chapter 6

Position Feedforward Control

The position of the micromanipulator can be controlled using either open or closed-loop

control schemes. With open-loop control, position measurement is not utilised but the

micromanipulator is driven without feedback using the inverse kinematic model. As

sensors are not used, open-loop control reduces hardware costs. With teleoperation, where

an operator commands the micromanipulator based on visual information provided by the

vision system, open-loop control is sometimes sufficient, since the operator closes the

loop. The operator can to some extent compensate for hysteresis, for example, but drift

and external disturbances are difficult to eliminate without feedback control. If automatic

operations or high performance are not needed, open-loop control can be applied. 

This chapter discusses open-loop control of the proposed micromanipulator. The chapter

begins with a description of the system used for the end-effector position measurement.

The measurement signal is not applied to the control in this chapter but it is used for the

detection of the end-effector movement only. The chapter proposes two position

feedforward control schemes. Both consist of a variable transform block, an inverse

position kinematic model and actuator balancing functions. The variable transform block

and the inverse position kinematic model are different in the two control schemes, while

the actuator balancing functions are the same. The actuator balancing is needed, since the

actuators are not identical; the same control signal results in different displacements in

different actuators. The balancing functions described in Section 6.2 balance the

displacements in such a way that the same control input results in approximately the same

output displacements in each actuator. The position feedforward control scheme based on

the first generation inverse kinematics is discussed in Section 6.3 and the control scheme

which is based on the second generation model is presented in Section 6.4. The controller
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parameterisation and the results of the open-loop control experiments are presented for

both schemes. The position feedforward control is demonstrated in the framework of

teleoperation in Section 6.5. The experimental results are summarised in Section 6.6. 

6.1 Measurement System

The position of the end-effector, which is an injection pipette in this work, is measured

using a vision system developed at VTT Automation. The vision system gives the position

of the end-effector in the xy plane as pixels and the displacement along the z axis as a

relative energy value. More detailed information about the measurement is given in

Chapter 7. 

The pixel values are converted to micrometres using two conversion factors determined

by using a micrometer scale with the smallest divisions of ten micrometres. Equation (6.1)

shows the conversion from pixels to micrometres for the x and y coordinates. Errors

caused by uncompensated aberrations and other errors in optics are not taken into account. 

, (6.1)

where x[µm] and y[µm] are displacements in micrometres, x[px] and y[px] are
displacements in pixels.  and  are the conversion factors. When an objective

having a magnification of ten is used,  equals to 0,88 and  to 1,67. The

corresponding values for the 20x and 40x objectives are obtained by dividing kx and
ky by 2 and 4, respectively. Since the ocular has a magnification of ten, the total
magnifications are 100, 200 and 400.

The z value depends on the model of the end-effector generated by the vision system.

Therefore, the conversion factor of the z displacement depends on the model, and it should

be determined each time a new model is created for the vision system. The conversion

factor of the z coordinate is determined by moving the micromanipulator 50 µm along the

z axis using the manual xyz-stage and by measuring the displacement of the end-effector

using the vision system. 

6.2 Actuator Displacement Balancing

The three actuators of the micromanipulator that connect the base and the mobile platform

do not exhibit identical behaviour. The large manufacturing tolerances of the bellows and

the differences between the piezoelectric elements result in differences in the outputs of

x µm[ ] kxx px[ ]=

y µm[ ] kyy px[ ]=

kx ky

kx ky
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the piezohydraulic actuators. To eliminate the differences in the voltage-displacement

characteristics, the actuator outputs are balanced by modifying the input voltages using

nonlinear functions. If the actuators are not balanced and the operator applies indentical

control inputs to the actuators in order to move the mobile platform in the z direction, the

mobile platform does not move as desired. Therefore, the actuator balancing is essential

especially with open-loop control, since the displacements of the actuators or the mobile

platform are not measured. 

The displacements of the actuators are balanced using a curve fitting method. In the first

step, the actuators are not connected to the mobile platform, but they are moving freely.

The goal of this step is to determine the form of the balancing functions. The final

parameter values are determined by moving the mobile platform using the actuators. In

the first step, the actuators are driven using a triangle wave control signal that has three

peaks and an amplitude of 160 V. This is repeated ten times for each actuator. From ten

measured displacement vectors, eight are used: the vector containing the largest and the

vector containing the smallest peak are excluded. 

The mean displacement vectors for each actuator are plotted in Figure 6.1(a), (b), (c) and

the reference signal in Figure 6.1(d). The mean displacement vectors as a function of the

supply voltage are shown in Figure 6.2. The graph shows hysteresis, which is typical of

piezoelectric actuators.  

Figure 6.1. The reference signal and means of displacement vectors for each actuator.
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In the process, the mean displacement vector of Actuator 1 was selected as the reference

displacement. The displacements of Actuator 2 and Actuator 3 were fitted to the

displacement of Actuator 1 using a polynomial curve fitting method. Second-order

polynomials were sufficient and higher order polynomials did not significantly improve

the result. Next, the actuators were driven by the triangle wave control inputs but such that

the control inputs of Actuator 2 and Actuator 3 were modified by the determined second-

order polynomials. Since the voltage-displacement relationships of the actuators are not

linear, deviations between the displacement of Actuator 1 and the displacements of

Actuator 2 and Actuator 3 were expected. The displacement of Actuator 2 was, however,

very close to the displacement of the Actuator 1. The displacement of Actuator 3 clearly

differed from that of Actuator 1 and therefore, another second-order polynomial was

found. Combining the polynomials results in a fourth-order polynomial. The fourth and

the third-order coefficients of the resulting polynomial are so small that they can be

ignored. 

The resulting balancing polynomials for Actuator 2 and Actuator 3 are:

, (6.2)

where  is control signal after and  before the actuator balancing.

Figure 6.2. Means of the displacement vectors as a function of the supply voltage.
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The actuator balancing was tested by modifying the driving voltages of Actuator 2 and

Actuator 3 using the balancing polynomials presented in Equation (6.2). The results were

compared to the displacement of Actuator 1 driven by the unchanged voltage. Figure 6.3

shows the displacements before and after the actuator balancing. 

The determination of the form of the balancing functions and the initial determination of

the parameters were performed using the data measured from non-connected actuators,

due to the shorter time required. However, the final adjustment of the balancing

parameters was made using the micromanipulator. The micromanipulator was

commanded to move along the z axis, and the displacement in the xy plane was measured

by means of the vision system. The micromanipulator moves significantly in the xy plane

when the balancing functions given in Equation (6.2) are used, Figure 6.4(a). The final

parameter selection was performed by moving the micromanipulator along the z axis, and

changing the parameters until the motion in the xy plane is sufficiently small. The adjusted

balancing polynomials are as follows:

. (6.3)

Figure 6.3. Results of the actuator balancing. The solid line presents the displacement 

of Actuator 1, the dash-dot lines Actuator 2 and Actuator 3.
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Figure 6.4(b) represents the results obtained using the adjusted parameter values. As can

be seen, the movement in the xy plane is not totally eliminated, but considerably reduced. 

This section has presented the balancing of the piezohydraulic actuators such that each of

them produces approximately the same displacement for the same control signal. The

actuators are balanced by modifying the control signal using second-order polynomials.

The experiments show that the balancing functions improve the displacement behaviour

of the micromanipulator.

6.3 First Generation Position Feedforward Control

This section discusses a position feedforward controller which is based on the use of the

first generation inverse kinematics presented in Section 5.2.1. The section starts with a

description of the structure of the controller. Section 6.3.2 discusses the parameterisation

of the controller, and Section 6.3.3 presents the results of the control experiments. Since

the hysteresis, drift and repeatability of the micromanipulator will be discussed in Section

6.4, the discussion is not given here. The focus will be on the decoupling performance of

the feedforward controlled micromanipulator. 

Figure 6.4. Fine adjustment of the balancing parameters. (a) Displacement in the xy 

plane before the adjustment. (b) Displacement after the adjustment. 
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6.3.1 Structure of the Controller

Figure 6.5 depicts a block diagram of the first generation position feedforward control

scheme. The control scheme consists of a rotation matrix, an inverse kinematic model and

three actuator balancing functions. In the first generation approach discussed in Section

5.2.1, the inverse kinematics model the motion of the mobile platform with constant

orientation. Therefore, a rotation matrix is used for the rotation of the desired xyz

displacement of the end-effector given by the operator with respect to the mobile frame.

The rotation matrix is constant and the experimental determination of its parameters will

be discussed in Section 6.3.2. The link lengths are determined after the rotation from the

rotated displacement. The differences in the voltage-displacement characteristics between

the actuators are compensated for using the second-order balancing functions given in

Section 6.2. The control scheme is summarised in the following: 

(1) the reference signal (the desired end-effector displacement) is rotated using the

rotation matrix given in Equation (5.16) (Rotation Matrix block) and the position

of the mobile platform is computed from the rotated displacement

(2) the link lengths are computed using Equation (5.14) (Inverse Position Kinematics

Model block),

(3) Actuator 2 and Actuator 3 are balanced using Equation (6.3) (Actuator Balancing

blocks).  

