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Abstract 

Accurate positioning of an object is mostly performed by closed-loop controlled systems. Tuis thesis is de
voted to open-loop positioning. Several open-loop self-alignment methods are friction based positioning, 
magnetic positioning, self-alignment using a capillary force, acoustic transportation, and forced displace
ment. No information about the position, velocity, and acceleration of the mass is available to reach a 
desired end position. A promising open-loop positioning method is friction based self-alignment. The 
theory behind this technique has been studied already. However, no experimental validation is performed 
yet. The global objective of this research is to experimentally validate the theory of friction based position
ing by proof of principle. 

Simulations have been perforrned to study friction based self-alignment. The simulation results are used 
to design a suitable experimental setup to validate friction based positioning. The experimental setup 
contains a shaker for the excitation, a main table to mount the two top plates (a top surface with a low 
and with a high friction area) , a linear guidance and a flexible stiffened wire spring to connect the shaker 
and main table. To track a predefined excitation profile a feedback and feedforward controller are applied. 
During exploratory experiments, the excitation profile, object size, object material and the top surface 
materials are changed. 

A suitable excitation profile and two top surfaces (anodized aluminum for the low friction area and stain
less steel for the high friction area) will result in permanent stick of an aluminum object in the transition 
area. The proof of principle regarding friction based positioning has been confirrned. Simple experiments 
are performed to determine the friction coefficient experimentally because it depends on surface pressure, 
roughness, temperature, sliding velocity, and the type oflubrication or the level of contamination. The re
sults show a large spread, hence the friction coefficient is difficult to predict. The end position depends 
on the maximum negative acceleration. A large overshoot of the accelerations is measured during the 
experiments. Approximately the same end position is found by the simulation model using the estimated 
friction coefficients and the maximum negative acceleration. However, the usage of the simulation model 
is limited due to the change in acceleration profile. 
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Samenvatting 

Nauwkeurig positioneren van een object wordt meestal door een closed-loop geregeld systeem uitgevoerd. 
Dit rapport gaat over open-loop positioneren. Enkele positioneermethodes zijn wrijving gebaseerde po
sitionering, magnetische positionering, automatische uitlijning door middel van een capillaire kracht, 
akoestisch transporteren en gedwongen verplaatsing. Er is geen informatie beschikbaar over de positie, 
snelheid en versnelling van het object om de eindpositie te bereiken. Een veelbelovende open-loop posi
tioneermethode is wrijving gebaseerde uitlijning. De theorie van deze methode is al eerder bestudeerd. 
Er is echter, nog geen experimentele validatie uitgevoerd. Dit onderzoek heeft als algemeen doel om 
experimenteel de theorie van wrijving gebaseerde positioneren te valideren. 

Simulaties zijn uitgevoerd om wrijving gebaseerde uitlijning te onderzoeken. De simulatieresultaten 
zijn gebruikt om een geschikte proefopstelling te ontwerpen voor de validatie van wrijving gebaseerde 
uitlijning. De proefopstelling bevat een shaker voor de excitatie, een hoofdtafel om de twee top platen te 
bevestigen (een oppervak met een laag wrijvingsgebied en een met een hoog wrijvingsgebied), een lineaire 
geleiding en een flexibele verstijfde draadveer om shaker en hoofdtafel te verbinden. Een feedback en een 
feedforward controller is toegepast om een voorgeschreven excitatieprofiel te volgen. Het excitatieprofiel, 
de objectafmeting, object materiaal en de materialen van de top platen zijn tijdens verkennende experi
menten veranderd. 

Een geschikt excitatieprofiel en twee top oppervlakken (geanodiseerd aluminium voor de plaat met een 
lage wrijvingscoëfficiënt en roestvast staal voor de plaat met een hoog wrijvingscoëfficiënt) zullen re
sulteren in het blijven liggen van een aluminium object. Dus het principe van wrijving gebaseerde 
positionering is bevestigd. Omdat de wrijvingscoëfficiënt afhankelijk is van oppervlaktedruk, ruwheid, 
temperatuur, schuifsnelheid en het type smeermiddel of vervuilingsgraad zijn er eenvoudige experi
menten uitgevoerd. De resultaten laten een grote spreiding van de wrijvingscoëfficiënten zien, vandaar 
dat het voorspellen van de wrijvingscoëfficiënt moeilijk is. De eindpositie is afhankelijk van de maximale 
negatieve versnelling. Tijdens de experimenten is een groot doorschot van de versnellingen gemeten. 
Door de geschatte wrijvingscoëfficiënt en de maximale negative versnelling in het simulatiemodel te ge
bruiken is ongeveer dezelfde eindpositie van het object gevonden. Het gebruik van het simulatiemodel is 
gelimiteerd, omdat het versnellingsprofiel is aangepast. 
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Chapter 1 

Introduction 

Positioning of objects or components and tracking of a specified component trajectory are very impor
tant operations in industrial systems. Nowadays, the positioning and tracking is often executed by a 
pick-and-place unit, which is closed-loop controlled. Tuis method is reliable and accurate enough in quite 
many applications. Open-loop positioning methods are usually not accurate enough to position and track 
an object to a desired end position. However, in this thesis a theoretically accurate open-loop positioning 
method will be experimentally studied and validated. 

1.1 Genera! background 

An important operation in a lot of industrial systems is to position components or objects. Some interest
ing applications are CD-players, printer heads, pick-and-place units etcetera. The positioning and tracking 
of an object can easily be explained using the CD-player as an example. The lens in a CD-player reads the 
track pitches in the compact disc. When the tracking and positioning of the lens is accurate enough, the 
data or music on the compact disc can be read. Otherwise, the CD is unreadable. Tuis example shows the 
need of tracking a specific trajectory and positioning an object as accurate as possible. In most cases a final 
system or product is assembled out of other components or subsystems. The object placement accuracy 
is for some industrial systems very important. In the chip industry for example a lot of components needs 
to be assembled accurately. The object size in this industry is in the range of micro- and nanometers. The 
positioning method needs to be as accurate as possible to get a working final product. 

Positioning and tracking problems have been studied for many years. A lot of hooks and papers are 
written about these subjects, for example Franklin et al. [12] have studied the positioning and tracking of 
systems. These problems are solved by using a closed-loop controller. The accurate positioning of the 
object is provided using feedback, which asymptotically stabilizes the error dynamics. The closed-loop 
positioning technique has proven to be accurate and reliable, especially for the placement of large scale 
components. Also the throughput of this technique is satisfactory for consumer electronic applications. 
However, downscaling a robotic pick-and-place approach causes a lot of problems, for example stiction, 
fragility and sheer number of components. The main disadvantage of using a robotic pick-and-place sys
tem is the trade-offbetween the position accuracy and the throughput. A large throughput results in a less 
accurate positioning and a high component placement accuracy results in a low throughput. Moreover, 
this positioning technique is a serial process, which means that only one product can be positioned at 
the same time. Sensors are necessary for tracking a specified component trajectory and for accurate posi
tioning. All these factors (serial process, closed-loop control, etcetera) make pick-and-place an expensive 
positioning method. Open-loop methods may be an interesting alternative for positioning objects. These 
methods may be relatively cheap because object control is not necessary and parallel processing may be 
possible. 
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1.2 Motivation and project objectives 

In the first part of this section, the motivation of this study will be explained. Subsequently, the specific 
project objectives will be described in more detail. 

1.2.1 Motivation and global objective 

As stated before, accurate positioning of objects is very important in assembling products or machiner
ies. Nowadays, the placement is often executed by a closed-loop controlled robotic pick-and-place system. 
This approach has some drawbacks, which were already mentioned in section r.r. A relatively cheap po
sitioning method may be realized if open-loop techniques can be used for positioning components. A 
limited amount ofliterature can be found about open-loop positioning, self-assembly, and self-alignment 
methods. Friction based self-alignment has barely been studied. Hunnekens [17] has theoretically and 
numerically studied friction based positioning of an object using a Coulomb friction model. Using this 
method, no information about the position of the object is necessary. A schematic representation of the 
studied open-loop positioning method is shown in figure r.r. This positioning technique is based on 
stick-slip vibrations exploiting the friction force to move and self-align. The object (or mass) is placed on 
top of the table, which is divided into a low and high friction surface denoted by µ 1 and 112 respectively. 
The table is actuated by a shaker and the position of the table is denoted by y(t). The position of the mass 
relative to the table is indicated by x(t). The movement of the table causes a friction force between the ob
ject and the table. Using an appropriate table motion profile, the friction force ensures that the mass will 
move in one direction. The object will be transported along the table in the desired direction and will stop 
at a unique end position by increasing the friction force near this end position. Experimental validation of 
this open-loop positioning technique was not carried out. The globally objective of the current research is 
to experimentally validate (by proof of principle) the theory presented in [17). 

lt must be mentioned that friction based self-alignment will only be possible for macroscale objects where 
friction forces dominate adhesive/surface forces. 