6.3.2 Controller Parameterisation

From Equation (5.14) and Equation (5.16) describing the rotation matrix and the inverse

kinematics, it can be seen that the model parameters include R, r, , d, 

and . They describe the radius of the base circle, the radius of the mobile circle, the

angles between  axis and the projections of the upper and lower mounting points of the

links given, the initial distance between the base platform and the mobile platform, and

the angles in the rotation matrix, respectively. It is assumed that the manufacturing and

assembly errors are insignificant; thus, the values of R, r,  and d are known. The values

of the angles  and , which are the parameters of the rotation matrix, are not known

and they must be experimentally determined. 

Figure 6.5. Structure of the controller. 
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To determine the numerical values of the elements of the rotation matrix, the

micromanipulator is moved first along the xB axis, then along the yB axis and finally along

the zB axis. The reference signal is shown in Figure 6.6. 

When the angles  and  have zero values, the z movement of the end-effector is as

depicted in Figure 6.7(a): the end-effector moves slightly in the z direction, when the

manipulator is commanded to move along the x axis (part A of the z movement) and

significantly, when the manipulator should move only along the y axis (part B). In part C,

the manipulator is commanded to move along the z axis. To reduce the undesired z

displacement shown in parts A and B, the rotation matrix is utilised. Its elements are

experimentally determined by applying the reference signal shown in Figure 6.6 and

changing the values of the angles  and , until the micromanipulator does not move

along the z axis during the xy motion (parts A and B). The values  and

Figure 6.6. Reference signal in controller parameterisation. 
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 were finally selected for the angles. Figure 6.7(b) shows the displacement

along the z axis with the new angle values. 

As can be seen, the movement in the z direction is almost totally eliminated when the

manipulator is commanded to move along the x and y axes. However, the application of

the rotation matrix results in a displacement along the y axis, when the manipulator moves

along the z axis. This will be demonstrated in the next section.

6.3.3 Experiments

Since the hysteresis and drift of the micromanipulator will be discussed in Section 6.4.3

and the applied feedforward control scheme does not affect the hysteresis and drift

behaviour, the discussion is not given here. This section concentrates on the analysis of

the decoupling performance of the first generation inverse kinematic model.

In the decoupling test, the micromanipulator is commanded to first move 100 micrometres

along the x axis, then 100 micrometres along the y axis and finally 70 micrometres along

the z axis. Figure 6.20 shows the measured displacements along the different axes. As can

be seen, the micromanipulator exhibits hysteresis and moves a significant distance along

the y axis, when it is supposed to move only along the z axis. Therefore, this model can

be applied only if the x and y positions are controlled in the closed-loop manner. Then the

xy closed-loop controller would hold the manipulator at the desired xy position while the

Figure 6.7. Results of the controller parameterisation. 
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manipulator is moved along the z axis. The applicability of the inverse kinematic model

as a part of a closed-loop control system will be demonstrated in Chapter 7. 

In the next experiments, the manipulator is moved in the xy plane along a rectangular path.

First, the parameter values of  and  are used. Figure 6.9 illustrates the

measured trajectory. As can be seen, the rectangle is not aligned parallelly to the xy plane.

In the second experiment, the angles are changed to  and . Figure

6.10 compares the z displacements in the two experiments. Figure 6.10(a) shows the z

measurement when the rotation matrix is the identity matrix. The considerable

displacement in the z axis direction shown in Figure 6.9 is clearly seen in this plot. Figure

Figure 6.8. Orthogonality of the axes. 
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6.10(b) depicts the z displacement when the experimentally determined rotation matrix is

applied. As a result, the undesired z displacement is almost entirely compensated.  

Figure 6.9. Measured rectangular trajectory when . 

Figure 6.10. (a) z displacement when . (b) z displacement when 
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The xy plane illustrations of the measured trajectories are given in Figure 6.11. The line

marked with points shows the trajectory without rotating the end-effector displacement

and the line marked with “x” depicts the trajectory obtained with the rotation matrix. 

After the introduction of the rotation matrix, the y edges are no longer parallel. Thus, even

though the rotation matrix can align the xy plane of the mobile frame with the xy plane of

the task frame, it produces shortcomings (coupled y and z movement) which should be

compensated for using closed-loop control. This will be discussed in Chapter 7.

6.4 Second Generation Position Feedforward Control 

The position feedforward controller proposed in this section uses the second generation

inverse kinematics, which was derived in Section 5.2.2. The second generation model

computes the link lengths assuming that the mobile platform has one translational and two

rotational degrees of freedom. The section is organised as follows. Section 6.4.1 describes

the structure of the controller. Section 6.4.2 discusses the controller parameterisation and

Section 6.4.3 presents control experiments. The performance measures employed in the

experiments include hysteresis, drift, repeatability and decoupling. 

Figure 6.11. Response of the micromanipulator in the xy plane to the planar rectangular 

reference path. The narrow line is obtained without reference signal rotation 

( ) and the wide line using the rotation matrix: . 

−50 0 50 100 150 200
−50

0

50

100

150

200

X displacement [µm]

Y
 d

is
pl

ac
em

en
t [

µm
]

ϕx ϕy 0°= = ϕx 5° ϕy, 60°–= =



Chapter 6, Position Feedforward Control 99

6.4.1 Structure of the Controller

Figure 6.12 depicts a block diagram of the control scheme. It consists of a variable

transform block, an inverse kinematic model and three actuator balancing functions. The

variable transform block transforms the xyz displacement of the end-effector given by the

operator to the corresponding pose (the rotations α and β about the x and y axis and the

translation along the z axis) of the mobile platform. The link lengths are determined from

the pose using the inverse position kinematic model described in Section 5.2.2. Since the

actuators are not identical, the differences in the voltage-displacement characteristics

between the actuators are compensated for using second-order balancing functions. The

control scheme can be summarised as: 

(1) the end-effector displacement is transformed into the pose of the mobile platform

using Equation (5.20), Equation (5.25) and Equation (5.26) (Variable Transform

block),

(2) the link lengths are computed using Equation (5.23) (Inverse Position Kinematics

Model block),

(3) Actuator 2 and Actuator 3 are balanced using Equation (6.3) (Actuator Balancing

blocks).  

6.4.2 Controller Parameterisation

The alignment of the micromanipulator and the microscope is challenging. Since this

chapter focuses on the displacement analysis of the micromanipulator, the

micromanipulator and the microscope were only roughly aligned in the tests, and the

Figure 6.12. Structure of the controller. 
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coordinate axes were aligned afterwards by rotating the measured displacements six

degrees about the z axis. Figure 6.13 demonstrates the alignment of the coordinate frames. 

The structure of the position feedforward control scheme was presented in Figure 6.12.

The parameters of the model include R, r, , d and , which

describe the radius of the base circle, the radius of the mobile circle, angles between the

 axis and the projections of the upper and lower mounting points of the links, the initial

distance between the base platform and mobile platform and the initial position of the end-

effector, respectively. The manufacturing and assembly tolerances are negligible and

therefore, the values of R, r,  and d are assumed to be known. Since the exact initial

position of the end-effector in the mobile frame is difficult to measure, the end-effector

parameters  given in Equation (5.24) need to be determined experimentally.

In the parameterisation procedure, the micromanipulator is commanded to move along the

three coordinate axes in the task frame. The end-effector parameters are varied, and the

displacements are measured. The parameter values resulting in decoupled Cartesian

motion are selected. Similarly to the first generation control scheme, the parameters of

second generation control scheme must be calibrated, when the end-effector is changed.

6.4.3 Experiments

Hysteresis and Drift

As was discussed in Chapter 4, the piezohydraulic actuator suffers from hysteresis and

drift which are typical of piezoelectric actuators. Therefore, the position error in the

feedforward controlled micromanipulator results from imperfections of the actuators and

Figure 6.13. Alignment of the task frame with the end-effector frame.

−50 0 50 100 150
−150

−100

−50

0

50

X displacement [µm]

Y
 d

is
pl

ac
em

en
t [

µm
]

Displacement after alignment

−50 0 50 100 150
−150

−100

−50

0

50

X displacement [µm]

Y
 d

is
pl

ac
em

en
t [

µm
]

Displacement before alignment

φi i, 1 2 3, ,= xe ye ze

T

xB

φi

xe ye ze

T



Chapter 6, Position Feedforward Control 101

imprecision of the inverse kinematic model. This section concentrates on the effects of the

actuator shortcomings on the motion of the micromanipulator.

In the first test, the micromanipulator is driven along the x axis. Figure 6.14 shows the

reference displacement and the measured displacement as a function of time. Drift can

easily be recognised in the figure. To demonstrate the hysteresis more distinctly, the

measured displacement as a function of the reference signal is presented in Figure 6.15,

which displays a maximum hysteresis of approximately 15 micrometres on the x axis.   

Figure 6.14. Displacement of the micromanipulator along the x axis.
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The effect of the drift of the actuators is depicted in Figure 6.16. The micromanipulator is

commanded to move a step of 50 micrometres along the x axis and then maintain its

position for 15 seconds. However, the end-effector drifts because of the piezoelectric

actuators. 

Figure 6.15. Hysteresis of the micromanipulator in the x axis.