---•--- End position 
x(t) 

1 • 

Mass rn : Mass 11i 
1 

y( t) 
Actuated table 

Figure 1.1: Schema tic representation of the friction based positioning method. The actuated table is 
responsible for the friction force between the table and the object, so the mass will move in one direction. 
At a specific end position the mass will stop. 

1.2.2 Detailed project objectives 

First, several existing open-loop techniques to position an object will be reviewed. Then the friction based 
self-alignment technique [17] will be investigated extensively. The theory from [17) was already imple
mented into a simulation model, which generates a suitable excitation signal for the table. Furthermore, 
the simulations show if the object will stop at a unique end position by an increase in the friction. To vali
date the theory, an experimental setup will be realized. The specifications of the experimental setup need 
to be studied and defined: for example the shaker specifications (to generate a suitable acceleration profile) 
and realization and selection of different friction coefficients between the table and object resulting in the 
stick-slip and the stopping region. Subsequently, the experimental setup can be constructed and a proof 
of principle can be given. Then, simulation results can be compared with experimentally obtained data. 
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If the experimental data does not match the simulation results then the differences should preferably be 
explained. 

Summarizing, the goals of this master's thesis are: 
• to review several open-loop positioning techniques; 
• give the specifications for and construct a suitable experimental setup, enabling accurate friction 

based self-alignment of the object; 
• show a proof of principle regarding friction based self-alignment using the setup; 
• compare simulation results with the experimental results; 
• give recommendations for future research and among others for improvements of the experimental 

setup. 

1.3 Thesis outline 

Tuis thesis is composed as follows. In chapter 2 , an extensive literature review is presented. The object 
size is very important for the suitability of the open-loop positioning method and as a result several trans
portation and positioning techniques are available to position objects in open-loop. Modeling and analysis 
of the dynamics of friction based positioning of an object will be presented in chapter 3. Chapter 4 is 
devoted to the design of a suitable experimental setup for the proof of principle of the theory developed 
in (17] and described in chapter 3. Subsequently, some tuning of experimental setup and tests to deter
mine two table surfaces for the system will be discussed. The results of the performed experiments and a 
comparison between the experiments and the simulations are discussed in chapter 5 of this thesis. Finally, 
the conclusions and the recommendations for further research will be presented in chapter 6. 
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Chapter 2 

Literature review 

Accurate positioning of objects is a common problem in engineering practice, for example in CD-players, 
in assembly lines of components, in welding robots, in chip manufacturing etcetera. Object placement 
can be divided in micro- and macroscale positioning which will be discussed in section 2.1. Accurate 
open-loop positioning is mostly based on self-alignment, for example by using shape properties of the 
object. Another upcoming technique is self-assembly. The differences between these two open-loop ap
proaches are presented in section 2.2. In section 2.3, different transportation and positioning methods 
are studied and different forces that can act on a body are discussed. Subsequently, these techniques 
are compared with each other and advantages and disadvantages of these transportation and positioning 
methods are discussed. At the end of this chapter, some extra information will be presented about the 
open-loop positioning method discussed in this report namely friction based positioning and conclusions 
of this literature study will be given. 

2.1 Micro- and macroscale positioning 

In many technica! applications a positioning problem is solved. In most cases objects need to be placed 
accurate and fast. The alignment of components is not only important in macroscale applications, hut is 
also important in the packaging of micro- and nanoscale applications. The object size is a very important 
parameter for the positioning method to be selected. Mastrangeli et al. [25] have studied a lot of different 
self-assembly methods and applications. Each of these techniques is suitable for different object sizes, 
so the manner of positioning a specific component is determined by the object. In [25], methods are 
divided into micro- and macroscale positioning. Microscale positioning is defined by placing components 
with a size of some microm- or nanometers. The positioning of larger objects, for example of millimeter, 
centimeter size etc. are covered by macroscale positioning. 

2.2 Self-alignment and self-assembly 

As stated earlier, currently in most cases positioning is realized using a closed-loop controller. Nowadays, 
the demand for fast and accurate positioning is increasing. The current positioning techniques are be
coming less suitable to position an object, because a higher position accuracy and a larger throughput are 
necessary, in particular for the progressing nanotechnology. But also in the macroscopie world, there is 
a strong need for new methods for an accurate and fast object placement based on self-alignment. The 
process of an object that is accurately placed at a desired position without intervention of a human or a 
closed-loop controller is described by the term self-alignment. 

A macroscale self-alignment method for positioning a mass exploiting friction is presented in [17). The 
positioning of the object is realized by using different friction properties of two parts of two top surfaces 
of a table, so the friction coefficient between the mass and table changes at some point. Finally, the object 
will stop at a specific end point. Also a capillary force can be used for self-alignment. Sato et al. [36] have 
studied a method to self-align microparts using liquid surface tension. A square object is placed on a 
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droplet. The surface tension force ensures the alignment of the micropart, so the component is accurately 
positioned . The principle of this self-alignment method is presented in figure 2.1. 

Micropart 2 

~ 
Drop of liquid 

Micropart 2 Micropart 1 

(a) Putting a drop of liquid 
onto the surface. 

E--3 

\ 
çg 

[) er 
(b) Rough positioning the part 

(the part is moved by the 
liquid surface tension). 

- High wettability surface 

c:::::J Low wettability surface 

□ 
(c) Accomplishing 

self-alignment. 

Figure 2.1: The self-alignment principle using a capillary force. 

In the last years, there has been a lot of progress in the design and fabrication techniques for microelec
tromechanical systems (MEMS). In most cases, a packaging step is necessary to integrate the components 
of a microsystem on a substrate. One of the big challenges of M EMS is the packaging and integration of 
micro- and nanoscale modules into multifunctional systems. Sometimes it is impossible to fabricate com
ponents on a single substrate. This is why the components are fabricated separately from each other under 
optima! conditions. The throughput and yield that can be achieved by self-assembly (SA), are comparable 
to those of pick-and-place methods. SA is suitable to build small, complex stand-alone structures. How
ever, this technique may be less suitable for macroscale objects if the required forces and space become 
too demanding. In the case of macroscale objects, a closed-loop controlled robotic pick-and-place is now 
commonly used to assem bie final components. This positioning technique is time consuming because it 
is a serial process. However, the positioning accuracy and reliability of a pick-and-place is relatively high 
for macroscale components. For smaller components, this method is less suitable due to stiction problems 
(inevitable for devices smaller than 300 [µml) , fragility, and sheer number of components. In addition, a 
pick-and-place unit has a trade-off between the throughput and the placement accuracy. That is also why 
self-assembly of both micro- and macroscale objects is very important nowadays. The throughput may 
be higher compared to using a pick-and-place unit and it can be used for components in the range from 
millimeters to nanometers. 

The definition of self-assembly is that more or different objects are positioned or aligned without any 
intervention of humans or closed-loop controllers until a final product is generated. This method is a 
parallel process, whereas using a pick-and-place unit involves a serial process. Consequently, in the case 
of self-assembly more components can be aligned at the same time. So self-alignment and SA are strongly 
related to each other. The main difference is that with self-assembly a final product is created out of other 
parts (assembly) , whereas by self-alignment one or more objects will be aligned. An interesting paper on 
different self-assembly methods for milli- to nanoscales applications is written by Mastrangeli et al. [25], 
in which for example positioning using capillary forces or hydrophobic and hydrophilic objects is dis
cussed. Lu et al. [23] have made a simulation model of fluidic self-assembly using capillary forces. They 
also describe the main principle behind SA using capillary forces. This technique is useful for objects 
with in-plane rotational symmetries (for example a square). However, objects without in-plane rotational 
symmetries (for examples semicircles and commas) give alignment yields of approximately 30% - 40%. 
Examples of misalignment are shown in figure 2.2. 
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There are two main purposes to use SA techniques. First of all, to accomplish manufacturing tasks and 
the second purpose is to assemble components thàt cannot be manufactured otherwise. Many methods 
or techniques are available for self assembly. For example, a capillary fluid driven or molten-solder driven 
force can be used. Other SA methods are based on shape matching, magnetic SA, electro-field SA, col
loidal SA, and DNA SA (see [25]). 

Figure 2.2: Capillary-driven self-assembly of flat microparts (left) correct alignment of square parts (right) 
correct and wrong alignments of a comma- and semicircle-shaped object. 

2.3 Transportation and positioning methods 

There are a lot of different forces that can be used for the transportation and positioning of a mass, so 
the forces that can act on an object are studied. Salam [35] has studied the four fundamental forces, 
which are gravitational, electromagnetic, weak nuclear, and strong nuclear forces. The gravitational and 
electromagnetic forces can be used to position an object. Not only these two forces can act on a mass. Some 
other important forces are friction, (surface) tension, normal force, air resistance and applied forces. All 
these forces can influence the placement of a component. To generate an accurate positioning method, 
the forces can ensure that the object will stop at the desired end position. 