Figure 6.16. Drift of the micromanipulator.
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Repeatability 

The repeatability of the micromanipulator is studied using a triangle wave input depicted

in Figure 6.17. The end-effector is moved nine times 100 micrometres along the x axis,

while the y and the z values are kept constant. The response of the micromanipulator along

the x axis and the y axis are shown in Figure 6.18. The start and end positions,

corresponding to the peaks in Figure 6.18, are numbered as  and , where

 and refers to the number of the peak. As the figure depicts, the values of the

end positions slightly increase during the test due to the drift of the actuators. The drift

can also be observed in the y displacement, which should be constant. 

Figure 6.17. Triangle wave input signal of the x displacement in the repeatability test.
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The repeatability was tested by driving the manipulator using the triangle wave reference

signal. The xy positions of the end-effector in the start and end points of each half triangle

were measured using the vision system. Figure 6.19(a) illustrates how the values of the

start and end positions of the half wave change in the xy plane. Symbol ‘x’ represents the

end positions  and symbol ‘o’ the start positions, . The first end position (

in Figure 6.18) and the first start position (  in Figure 6.18) are considered as the

target points to which the peaks are compared. The offsets of the first values are removed

such that the target is placed into the origin. In an ideal case, the manipulator would move

only along the x axis and it would always have the same start and end positions. As can

be seen, this is not the case in practise. The values of the start and end positions vary

between 0 and 2 micrometres in the y axis direction. The corresponding maximum

deviation is approximately five micrometres in the x axis. 

Figure 6.19(b) depicts the distances between the first end position  and the other

end positions. It also shows the distances between the first start position  and the

other start positions. As can be seen, the error tends to increase the more the triangle wave

is repeated. The maximum distance between the first end position and the other end

positions is approximately six micrometres. The same value for the start positions is five

micrometres. The change in the amplitude of the triangle wave, which is measured as the

distance between the end and start positions, is also shown in Figure 6.19(b). As can be

Figure 6.18. Measured displacements along the x and y axes in the repeatability test. 
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seen, the repeatability of the micromanipulator is better than two micrometres if the drift

is excluded.  

Decoupling

The performance of the feedforward controller to produce decoupled motions in task

space is studied by driving the micromanipulator along the three Cartesian axes. When the

measured trajectories are compared to the reference trajectories, it should be remembered

that the errors do not result only from the modelling imprecision but also from the actuator

imperfections described in the beginning of this section.

In the decoupling test, the micromanipulator is commanded to move first 100 micrometres

along the x axis, then 100 micrometres along the y axis and finally 70 micrometres along

the z axis. Figure 6.20 depicts the measured displacements along the different axes. In a

desired case, the interactions do not exist: the end-effector does not move in the directions

of y and z axis when moved along the x axis, it does not move in the directions of x and z

axis when moved along the y axis and it does not move in the directions of x and y axis

when moved along the z axis. The real response is not as desired. When the manipulator

moves along the x axis, there is no displacement in the direction of the y axis but

approximately a ten-micrometre movement along the z axis does take place. During the y

axis movement, the micromanipulator moves approximately 20 micrometres (20 %) in the

direction of the x axis. In the direction of the z axis, there is no significant displacement.

When the manipulator is driven along the z axis, it also moves in the directions of the x

Figure 6.19.  (a) Repeatability of the micromanipulator described as positions of the 

start and end positions in the xy plane. The targets are placed in the origin. (b) Distances 

of the start and end positions to the targets.
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and y axes: approximately twelve micrometres (12 %) in the x axis and eight micrometres

(8 %) in the y axis direction.

To summarise, with the proposed feedforward controller the micromanipulator moves in

the xy plane when desired so: when the manipulator is moved along the x or y axis, there

is almost no displacement along the z axis. Furthermore, when the manipulator is

commanded to move along the z axis, the displacements along the x and y axes are also

relatively small. The x and y axes are the only axes that show significant interaction. The

angle between the x and y axes was measured by plotting the x and y displacements

depicted in Figure 6.20(a) and (b), respectively, in the plane. The result is that the angle

is not right but approximately 95 degrees. 

Rectangular Paths

In the planar path demonstration, the micromanipulator is commanded to move along a

rectangular path in the xy plane. The measured trajectory is shown in Figure 6.21. This

figure also depicts that an orthogonal error between the x and y axes exists. Hysteresis of

the piezoelectric actuators can especially be seen in the displacement along the y axis. The

Figure 6.20. Decoupling test. 
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trajectory does not finish exactly at its starting point in the lower left corner of the

rectangle. This implies the drift and hysteresis of the actuators  

Next, the end-effector is moved along a three dimensional path. The micromanipulator is

first moved along a rectangular path in the xy plane (with zero z displacement). It is moved

next 70 micrometres downward and a new xy rectangle is made (z displacement -70

micrometres). Finally, the micromanipulator is moved back to the original position. The

measured trajectory is shown in Figure 6.22. Path ABCDE forms the first rectangle, path

EF the first z displacement, path FGHIJ the second rectangle and path JK the second z

Figure 6.21.  Measured rectangular trajectory in the xy plane. 
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displacement which is supposed to end at the starting point A. The start and end points

differ, due to the drift and hysteresis of the actuators. 

This section proposed a position feedforward control scheme, which uses an inverse

position kinematic model to decouple the micromanipulator movements. The inverse

kinematic model is based on the assumption of two rotational degrees of freedom and one

translational degree of freedom, as discussed in Section 5.2.2. The results prove that the

model can be used for a rough decoupling of the motions. However, due to the hysteresis

and drift of the piezohydraulic actuators and model inaccuracies, closed-loop control is

needed with high-precision applications. The differentiated form (inverse Jacobian) of the

model provides the decoupling element needed in the decentralised position feedback

control. This will be discussed in Chapter 7.

6.5 Demonstration of the Operation

The goal in the first micromanipulator project was to demonstrate that the

micromanipulator can separate plastic spheres being a few dozen micrometres in size. The

operation was demonstrated by moving glass spheres being 30 micrometres in diameter

on a glass plate using the micromanipulator equipped with a glass capillary, as depicted

in Figure 6.23. The task was successfully performed with teleoperation by commanding

the micromanipulator using a joystick and by observing the operation on the video

Figure 6.22. Measured three-dimensional trajectory. 
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monitor. The open-loop control scheme proposed in Section 6.3 was used in the

demonstration. 

6.6 Discussion

This chapter discussed open-loop control of the proposed micromanipulator. Two

position feedforward control schemes were proposed. Both schemes are based on the use

of an inverse kinematic model of the micromanipulator which provide the lengths of the

links for a given pose of the mobile platform. The first scheme uses the inverse kinematics

presented in Section 5.2.1 and the second scheme the inverse kinematics discussed in

Section 5.2.2. The first control scheme transforms the desired end-effector displacement

given by the operator to the position of the mobile platform using a rotation matrix and

the second scheme to the pose of the mobile platform. After the variable transforms, the

inverse kinematic equations are applied to compute the link lengths. 

In the experiments, three types of shortcomings were found. First, the actuators are not

exactly identical. To compensate the differences between the actuators, the control signals

were modified using second-order polynomials. Experiments proved that the differences

can be considerably reduced using the actuator balancing. Second, each actuator suffers

from the imperfections of the piezoelectric actuators: they experience a considerable drift

and hysteresis. In the proposed open-loop controllers, these imperfections were not

compensated. They reduce the accuracy and repeatability of the open-loop controlled

micromanipulator. Third, the kinematic models do not exactly describe the relationship

between the link lengths and the motion of the end-effector resulting in task space

movements which are closely but not perfectly decoupled. 

The second generation inverse kinematic model results in Cartesian movements being

very closely orthogonal when the movements are initiated from the centre of the

Figure 6.23. Separation of micro spheres. 
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workspace. The voltage-displacement behaviour of the actuators and the manipulator

kinematics are not, however, linear. Therefore, the performance of this control scheme

depends to some extent on the operation point, as was shown in Figure 6.22. The first

generation inverse kinematic model results in decoupled Cartesian movements when the

parameters of the model are appropriately selected. However, the deviation from the

orthogonal displacements is more remarkable than with the second generation control

scheme. 

To summarise, the position feedforward control schemes proposed in this chapter can

produce adequate decoupled movements in task space. Since the actuator shortcomings

are not compensated for, the open-loop controlled micromanipulator does not provide the

accuracy and repeatability needed in precise operations. However, the results of this

chapter prove that the kinematic models derived in Chapter 5 provide decoupled Cartesian

movements and therefore, they can be used as decoupling elements in closed-loop control.

In addition to being an essential part of a closed-loop control system, the inverse

kinematic models can be used as a decoupling element in control schemes, where the

operator closes the control loop and thus, compensates for the positioning errors. The

micromanipulator controlled using the first generation feedforward controller has been

successfully applied to a teleoperated separation of micro spheres. 
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Chapter 7

Position Feedback Control

Piezoelectric ceramics have been widely used in micromanipulator designs because they

have many beneficial properties for micromanipulation [11], [14], [19], [31], [32], [35],

[93]. They suffer, however, from drawbacks which must be compensated for, when a high

accuracy is required. To eliminate drift, hysteresis and other imperfections of the

actuators and to compensate for the uncertainties in the micromanipulator model and

external disturbances, closed-loop control must be introduced.