In some cases the positioning of an object can be performed with a single type of forces. However, this 
is not always possible. So the positioning problem will be divided into two different steps, namely a fine 
positioning step and a rough positioning or transportation step. The fine positioning step ensures that 
the object will be placed as accurate as possible at the desired end position, while the transportation step 
provides the movement of the object from point "A" to "B". The main purpose of the last step is to come 
as close as possible to the desired end point, so the fine positioning step will ensure an accurate placement 
of the mass. A broad range of methods has been studied and most of these methods are briefly discussed 
in [25]. In this section, the different transportation and positioning techniques will be discussed. Friction 
based positioning, magnetic positioning, capillary forces, acoustic transportation, and forced displacement 
techniques will be discussed in the next subsections. Each of these methods has its own properties and 
specific application. When the different techniques have been studied, the methods will be compared with 
each other. In tables the advantages and disadvantages of these transportation and positioning techniques 
will be presented. Finally, a positioning technique will be selected and some further research on this 
method is done. 

2.3.1 Friction based positioning 

Friction is usually an undesired property in transportation and positioning systems, because of energy dis
sipation and wear. However, this force can be used for self-aligning an object. Hunnekens (17] presents a 
theory about open-loop self-alignment of a mass using stick-slip vibrations. The presented theory shows a 
positioning method for macroscale objects in one direction (lD). There area lot of different friction mod
els available to generate a simulation model. Armstrong-Hélouvry et al. [2] has studied simplified friction 
models for dynamica! systems. In (17], a Coulomb friction model is used to study the self-alignment of the 
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object, which is schematically shown in figure 2.3. This friction force model can easily be implemented in 
a simulation model and is defined by 

FJ E µmgSign (i: ), (2.1) 

where 11 is the friction coefficient, 1n is the mass of the object in [kg], g is the acceleration due to gravity in 
[m/s2

] , i: is the relative velocity between the object and table in [m/s] and F1 is the friction force between 
the object and table in [N] (see figure 2.3). The set-values sign function Sign (i: ) is given as: 

{ 

{l} ifi: > 0 
Sign(i: ) = [-1 , l ] if.i = 0 

{- 1} ifi: < 0 
(2.2) 

The dynamic friction in this model is considered constant, so the sliding object will experience no fluctua
tions in friction. A simple friction model is used for these simulations, so it is uncertain if the performed 
simulations are accurate enough to predict the behavior of the open-loop positioning method. The in
creased friction between the object and table at the right end of the table ensures that the component will 
stop. 

:r ( t ) ------•---- End position 

y(t ) 
~ 1 Mass m IJL 1 1 

: Mass ni : 
1 1 

F;= µrngSign( i: ) 

Low friction area High friciton area 
Actuated table 

Figure 2.3: Schema tic representation of the friction based self-alignment method. 

The main disadvantages to use friction as a self-alignment technique are: 
• friction dissipates energy; 
• the rubbing surfaces generate wear and abrasion to the table and object; 
• the generated heat can change the friction coefficient because the friction coefficient is temperature 

dependent, which can influence the end position of the object; 
• the friction changes day by day, which leads to unremitting uncertainty of the friction coefficient; 
• friction is material dependent; 

Almost no study has been clone to use other friction models. One of the biggest drawbacks is the uncertain 
behavior of the friction between two surfaces. To predict the friction coefficient between two surfaces is 
very difficult. 

2.3.2 Magnetic positioning 

The self-alignment or transportation of a planar object can also be clone by magnetic levitation, which is a 
non-contact method. Magnetic levitation is an upcoming technique for transportation and positioning of 
an object. A familiar and famous transportation technique which uses magnetic levitation, is the Maglev 
which is studied by Lee et al. [19]. In this paper, different levitation technologies are discussed for ex
ample electromagnetic suspension, electrodynamic suspension, and hybrid electromagnetic suspension. 
Furthermore, the overall technology about the levitation and transportation system is explained. Experi
ments (for example the "jumping ring" experiment, a magnet levitated over a superconductor and magnet 
levitated above a rapidly moving superconductor) are presented by Rossing and Hull [34]. 

There are five different classes (see [9]), in which a magnetic material can be divided. These are ferro
magnetic, diamagnetic, paramagnetic, ferrimagnetic and antimagnetic materials. The nature of magne
tization that a material produces when it enters an applied magnetic field determines, in which class a 
magnetic material belongs. The main focus is on the first three magnetic materials. Ferromagnetism is 
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the strongest type of magnetization. These materials are very sensible for magnetic fields. When such a 
material is placed into an applied magnetic field, it acquires a strong magnetism in the direction of this 
field. If a diamagnetic material is placed in an extemally applied magnetic field it acquires a weak mag
netism in the opposite direction of the applied field. A material is called paramagnetic when it will be 
attracted to a magnet when it is placed in an extemal magnetic field. In this field, the material acquires a 
weak magnetism in the direction of the applied magnetic field and ensures an attraction of the material. A 
diamagnetic material is a material, which will repel from a magnet when it is brought close to the pole of a 
powerful electromagnet. This phenomenon is called diamagnetic levitation. Gerloch [13] and Spaldin [39] 
have studied the properties of diamagnetic materials. 

Diamagnetic levitation can be used to generate a non-contact transportation or positioning method. The 
magnetic susceptibility x and the relative permeability µr are important parameters for magnetic materi
als. The relation between these parameters is µr = .1!:.. = 1 + X, where µ is the permeability of the medium 

µ o 
in [H/m] and µ 0 is the permeability of free space in [H/m]. A material is diamagnetic when the suscep-
tibility is negative x < 0 of the order about 10-5• The relative permeability is slightly smaller than one 
µr < 1. In [17], a silicon object is used for self-alignment and silicon is a diamagnetic magnetic material. 
When this object is exposed to a strong extemally applied magnetic field, it repels from the magnetic field 
and levitates. An example of a diamagnetic material in an extemal magnetic field is shown in figure 2.4. 

A lot of different objects can be levitated in the presence of a strong extemal magnetic field. Beaygnon 
et al. [3] have studied the levitation of liquid droplets and Simon and Geim [38] have presented a method 
to levitate an anima!. The generated magnetic force by the magnetic field is responsible for the levitation 
of the object. This force can be cakulated by 

(2.3) 

where x is the susceptibility [-],V is the volume in [m3] , µo is the permeability of free space [H/m] and B 
is the magnetic field in [T]. In this equation, the term ½ "il B 2 can also be written as B 91!: (in the levitation 
direction) which yields 

(2.4) 

if it is measured on the axis of the field. The generated magnetic force Fm and the gravitational force Fz 
are acting in the z-direction. The principle of diamagnetic levitation is that these two forces balance each 
other. U sing a statie force balance in the vertical direction yields 

Figure 2.4: Diamagnetic levitation of a pyrolytic graphite object. 
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LF 0, 

- Fz +Fm 0, 

xV 8B 
0. (2.5) - mg+-B-

/LO 8z 

In this equation, mis the mass of the levitated object in [kg] and gis the gravitational force in [m/s2]. 

The potential energy of a fixed magnetic dipole M [J/T] in a magnetic field B [T] can be calculated by 
U = - M •Band depends only on the components of B. The total energy is the magnetic potential energy 
added with the gravitational potential energy of the object. For a diamagnetic material with a volume V 
with a susceptibility of x in a magnetic field B, the energy balance becomes 

(2.6) 

The gravitational potential energy of the mass corresponds to mgz and the magnetic potential energy cor
responds to the right hand side of (2.6). To ensure stability of the levitation point the following condition 
needs to be fulfilled 

(2.7) 

This equation shows that only materials with a negative susceptibility x < 0 satisfy this condition. A 
diamagnetic material possesses a negative susceptibility. However, this condition is not sufficient to get 
a sta bie levitation of the object. The second condition is that a positive curvature of the energy surface is 
necessary. Vertical stability (in the z-direction) for diamagnetic materials can be written as 

a 2B2 
8z2 > 0, (2.8) 

and for horizontal stability (in the :i:-direction and y-direction) are 

a2B2 
0, 

8x 2 > 

a2B2 
0. (2.9) 

8y2 > 

When the conditions in (2.7),(2.8), and (2.9) are satisfied, the levitation of the object is stable. In conclu
sion, only diamagnetic materials can be levitated and a strong magnetic field is necessary to levitate the 
object at a specific height. 

2.3.3 Capillary force 

In this section, self-alignment and self-assembly using a capillary force will be introduced. The gener
ated capillary force can be used for high precision positioning of an object. For sub-millimeter scales, 
the surface tension dominates the inertial forces and the gravitational force. The capillary force is widely 
integrated into the self-assembly techniques and is the driving force for the alignment of the positioned 
components. A large part in [25] is devoted to capillary forces. An example of self-assembly using cap
illary forces is the 3D folding technique. In this approach, a planar structure is assembled into a three
dimensional structure. The planar structure contains hinges , which are covered with solder, glass or 
photoresist. When the structure is heated up, the solder melts and reflows. The generated surface energy 
causes the hinges to bend into a three-dimensional structure. Figure 2.5a shows the 3D folding principle 
of a self-assembled cube. 