Position feedback control schemes which consist of independent actuator controllers in

joint space typically provide a high repeatability, but they suffer from a limited accuracy

induced by modelling errors. Actuator imperfections can be eliminated and errors due to

assembly and fabrication tolerances, tool exchange and model imprecision can be partly

compensated for using calibration. Errors caused by thermal deformation and external

shocks cannot be efficiently eliminated without the direct measurement of the end-

effector displacement. 

This chapter proposes two task space position feedback control schemes in order to

compensate for actuator imperfections, incompletely modelled kinematics and

unpredictable errors. The proposed control schemes are decentralised control schemes

which essentially consist of three independent single-input / single output (SISO) joint

controllers and a static nonlinear decoupling block (an inverse Jacobian matrix). Thus, the

proposed controllers belong to the Wiener systems, since they have a linear dynamic

element in cascade with a static nonlinearity. The first feedback control scheme uses the

second generation inverse Jacobian (Section 5.3.3) as the nonlinear block and machine

vision for the measurement of the end-effector position. It is especially developed for
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high-precision slow-speed positioning applications. The second scheme uses the first

generation inverse Jacobian (Section 5.3.2) and a Hall-sensor-based pose measurement

and it is intended for high-speed micromanipulation. Section 7.1 discusses the vision-

system-based control scheme. It presents the measurement system, the structure of the

controller and experimental results. The control scheme based on Hall sensors is

described in Section 7.2, which covers the measurement system, the controller structure

and experimental results. Section 7.3 presents the performance of the closed-loop

controlled micromanipulator including repeatability, accuracy, resolution, workspace and

speed. Finally, the results of the two closed-loop control schemes are summarised and

compared in Section 7.4. 

7.1 Machine-vision-based Position Control

Position feedback control in task space requires either a sensor that – in an ideal case –

measures the six degrees of freedom pose of the end-effector with high bandwidth, or the

measurement of joint variables which are converted into task space using the direct

kinematic equations. Since the direct kinematic equations are complicated for parallel

manipulators, the pose measurement approach is used in this thesis. Internal sensors that

would detect the end-effector pose and be sufficiently small to be integrated or attached

to the micro-sized end-effector (such as micropipette, microgripper) do not currently

exist. Therefore, an optical microscope equipped with a CCD camera is the most

frequently used method to detect the pose of the micromanipulator end-effector. The

analog image produced by the CCD camera is converted to digital using a frame grabber,

and the end-effector pose is determined by machine vision algorithms.

Visual servoing architectures can be categorized into two groups: pose-based control

strategies and image-based control strategies [50]. In pose-based control, the error signal

between the real and the desired pose of the end-effector is defined in task space

coordinates. In the image-based approach, the error signal is defined in the image space

using image features. The image-based control is less sensitive to errors in camera

calibration, requires smaller computational effort and is suitable to tasks where no prior

model of the task is available, for example teleoperation. The advantage of the pose-based

approach is that tasks can be described in the Cartesian coordinates. In this work, pose-

based visual servoing is used, and therefore, the position (x, y, z coordinates) of the end-

effector is measured in task space. 

7.1.1 Measurement System

The vision system that measures the position of the end-effector consists of an optical

microscope, a CCD camera, a frame grabber and machine vision algorithms. The vision
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algorithms are entirely developed by VTT Automation. They are shortly summarised here

to make the discussion complete. A full description of the methods can be found in  [56].

The vision system computes the three-dimensional end-effector position in two phases

and provides a sampling frequency of 18 Hz. First, the xy position is detected using a

method called Hierarchical Chamfer Matching Algorithm (HCMA), and second, the

relative z coordinate is estimated using a depth-from-defocus method. This results in an

exact xy position and a relative z coordinate. Standard HCMA and depth-from-defocus

algorithms are not used but they are modified to achieve the required sampling rate. This

section presents first the modified HCMA algorithm and then summarises the depth-from-

defocus method. 

Measurement of the xy Coordinates 

The Chamfer Matching Algorithm (CMA), first proposed by Barrow et al. [6], is a

template matching method for finding pre-defined objects in a two dimensional image. It

uses edge points to find the best fit between two images (here the images are a field of

view image and a model polygon) by minimizing a general distance between them. First,

the edges are extracted from the field of view image, and then the value of each non-edge

pixel is replaced by a distance value. The distance value shows the distance of the pixel

to the nearest edge pixel. After the distance image is generated, a matching measure is

computed over the image for each pixel. The matching measure for the pixel (i, j) is 

, (7.1)

where  are the elements of the distance image and  are the elements of
a binary image for the model polygon, with dimensions M, N.

The position of the pipette is the pixel (i, j) that gives the smallest matching measure.

As the CMA is a computationally intensive method for calculating the position of a pre-

defined object, a hierarchical method, Hierarchical Chamfer Matching Algorithm

(HCMA) [6], is often used. In this work, a region of interest is used for finding the best

fit for the model polygon, instead of computing the matching measure for the entire

image. The size of the matching window, is determined using the width and length of the

model. 

Measurement of the z Coordinate 

There are several different techniques to determine the position of the end-effector in task

space using a machine vision system in the macro world. Normally these techniques use

lasers and stereo camera systems. Applying these methods in the microworld would be

rather difficult. Instead, a depth-from-defocus method is often used in microscopic
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applications. Here, an algorithm modified from the depth-from-defocus method is used to

determine the depth of the end-effector. The depth information shows the relative distance

of the end-effector from the starting position. 

In the method, the pixel energy in the centre and in the edge of the end-effector is

computed. To reduce the noise, pixel energies are computed over selected areas in the

centre and the edge of the end-effector. The difference between the pixel energy values is

used as an approximation for the relative z coordinate. 

7.1.2 Structure of the Controller

The position of the end-effector is provided by the vision system discussed in Section

7.1.1. The position is controlled using a control system that consists of four parts:

coordinate (or variable) transform, three single-input / single-output (SISO) controllers, a

static nonlinear decoupling block and a measurement system, as depicted in Figure 7.1.

The role of the SISO controllers is to compensate for tracking errors, while the decoupling

block decouples the system such that task space variables can be independently

controlled. The coordinate transform element transforms the task space variables (x, y, z)

into the control variables (α, β, ), which represent the pose of the mobile platform.

The measurement signal provided by the vision system is first converted from pixels and

a filtered energy value into the position of the end-effector, as presented in Section 6.1.

Then the reference position and the measured position are transformed into the reference

and measured poses of the mobile platform using Equation (5.25) and Equation (5.26).

The pose error is eliminated using three SISO controllers: two proportional-integral-

derivative (PID) controllers for the angles α and β and one proportional (P) controller for

the translation . Even though the rotations α and β about the x and y axes belong to

the control variables, the corresponding controllers are called x and y controllers. The

static nonlinear decoupling block consists of two parts: an inverse Jacobian matrix and

actuator balancing functions. The actuator balancing functions compensate for the

differences between the actuators. They were discussed in detail in Section 6.2. The

inverse Jacobian matrix is the second generation matrix specified in Equation (5.50),

Equation (5.51) and Equation (5.52). Given a pose change, the inverse Jacobian matrix

provides the changes in the link lengths. In the control system, the pose change is the

output of the three SISO controllers. Since the inverse Jacobian is dependent on the

operation point, the reference pose and the link lengths are also needed in the computation

of the length changes. The output of the control system is a vector providing the changes

in the link lengths. As the piezohydraulic actuators require a control signal which is

related to a length, the length change provided by the inverse Jacobian must be added to

the previous length value of the actuator. This results in an integrator in the system. Thus,

∆zm

∆zm
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the x and y control loops have a double integrator: one in the SISO controller and the other

in the decoupling block. 

Tuning of the PID and P Controllers

A PID controller produces a control signal that is the sum of three terms. The first term

(P) is proportional to the tracking error, the second term (I) is proportional to the integral

of the error and the third term (D) is proportional to the derivative of the error. 

Digital PID controllers are used in the control system. The integral and derivative actions

are approximated using backward difference method yielding the following control law:

, (7.2)

where

, (7.3)

, (7.4)

(7.5)

Figure 7.1.  Structure of the vision system based closed-loop controller.

Joystick
Keyboard
Data file

Inverse
Kinematics

Inverse
Jacobian
matrix

PID

PID

P

αr

βr

∆zr

[αβ∆z]

l

f1

f2

f3

Actuator
balancing

Static nonlinear decoupling block

Piezo 1

Piezo 2

Piezo 3

E
nd

-e
ff

ec
to

r

Filter

Co-
ordinate

Transform

xr

yr

zr

Gz

Gy

Gx

∆zm

βm

αm

zm

ym

xm

Coordinates from
vision system

-

+

+

+
-

-

Co-
ordinate

Transform

Micromanipulator

1l�

2l
�

3l
�

u tk( ) P tk( ) I tk( ) D tk( )+ +=

P tk( ) Ke tk( )=

I tk( ) I tk 1–( ) KT
Ti
-------e tk( )+=

D tk( )
KTd

T
---------- e tk( ) e tk 1–( )–( )=



Chapter 7, Position Feedback Control 116

and  are the control signal and the error signal at time instant ,

respectively, ,  and  are the proportional, integral and derivative

actions of the controller at time , respectively,  is the proportional gain,  is the

integral time,  is the derivative time and  the sampling time.