Self-alignment of microparts has been studied in [36]. The principle of this self-alignment technique is 
based on hydrophobic and hydrophilic properties of the surfaces of the chips. At the desired end position, 
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Figure 2.5: Different self-alignment techniques using capillary forces. 

a high wettability area is generated. When a droplet is placed on top of this surface, it stays there_ This 
method consists of three different steps to position the microparts_ First, a droplet is put on top of the 
hydrophilic area of micropart 1. Subsequently, micropart 2 is placed so that the high wettability area comes 
in contact with the droplet, which is placed on the surface of micropart 1. Toen the liquid surface tension 
moves micropart 2, until the area of the high wettability of both microparts overlaps each other and the 
self-alignment is completed. This self-alignment technique is schematically presented in figure 2.1. 

In most cases, the self-assembly is generated into two steps consisting a rough positioning step and a high 
precision positioning step. Fang and Böhringer [10] have developed a self-assembly method that can be 
used in an air environment. This method consists of a shape-matching step and a capillary force-driven 
step. The shape-matching step ensures that the object is positioned nearby the end position. Subsequently, 
a bonding plate with pattemed droplets come into contact with the rough positioned objects. The capillary 
force ensures that the object will be attached and positioned accurately to the bonding plate. 

The self-alignment of microchips with mist-induced water droplets is studied by Chang et al. [6]- In the 
presented theory a water mist delivers the liquid. The water mist contains micron-sized water droplets 
which are suspended in air. When this mist falls onto the surface, water droplets will be generated on 
the surface. The process can be compared with raining, but this is at a much smaller scale. After the 

X 

Figure 2.6: The four different displacement modes. 
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droplets have been formed on the surface, a microchip can be released nearby the desired end position. 
A tweezer-type robotic microgripper will position the object roughly nearby the droplet. The object will 
be released by the gripper onto the droplet and due to the capillary force a high precision positioning of 
the object is gained. The experimental setup of mist-induced self-alignment is shown in figure 2.5b. This 
self-alignment technique can achieve both a high throughput and a high precision. 

During the self-alignment of the object, four displacement modes can occur. Berthier et al. [5] have studied 
these modes, which can be divided in horizontal displacement (shift), rotation around the z-axis (twist) , 
vertical displacement (lift) and roll or tilt (rotation around the x - and y-axis). Figure 2.6 shows a schematic 
representation of these displacements. These modes can cause misalignments of the mass. This is unde
sired for high precision positioning applications. 

Horizontal displacement (shift) 

The most important displacement modes are the displacement in the horizontal directions :r and y and 
the rotation around the z-axis. Due to the surface energy of the droplet, a force is exerted in horizontal 
direction on the object. The generated force is responsible for the self-alignment of the mass. The total 
surface energy is given as , S , where I is the surface tension in [N/m] and S the surface around the droplet 
in [m2

). The derivative of the surface energy with respect to the horizontal shift x results in a horizontal 
force. The force in the .r-direction can be derived by 

(2.10) 

An extended calculation of this force is presented in appendix A. The generated surface energy is given as 

(2.11) 

where 1: is the shift of the object in [m], h is the droplet height in [m) and Lis the length and width of the 
object in [m). The force in the 1:-direction can be calculated by 

(2.12) 

In [5, 25), a numerical approach is followed by using the software package "SURFACE EVOLVER". This 
software shows that a strong capillary force will pull the object back into alignment. The above equation 
compares very well with the results of "SURFACE EVOLVER". The restoring force is almost linear as a 
function of time for small shifts. When the shift x / h « 1, the resto ring force becomes F.1: ~ - 21 L.r / h. 
A large shift .1: / h » 1, the restoring force is given as F.1: ~ - 21 L. 

Rotation around the z-axis (twist) 

The second mode that will be discussed, is the rotation around the vertical z-axis (twist). When the object 
is twisted, the surface area wil! increase and the square object will be pulled back into alignment. An 
approximate analytica! model is presented in appendix A, which briefly describes the derivations of the 
generated torque. The torque on the object is equal to 

(2.13) 

where 1 is the surface tension in [N/m], Sis the surface area of the droplet in [m2], and 0 is the rotational 
displacement in [rad]. The surface energy depends on the height of the liquid. A small liquid volume 
generates a relatively large torque, which can be calculated by using the analytica! model presented in 
appendix A. This yields a torque 

T ~ 2 [ a ( 1 ) ( 1 1 ) In ( a + v'l+a2)] 
, L v'1+a2 + a + J1 + a 2 ;, + v'1+a2 - a 2 ' 

(2.14) 
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with a = L0 / (2h ). This analytica! modei is thoroughly studied by Berthier et al. [5]. The calculated torque 
compares well fora small twist angle 0. For large twists, the surface is considerably affected by the surface 
farces. 