To implement the controller, three parameters need to be determined: the proportional

gain, the integral gain and the derivative gain. Many gain tuning strategies have been

developed. They include rule-of-thumb methods, where the parameters are determined

from a linear process model, and optimization methods, where the parameters are selected

in such a way that they minimise a certain performance index. In this work, the parameters

are selected experimentally, since the experimental tuning is easy, quick and safe. The

process is fast, and the experimental parameter search is not an economical issue, as in the

case of a paper machine, for example. Furthermore, an unstable micromanipulator is not

a safety risk, as would be the case of an unstable industrial manipulator due to the scale

of movements and forces. The purpose of this chapter is not to find optimal controller

parameters but to prove the proposed control concept. If a more advanced controller,

which minimises the tracking errors over the entire workspace and takes into account the

process nonlinearities, will be applied, an analytical or a numerical tuning method is

needed. 

A PID controller is used in the control of the x and y coordinates. As was discussed above,

the feedforward compensator includes an integrator and therefore, an integrator would not

be necessary in the SISO controllers. However, it is desirable that the control system is

able to also compensate for the steady-state error in case of ramp (velocity) inputs.

Therefore, an integral term is added to the PD controller in the x and y loops. Since the z

measurement is much noisier than the xy measurement, a relatively slow P controller

(together with the integrator in the feedforward path) is used such that the controller does

not respond to possible noise peaks in the measurement signal. A stability analysis is not

performed, but experiments show that the system with the selected controller parameters

remains stable.

7.1.3 Control Experiments

Control experiments were performed to demonstrate the performance of the

micromanipulator when it is controlled using the proposed visual servoing algorithm. In

the open-loop control, the hysteresis and the drift induced by the piezohydraulic actuators

and inaccuracies of the inverse kinematic model produce a position error. The position

error is compensated for using the vision-based position feedback controller. 

In the first set of experiments, the step response of the control system along the Cartesian

axes is studied. Then, the capability of the SISO controllers to track a ramp signal is

discussed. Finally, the performance of the closed-loop controlled micromanipulator is

u tk( ) e tk( ) tk

P tk( ) I tk( ) D tk( )

tk K Ti

Td T
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demonstrated in two free-motion tasks: the end-effector moves along a rectangular path

in the xy plane and along a path that consists of two xy rectangles being 35 micrometres

apart in the z axis direction.

Step Response Experiments

In the step response experiment, the end-effector is moved along each Cartesian axis in

steps of 25 micrometres. The results are shown in Figure 7.2. The micromanipulator

reaches the steady-state values in approximately one second and stays in the steady-state

value within four micrometres for all axes. In the x and y position control, the deviation

from the desired position corresponds to ± 1 pixel error. The z axis translation is measured

using the depth-from-defocus method discussed in Section 7.1. The depth-from-defocus

method results in a significantly lower signal-to-noise ratio than the modified CMA

algorithm used in the xy measurement. To reduce the noise in the z measurement, the

signal is filtered using a Median filter. 

Since the proposed control scheme is used for the control of a multivariable system, it

must cope with interactions of the micromanipulator. As was seen in Chapter 6, the

feedforward controllers based on the inverse position kinematics decouple the movements

Figure 7.2.  Response of the micromanipulator to step inputs. (a) Step along the x axis. 

(b) Step along the y axis. (c) Step along the z axis. The solid line represents the 

measurement signal and the dashed line the reference signal.
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in task space but not perfectly. The role of the SISO controllers is to compensate for the

residual interactions. The decoupling performance is studied in the next experiment,

where sixteen steps – each being 25 micrometres in size – are made first along the x axis

and then along the y axis. The results (depicted in Figure 7.3.) show that the control

system is able to decouple the x and y movements: when the end-effector is moving along

the x axis, the value of the y coordinate is practically constant, and vice versa. The

experiment also illustrates the nonlinearity of the system. Since the SISO controllers are

tuned around the origin of the mobile frame, the performance of the control system

degrades when the end-effector moves away from the starting point. 

Ramp Experiments

In the first ramp experiment, the responses of the micromanipulator to ramp inputs along

different axes are studied. The manipulator is first moved 100 micrometres along the x

axis, then 100 micrometres along the y axis and finally 50 micrometres along the z axis,

at a constant velocity. Figure 7.4 shows the reference signals and the measured

displacements along each axis. Because of the two integrators in the xy control loops, the

control system reduces the steady-state error in the ramp response, as depicted in Figure

7.5. The deviation in the x and y position error is ±1 pixel. The two larger deviations in

the z position error are not actual movements of the micromanipulator but noise in the

Figure 7.3. Decoupling performance. The solid line represents the measurement signal 

and the dashed line the reference signal.
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measurement signal. If they were actual movements the deviations would be seen in the x

and y displacements, too.  

Figure 7.4.  Response of the micromanipulator to ramp inputs along the (a) x axis, (b) y 

axis and (c) z axis. The solid line represents the measurement signal and the dashed line 

the reference signal. 
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The second ramp input experiment demonstrates the elimination of drift by the control

system. As was discussed in Chapter 6, the micromanipulator experiences drift because

of the piezoelectric actuators. In the drift elimination experiment, the micromanipulator is

first moved 150 micrometres along the y axis, then kept in its position for twenty seconds

and is finally moved back to the starting point. As can be seen in Figure 7.6, the

manipulator follows well the ramp input and accurately maintains its position during the

holding period according to the reference signal. Thus, the drift seen in the open-loop

control has been eliminated using the proposed closed-loop controller. A close-up of the

regulation part is shown in Figure 7.7. The variation in the position corresponds to one

pixel of the vision system and thus, the steady-state accuracy of the closed-loop system in

the xy plane mainly depends on the resolution of the vision system. In the magnification

Figure 7.5.  Position errors in the (a) x axis, (b) y axis and (c) z axis in the ramp input.
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of 100, the resolution of one pixel corresponds to the spatial resolution of 0,85

micrometres in the x axis and 1,7 micrometres in the y axis.   

Two and Three Dimensional Paths

In this section the performance of the system is illustrated, when the manipulator is driven

along two and three dimensional paths. Figure 7.8 shows a measured rectangular

Figure 7.6.  Drift elimination experiment. 

Figure 7.7.  Close-up of the drift elimination experiment. 
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trajectory in the xy plane. In addition to the accuracy, the trajectory demonstrates that the

controllers can decouple the movements: the movement along the x axis does not

influence the value of the y coordinate, and vice versa.  

Figure 7.9 depicts a three-dimensional trajectory, where the micromanipulator is first

moved along a rectangular path ABCDA in the xy plane, then raised 35 micrometres above

the xy plane (path AE), driven along a smaller rectangle (EFGHE) and is finally moved

back to the origin (path EA). The result shows that the micromanipulator follows the

reference signal in the xy plane well, despite the noise in the z measurement. However, the

results detect that when the end-effector moves along the z axis and becomes out of focus,

the xy position accuracy decreases. The results, however, indicate that the depth of the

Figure 7.8. A rectangular trajectory in the xy plane. 
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end-effector can be controlled in closed-loop but not with as high accuracy as the planar

position.  

As was seen in Section 6.3, the feedforward control scheme based on the first generation

inverse kinematics, does not provide decoupled motions in task space: the displacement

along the z axis also produces displacement along the y axis. If the x and y positions are

controlled in closed-loop the coupling between the z and y displacements can be reduced.

This is demonstrated in Figure 7.10, which depicts two rectangles being of the same size

but at different depths. The x and y coordinates are controlled using SISO PID controllers,

which considerably reduce the coupling between the z and y axes compared to the

Figure 7.9. Two rectangles being 35 micrometres apart in the z axis direction. 
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feedforward control case depicted in Figure 6.8. The z coordinate was controlled in an

open-loop fashion in this experiment, as the hysteresis in the z displacement illustrates.  

7.2 Hall-sensor-based Position Control

The vision system facilitates high accuracy but at present it constrains the sampling

frequency to 18 Hz. Therefore, another measurement method that provides higher

bandwidth is investigated. In the experiments of this section, Hall sensors are used for

measuring the pose of the mobile platform and thus, indirectly the position of the end-

effector. The control system to be used is essentially comprised of three independent

position controllers and a static nonlinear decoupling block. In the proposed control

scheme, the decoupling block is the first generation inverse Jacobian. The x and y

coordinates are in feedback control, while the z coordinate is open-loop controlled. 

The next section introduces the measurement system, which consists of Hall sensors,

permanent magnets, magnet assemblies and signal processing algorithms. Then the

performance of the measurement system is discussed. Section 7.2.2 describes the

Figure 7.10. Three dimensional trajectory obtained using the first generation inverse 

Jacobian as a static nonlinear decoupling element in the feedback controller. 
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structure of the control system, and Section 7.2.3 presents the results achieved using the

proposed control scheme.

7.2.1 Measurement System

Hall Sensor

When an electron moves in a conductor sheet in the presence of a magnetic field, it

experiences a magnetic force, a so called Lorentz force. The Lorentz force is

perpendicular to both the velocity vector of the electron and the magnetic field vector. It

is given by

, (7.6)

where e is the charge of the electron,  is the average velocity of the electrons, 

is the flux density of the magnetic field, and  is a cross product.

The Lorentz force rotates the electron motion (the current flow lines) through a Hall angle.

The deflection of the electrons results in an electric field EH which, in turn, exerts a force

on the moving electrons equal and opposite to that caused by the Lorentz force. The

relation between the Hall electric field and the magnetic flux density can be written in the

scalar notation as:

, (7.7)

where  is the Hall electric field along the y axis,  is the average velocity of

the electrons along the x axis, and  is the magnetic flux density in the direction of

z axis.

The Hall devices exploit this Hall effect. Figure 7.11 depicts a general layout of a plate

Hall sensor [33]. The voltage VH (Hall voltage) across the width of the conductor can be

computed as:

, (7.8)
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where w is the width of the plate.

A Hall sensor A3507E from the Allegro company is used in this work. The sensor

contains a Hall element and an integrated amplifier. Table 7.1 presents the sensor

characteristics given by the manufacturer.

Permanent Magnets and Magnet Assembly

The magnetic field for the Hall sensor is generated by a Neodymium Iron Boron (NdFeB)

magnet which is a high-energy rare earth magnet. The magnet is a cylinder: three

millimetres in diameter and two millimetres in height. 

The Hall sensor can be used either in a so called head-on or slide-by mode. The head-on

mode is used in the sensor-magnet system such that the principal movement measured by

the Hall sensor is perpendicular to the face of the Hall sensor. In the head-on mode, the

air gap (the distance from the face of the magnet to the Hall element) and the height

difference between the sensor face and the magnet face are the factors that have the most

significant effect on the magnitude of the magnetic flux density on the Hall element.

Therefore, the magnet-sensor system is designed so that the air gap and height difference

can be easily changed. The Hall sensor is attached on the top of a fluid container. The

permanent magnet is glued on a screw that can be moved in a plastic piece, as depicted in

Figure 7.12. The plastic piece is, in turn, fixed to a rod mounted to the mobile platform.

The plastic piece can be moved along the rod and thus, the height between the magnet and

Figure 7.11. Schematic of a Hall element [33].

Table 7.1 Characteristics of the A3507E Hall sensor.

Bandwidth (-3 dB) 20 kHz

Wide-band output noise 125 µV

Sensitivity at TA = 25° C 2,5 mV / G

Package dimensions 4,60 x 4,65 x 1,60 mm3

VH

I
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w
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the sensor can be varied. By turning the screw on which the magnet is glued, the effective

air gap can be adjusted.

The micromanipulator contains three sensor-magnet assemblies. The Hall sensors are

placed orthogonally with respect to each other, such that each of them is most sensitive to

the direction of one Cartesian axis. The attachment of the magnet assemblies is depicted

in Figure 7.13(a). A close-up of a magnet assembly is shown in Figure 7.13(b).

Effect of the Air Gap

The height of the magnet is set so that its centre is at the same height as the active area of

the Hall sensor. The effect of the air gap is investigated by turning the magnet screw and

thus, moving the magnet toward and away from the sensor. For each air gap setting, the

Figure 7.12. Schematic of the sensor-magnet assembly.

Figure 7.13. (a) Attachment of the magnets. (b) Close-up of a magnet assembly: 1) Hall 

sensor, 2) permanent magnet, 3) screw for moving the magnet, 4) screw for fixing the 

plastic piece, 5) plastic piece.
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end-effector is moved along the x and y axes. A measurement signal of one Hall sensor is

depicted in Figure 7.14. As can be seen, the Hall sensor responds both to x and y axis

movements, while a sensor would ideally only respond to the x axis movement. The

reason is obvious: the magnetic field at the Hall element changes during both movements,

even though the sensor is more sensitive to the x axis movement than to the y axis

movement. All three Hall sensors respond in a similar manner. 

A measure describing the sensitivity of the sensor is obtained as a difference of the x peaks

(xmax – xmin) for one Hall sensor, and correspondingly as ymax – ymin for the other Hall

sensor. The larger the difference, the more sensitive the sensor-magnet system is to the

movement of the mobile platform. The sensitivity is determined for several air gap values.

It is shown as a function of the air gap for the x axis Hall sensor in Figure 7.15. The values

of the air gaps are not measured, since the magnet is simply moved by turning the screw.

Each abscissa value corresponds to a 1/6 turn of the screw. The larger the index the closer

the magnet is. As can be seen, the sensitivity drops suddenly, when the magnet comes too

close to the sensor. Therefore, the air gap must be adjusted such that the magnet does not

move too close to the sensor during the operation. 

The measurement noise level was measured for the different air gap values and it was

found to be constant 0,9 mV for all the air gaps. The sensitivity increases, and the noise

remains constant, when the magnet moves closer to the Hall element. Therefore, the

Figure 7.14. Interactions in the Hall sensor measurement. 
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magnet should be placed as close to the sensor as possible without exceeding the

sensitivity-drop limit. 

Signal Mapping 

When the end-effector moves along the x axis, the distance between the magnet and the

sensor changes in each sensor-magnet assembly. Therefore, the flux density of the

magnetic field at each Hall element changes and all sensors respond. A mapping between

the output voltages of the Hall sensors and the position of the end-effector must be

determined. In the control scheme, where the Hall sensors are utilised, only the x and y

coordinates are closed-loop controlled. Therefore, the task is to find two functions that

transform two Hall sensor signals into the xy coordinates of the end-effector:

(7.9)

where  and  are the estimates for the end-effector coordinates,  and  are

the Hall sensor outputs and f1 and f2 are nonlinear functions describing the
relationship between the Hall sensor signals and the end-effector coordinates.

Different forms of the functions f1 and f2 were tried in the experiments, and it was found

that the first and the second-order terms of the Hall sensor signals and the product of the

first-order terms describe the relationship sufficiently. Using the matrix notations, the

mapping has the following form: 

Figure 7.15. Effect of the air gap on the sensitivity of a Hall sensor.
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(7.10)

The end-effector is moved over a planar xy workspace, and its displacement in the xy

plane is measured from a video signal recorded by the CCD camera. The aij coefficients

are determined using the least squares data fitting method. Since the Hall sensor signals

and the xy coordinates are known, the coefficients can be determined using the least

squares method as follows:

, (7.11)

where a is the coefficient matrix being composed of the coefficients , X is a data

matrix consisting of the end-effector position measurements  and  at time

instants , and V is a data matrix consisting of the Hall sensor signals  and

 at time instants .

Figure 7.16 depicts the Hall sensor signals and the measured movement of the end-

effector used for the determination of the coefficients. The resulting coefficients are given

in Table 7.2.  

Figure 7.16. Data used for the determination of the mapping coefficients. (a) Hall sensor 

signals. (b) Measured position of the end-effector. 
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To verify the mapping, the end-effector is moved along another path. The movement of

the end-effector is again determined from the video image. The coordinate estimates are

computed from Equation (7.10) using the coefficients given in Table 7.2. The difference

between the measured and estimated positions (the mapping error) is shown in Figure

7.17. 

The results show that the accuracy of the Hall sensor -based measurement system is in the

range of 10 – 20 micrometres. Therefore, it cannot be used in operations which require an

accuracy of a few micrometres, such as automatic injection of adherent mammalian cells,

but it provides a means for a high-speed course positioning.

7.2.2 Structure of the Controller 

The control system used in this section consists of four parts: the rotation of the end-

effector displacement, three independent position controllers, a static nonlinear

decoupling block and a measurement system, as depicted in Figure 7.18. 

The position of the end-effector is measured indirectly by detecting the motion of the

mobile platform using the measurement system discussed in Section 7.2.1. The

measurement system provides estimates of the x and y coordinates of the end-effector

position. The x and y position error signals are eliminated using SISO PI controllers. More

Table 7.2 Coefficients in the mapping functions.

Coefficients of function f1 1363,4 88,2 293,7 -610,3 -154,1

Coefficients of function f2 104,1 570,5 94,2 1304,4 652,3

Figure 7.17. Mapping error.

VH1
VH2

VH1
VH2

VH1

2
VH2

2



Chapter 7, Position Feedback Control 132

detailed information about the structure and tuning of the PI controllers was given in

Section 7.1.2. The z coordinate is controlled in open-loop and therefore, a change in the z

reference value is used instead of an error signal. The change in the z coordinate and the

outputs of the PI controllers are next rotated using the rotation matrix given in Equation

(5.16). The purpose of the rotation is to align the task frame with the mobile frame. The

rotated changes in the displacement of the end-effector are transformed into the link

lengths using the first generation inverse Jacobian discussed in Section 5.3.2. Finally the

control signals are balanced using the balancing functions given in Section 6.2. As was

discussed in Section 7.1, the piezohydraulic actuators require a control signal which is

related to the link length. Therefore, the changes in the link lengths provided by the

feedforward compensator are added to the previous length values of the actuators.

7.2.3 Control Experiments

The Hall sensors provide fast measurement (the -3 decibel bandwidth is 20 kHz) but as

was seen in Section 7.2.1, the accuracy of the Hall-sensor-based measurement system is

approximately 20 micrometres, which is not sufficient in applications such as cell

injections. Therefore, the Hall sensors can be used for high-speed course positioning such

that the end-effector is first moved close to the target at high speed and then positioned

precisely using the vision-system-based controller.

The crucial performance characteristics of the course positioning system are the capability

to hold the micromanipulator in its position (high precision, not necessarily high

accuracy) and the ability to reduce oscillations during the transients. This section

demonstrates the performance of the Hall-sensor-based course positioning system in these

two characteristics. The displacement signals in Figure 7.19 and in Figure 7.20 have been

measured using the Hall sensors.

Figure 7.18. Block diagram of the Hall sensor based position feedback controller.
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To demonstrate the capability to hold the micromanipulator in its position, Figure 7.19

illustrates the elimination of the drift caused by the piezohydraulic actuators. In the

experiment, the end-effector is first moved slowly along the x axis, then it is held for five

seconds in the same position and finally moved back to the starting point. Although the

reference signal is held at a constant value, the end-effector moves slightly in open-loop

control due to the drift of the piezohydraulic actuators. When the position feedback

control is introduced, the drift is significantly reduced. 

Due to the flexibility of the bellows, the end-effector vibrates easily if the manipulator is

moved in large steps, or if external mechanical disturbances influence the motion of the

manipulator. The oscillations can be reduced using the proposed Hall sensor based

position feedback control, as illustrated in Figure 7.20. The results prove that the closed-

Figure 7.19. Results of the drift elimination experiment.
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loop controlled micromanipulator can be used in high-speed positioning. The maximum

speed in the Hall sensor based position control is approximately 4 mm/s.

7.3 Performance of the Micromanipulator

The performance of the closed-loop controlled micromanipulator will be discussed in this

section. It summarises the performance results presented in Section 7.1 and Section 7.2

and but also discusses performance values not discussed in the previous sections. The

performance values include repeatability, accuracy, resolution, workspace and speed.

Repeatability

The repeatability of the micromanipulator is studied by using a triangle wave control

signal to move the end-effector ten times 200 micrometres along the x axis and five times

along the y axis. The measured displacements along the x and y axes are shown for the x

axis repeatability in Figure 7.21 and for the y axis repeatability in Figure 7.22.

Figure 7.20. Results of the step response experiment.
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As a measure of repeatability, the positions of the peaks in the xy plane are compared to

the position of the first peak. The repeatability is the maximum distance between the first

peak and the other peaks. Figure 7.23 presents the positions of the upper peaks in the xy

plane in the x repeatability test. The repeatability value depends on the magnification of

the microscope, since the magnification used affects the resolution of the vision system.

Figure 7.21. Repeatability along the x axis. 

Figure 7.22. Repeatability along the y axis. 
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With the 100x magnification the spatial repeatability of the micromanipulator is one

micrometre for the x axis (see Figure 7.23) and 2,5 micrometres for the y axis. 

Accuracy

The steady-state accuracy of the vision-based manipulator is ± 1 pixel in the xy plane.

With a 100x magnification, this corresponds to the spatial accuracy of 1,7 micrometres

along the x axis and 3,3 micrometres along the y axis. If the magnification is 250, the

accuracies are 0,7 micrometres and 1,3 micrometres, correspondingly. To demonstrate the

steady-state accuracy using the different magnifications, the micromanipulator is moved

along two rectangular trajectories in the xy plane. Two magnifications are needed, since

in some operations the field of view offered by the magnification 250 is not sufficient. The

Figure 7.23. Positions of the upper peaks in the x repeatability test. 
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larger trajectory shown in Figure 7.24 is measured using the magnification of 100 and the

smaller using the magnification of 250. The accuracy is ± 1 pixel in both experiments. 

The signal-to-noise ratio in the z measurements is significantly lower than in the xy

measurements and the measurement signal consists of large noise peaks. Since the

controller does not respond to the noise peaks, the real steady-state accuracy is probably

better than that shown by the measurement. The z accuracy can be approximated to be ten

micrometres based on the results shown in Figure 7.5. 

Resolution

The actuators of the micromanipulator are based on the piezoelectric effect. Therefore, the

resolution is in the nanometre range. The measurement systems available in the Institute

of Automation and Control at the Tampere University of Technology do not support

displacement measurements of such a high resolution. The resolution of the vision system

is a few hundred nanometres (taking into account the wavelength limitation of an optical

microscope). The experiments prove that the resolution of the system is better than the

resolution of the optical microscope. As the maximum displacement of the

micromanipulator along the x axis is 250 micrometres, and the resolution of the DA board

is sixteen bits providing 216 steps, the theoretical resolution along the x axis is

approximately four nanometres. 

Workspace

The workspace of the micromanipulator is determined by moving the manipulator first

along the x axis, then along the y axis and finally along the z axis until one of the actuators

Figure 7.24. Accuracy using different magnifications. 
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reaches its maximum voltage. The maximum translations along the x, y and z axis are

approximately 250, 250 and 100 micrometres, respectively. The workspace is assumed to

be symmetric with respect to the axes. It can be approximated by an ellipsoid whose semi-

axes are 250, 250 and 100 micrometres. The volume of the workspace is given by

, (7.12)

where ,  and  are the lengths of the semi-axes of the ellipsoid determined by

measuring the maximum displacements from the origin along the x, y and z axis,
respectively.

Equation (7.12) yields a workspace of  cubic millimetres for the

micromanipulator. The shape of the workspace is illustrated in Figure 7.25. 

Speed

When the position of the end-effector is measured using the vision system, the accuracy

of the closed-loop system is high but the speed relatively low. This is caused by the fact

that the displacement of the end-effector between two subsequent images cannot be too

large, otherwise the vision system cannot track the end-effector. The largest steps of the

end-effector which the vision system can still track are approximately 25 micrometres in

size with the 10x objective. As the vision system measures the position approximately

five times in a second, the maximum speed is approximately 120 µm/s, which has been

demonstrated in step response experiments. However, typical speeds used in closed-loop

experiments presented in Section 7.1 are from 10 to 20 µm/s. The Hall sensor

measurement allows considerably higher speed for the closed-loop controlled

micromanipulator. The maximum speed of the Hall sensor based control system is

approximately 4 mm/s.

Figure 7.25. Illustration of the shape of the workspace. 
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7.4 Discussion

The results of this chapter demonstrate that the proposed position feedback control

scheme can be used for a precise motion control of the proposed parallel composite-joint

piezohydraulic micromanipulator. The position of the end-effector is either measured

directly using a machine vision system or it is estimated by measuring the motion of the

mobile platform with Hall sensors. Both control systems consist of SISO controllers and

a static nonlinear decoupling element. The SISO controllers eliminate the tracking errors

and the decoupling block decouples the system. 

The major differences between the two closed-loop control systems proposed in this

chapter are: 

(1) the measurement system. The first control scheme uses a machine vision to

measure the position of the end-effector directly. The second control scheme uses

Hall sensors to measure the motion of the mobile platform and thus, measures the

position of the end-effector indirectly.

(2) the inverse Jacobian. The first control scheme uses the second generation inverse

Jacobian presented in Section 5.3.3 and the second uses the first generation

inverse Jacobian described in Section 5.3.2.

(3) SISO controllers. The first control scheme possesses three closed-loop controlled

variables ( ), while the second scheme possesses two closed-loop variables

(x, y) and one open-loop variable (z). 

The vision-based control system achieves an excellent steady-state accuracy of ± 1 pixel

in the xy plane. The accuracy along the z axis is lower than the accuracy along the x and

y axes due to the lower signal-to-noise ratio of the z measurement signal. In addition to

the excellent steady-state error compensation, the proposed control scheme efficiently

decouples the Cartesian movements of the micromanipulator. The speed of the vision-

based system depends on the magnification and it is approximately 150 pixels/s.

The Hall sensors provide much higher speed than the vision system: the maximum speed

is approximately 4 mm/s. On the other hand, the accuracy is lower than the accuracy of

the vision-based system due to the limitations of the nonlinear transformation of the Hall

sensor signals to the position of the end-effector. 

The vision system constrains the sampling rate to 18 Hz, which is sufficient in

teleoperation. In high-speed applications, the speed must be increased, but not at the

expense of the ± 1 pixel steady-state accuracy. The speed of the vision system can be

raised by using a faster signal processor and a high-speed camera. An alternative, less

expensive, approach is to combine high-speed course positioning and low-speed precise

positioning using the two measurement systems. A future implementation can be a

α β z, ,
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system, where the Hall sensor measurement is used for high-speed course positioning and

the vision system for precise positioning, when the end-effector is already close to the

target. 

The parameters of the P, PI and PID controllers were not optimised in this thesis, since

the objective was to demonstrate the feasibility of the proposed control schemes and

measurement systems in the motion control of the parallel piezohydraulic

micromanipulator. In the thesis, the parameters of the controllers were determined

experimentally. If an improved control performance over the entire workspace is desired

in the future, analytical or numerical tuning methods based on the dynamic model of the

micromanipulator will be needed. A nonlinear dynamic model of the piezohydraulic

actuator has already been determined [107]. One of the future tasks will be the modelling

of the dynamics of the composite-joint structure using a finite element method (FEM).

More advanced controllers can then be designed using a dynamic model, which combines

the actuator and manipulator dynamics. 
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Chapter 8

Conclusions

A novel three degrees of freedom parallel composite-joint piezohydraulic

micromanipulator has been constructed in this study. The micromanipulator is composed

of a base platform, a mobile platform and three piezohydraulic actuators connected in

parallel. Each actuator consists of a piezoelectric disc, a miniaturised hydraulic container

and a bellows. The bellows form the kinematic chains between the base platform and the

mobile platform. As a bellows deforms axially and bends in two degrees of freedom, no

additional prismatic, revolute, universal or spherical joints are needed. Thus, the

constructed piezohydraulic micromanipulator is the first parallel structure which does not

use separate joints but is composed of three composite joints. 

The piezohydraulic actuator itself is a new innovation. The actuator transforms the

deformation of a piezoelectric disc into linear movement by means of hydraulic power.

Since the effective area of the bellows is smaller than that of the piezoelectric disc, the

movement is amplified. The use of bellows possesses the following advantages:

• it provides the degrees of freedom required by the composite joint, 

• it reduces the sealing problems compared to a movable piston,

• the movement amplification is friction and backlash-free.

The technical characteristics of the piezohydraulic actuator are:

• resolution: a few nanometres. The value is estimated, since the resolution is better

than the instruments available in the Institute of Automation and Control at

Tampere University of Technology permit to measure.
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• stroke: 250 micrometres,

• strain: 0,8 per cent.

As any actuator, the piezohydraulic actuator also has drawbacks. The use of the

piezoelectric disc introduces hysteresis and drift which must be compensated for in high-

precision applications. Furthermore, as the actuator is a miniaturised hydraulic system,

the priming must be carefully performed. Finally, even though the bellows possesses

many beneficial properties, it also limits the use of the piezohydraulic actuators to the

parallel structures due to its compliance.

The use of piezohydraulic actuators in a micromanipulator provides a number of benefits.

First, the fabrication and assembly of the miniaturised prismatic, revolute, universal or

spherical joints can be avoided by the use of the composite joints. This is a remarkable

benefit especially when miniaturised micromanipulators are manufactured. The bellows

are produced using an electroforming process which can be tailored. Therefore, it is

possible to manufacture an integrated mechanical structure that comprises the bellows,

the hydraulic container and the end-fittings. This would facilitate an easy assembly of the

micromanipulator. The piezohydraulic actuators are designed especially for parallel

manipulators. They facilitate a compact size, an excellent resolution and a large

workspace. Finally, the flexible bellows provide passive compliance, which is

particularly valuable in tasks where the contact forces between the environment and the

end-effector are considerable, as in assembly. The passive compliance has not been tested

in practical applications yet, but the flexible nature of the bellows suggests beneficial

compliance properties. 

Two inverse position kinematic models and two inverse Jacobian matrices are derived in

the thesis. Both inverse position kinematic models have been applied to an open-loop

control scheme. The control scheme based on the first generation inverse kinematics

produces task space motions where the z and y displacements are strongly decoupled.

Therefore, the second generation inverse kinematics has been derived. It can satisfactorily

decouple the movements in task space. Nevertheless, the position feedforward control

schemes do not compensate for the hysteresis and drift of the piezohydraulic actuators and

do not eliminate the model inaccuracies and external disturbances. Therefore, closed-loop

control is needed for high-accuracy applications.

Two similar decentralised task space position feedback control schemes are proposed in

the thesis, in addition to the position feedforward control schemes. Both closed-loop

control systems consist of a position measurement system, SISO controllers and a static

nonlinear decoupling element. In the task space control schemes, the position of the end-

effector is needed. In the first control scheme, it is measured directly using a machine

vision system and in the second scheme, it is estimated by measuring the motion of the

mobile platform using Hall sensors. The SISO controllers eliminate the tracking errors
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and the decoupling element (an inverse Jacobian) decouples the system. In the first

(vision-based) position feedback control scheme, the inverse Jacobian is derived from the

second generation inverse kinematics, while the second (Hall-sensor-based) scheme uses

the first generation inverse kinematics. 

An excellent steady-state accuracy of ± 1 pixel in the xy plane has been achieved using

the vision-based control system. The Hall-sensor-based system possesses a limited

accuracy of 20 micrometres but it can be employed at significantly higher speeds than the

vision system. Besides the steady-state error compensation, the proposed control schemes

efficiently eliminate the decoupling in the task space motions. The experimental results

show that both the proposed position feedback control schemes can be used for the motion

control of the piezohydraulic parallel micromanipulator.

The micromanipulator controlled using the vision-based position feedback control

scheme possesses the following performance:

• steady-state accuracy: ± 1 pixel in the xy plane. With the 100x magnification: 1,7

micrometres and 3,3 micrometres along the x and y axis, respectively.

• repeatability: depends on the magnification. With the 100x magnification: 1 and

2,5 micrometres along the x and y axis, respectively.

• resolution: in the nanometre range.

• workspace: an ellipsoid, the length of the semi-axes of which are 250 µm x 250

µm x 100 µm.

• volume of the micromanipulator: 150 cm3.

Conclusions

The novel composite-joint parallel piezohydraulic micromanipulator proposed in this

thesis fulfils the requirements set at the beginning of the project: it is computer-controlled

semi-automatic system, it has a compact size and a resolution in the nanometre range, and

it provides a workspace of several hundred micrometres. Furthermore, the

micromanipulator is composed of off-the-shelf components, which facilitate considerably

lower cost than the present commercial micromanipulators. 

This work shows that the micromanipulator can be accurately controlled in task space.

The derived inverse position and velocity kinematic models can be used to move the

micromanipulator along Cartesian axes using an open or closed-loop control. The

separation of micro spheres has been successfully demonstrated using teleoperation

control. The application of the vision-based position feedback control makes it possible

to control the micromanipulator with sub-micrometre accuracy and an 18 Hz sampling

frequency. The Hall-sensor-based position feedback control can be used in the

applications that require high speed. 
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Suggestions for Future Work

In the future, the micromanipulator can be further miniaturised by introducing smaller

piezoelectric discs and bellows. The stroke of the actuator can be kept same by keeping

the ratio of the areas of the bellows and the piezoelectric actuator constant. The structure

can be integrated by manufacturing the hydraulic container, the bellows and the end-

fittings in the same electroforming process. Each component is currently manufactured

separately. The integrated structure would result in a micromanipulator that is easy to

assemble. The micromanipulator studied in this thesis has three degrees of freedom. Since

this thesis proves the concept of using the bellows as the composite-joint kinematic chains

in a parallel manipulator, the next step could be to build a six degrees of freedom

micromanipulator composed of the aforementioned miniaturised integrated

piezohydraulic actuators.

The deformation of the bellows is not measured in the current manipulator. It can,

however, be measured by inserting a micromechanical pressure sensor inside the

hydraulic container. The pressure change in the actuator is linearly proportional to the

displacement of the bellows in the certain operating range. The pressure measurement

could be used in a joint space control scheme to eliminate the hysteresis and drift of the

piezohydraulic actuator.

The Hall sensor system provides an accuracy of 20 micrometres even in high-speed

motions. On the other hand, the vision system provides sub-micrometre accuracy but at

the expense of speed. Therefore, it would be advantageous to combine the two

measurement systems in the future. In the combined system, the Hall sensors would be

used for fast course positioning and the vision system for fine positioning. 

The kinematic models used in this work are based on the assumptions that the bellows can

be approximated by a kinematic chain which is composed of a universal joint, a prismatic

joint and a universal joint. The future work can include a modelling of the manipulator

kinematics using a finite element method (FEM). The FEM can also be used for the

determination of a dynamic model of the manipulator. These models can be used to

develop more advanced control strategies. Furthermore, the workspaces and the

singularities of differently parameterised micromanipulators can be numerically studied. 

This work has concentrated on the micromanipulator development and its basic control.

Application specific issues have not been taken into account. Therefore, the future tasks

should include the development of automatic micromanipulation methods for different

application fields. Such applications include microinjection of living cells,

electrophysiological measurements, microdissection of biological samples and

microassembly of mechanical, electrical and optical components. In all application areas,

performance enhancement and miniaturisation of the micromanipulators and automation

of the operations are important aspects. The performance enhancement includes the
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increase of the speed but not at the expense of the accuracy and costs. Miniaturisation is

necessary to facilitate the use of several micromanipulators simultaneously under an

optical microscope. Automation offers several challenges. In the microinjection of living

cells, for example, the following, still manual or semi-automatic operations can be

automated in order to provide a fully automatic microinjection system:

• the detection of contact between the injection pipette and the cell membrane,

• the measurement of force between the injection pipette and the cell,

• reliable penetration of a cell membrane to retain high survival rates,

• precise injection of a substance inside a cell,

• microdissection of a single cell,

• aspiration of a cell and 

• co-operation control of several micromanipulators operating under a microscope

simultaneously. 

The advanced micromanipulation system of the future can simultaneously and

automatically inject different substances into a single cell, record electrophysiological

signals in a single cell and aspirate a single cell. The work reported in this thesis provides

the basis for such development.
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