Vertical displacement (lift) 

The vertical position of the object is a balance between the gravity and the capillary farces. The stable ver
tical location of the object depends on the mass of the object and the volume of the liquid. The derivation 
of a simplified approach is presented in appendix A. The software package "S URFACE EVOLVER" shows 
almost the same results for small tilt angles. The object will be aligned at a specific height of z = ho in 
[m]. 

Tilt or roll 

Another familiar problem during the self-alignment procedure is caused by the two rotations around 
the x-axis and y-axis of the object, which can result in misalignment of the object to the substrate. The 
rotation around the y-axis is called tilt and the rotation around the x-axis is called roll (see figure 2.6) . In 
appendix A, the derivation of the liquid surface areas of the droplet for this situation is presented. The 
corresponding surface energy for a flat rectangular droplet is equal to 

(2.15) 

where ½ is the volume of the droplet in [m3 ] . Fora rectangular droplet, the liquid volume½ = L 2h. The 
volume of the liquid is still the same, while the shape of the droplet changes during the alignment of the 
object. The surface energy of a triangular shaped (side view) surface becomes 

(2.16) 

where o: is the tilt angle in [rad]. Small distortions of the surfaces are responsible for a stable positioning 
of the object. When the ratio between the droplet thickness and the size of the product is too large, 
misalignment and overflowing of the liquid can occur. Then the positioning of the object is not accurate. 

2.3.4 Acoustic transportation 

Vibrations and sound can be used to transport components in a specific direction. The fundamentals 
of sound waves and radiation pressure of a source are studied by Norton and Karczub [30]. An inter
esting levitation technique is acoustic levitation, which is suitable for non-contact microassembling and 
non-contact transportation. Vandaele et al. (45] have done research to different levitation techniques for 
non-contact microassembling. Acoustic levitation is an appropriate method to transport large planar ob
jects into a specific direction without any contact. Gudra et al. [14] have studied vertical and horizontal 
transportation by using near-field acoustic levitation. A flexural traveling wave, which is generated by a 
transducer and received by a receiver, is responsible for the levitation of the object. The normal force is 
provided by this generated wave and will levitate the planar object. The generated acoustic sound by the 
transducer provides the pressure for the levitation. There are a lot of solutions to realize acoustic levitation. 
Chu and Apfel [7] have studied the radiation pressure produced by a sound beam. In this paper, the mean 
pressure of sound and the sound energy density for different configurations are described. A viscous force 
causes the transportation force of the object in horizontal direction. The principle of acoustic levitation is 
presented schematically in figure 2.7. 

In most cases, a reflector is necessary to levitate a mass. An upcoming technique for transporting rectan
gular planar objects is near field acoustic levitation. In this situation no reflector is needed, because the 
object will reflect the ultrasonic wave directly. A lot of different experiments are studied by Ueha et al. [41]. 
These experiments show a stable levitation and transportation of planar objects (of several kilograms) near 
a vibrating plane. In one of these experiments, a rigid piston vibrating in harmonie motion is considered 
as a sound wave source (see figure 2.8). Furtherrnore, the bottom surface of the object is assumed to be 
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Figure 2.7: Transportation principle of a levitating object. 

rigid, soit reflects the generated sound and the object will be levitated by the generated radiation pressure. 
Using the theory presented in (7) , the radiation pressure P fora perfectly reflecting object can be derived 
by 

p = 1 + 1 (i sin (2kh)) (E ) 
2 + 2kh ' 

(2.17) 

where (E ) represents the time-averaged energy density of the wave in (J/m3 ] and Î (-] is the specific heat 
ratio. In the case of a perfectly reflecting rigid wall, the time-averaged energy density can be expressed as 

2 2 
(E) = a0 . pow 

4 sin2 (kh) ' 
(2.18) 

where a0 is the vibration amplitude in (m), w is the angular frequency in [rad/s], k is the wavenumber 
(k = w je, where e is the speed of sound in [m/s)) , h is the levitation height of the object in [m] and p0 is 
the mass density of the gas in [kg/m3]. Another approach to calculate the radiation pressure is presented 
in [21, 46). which is presented in appendix B. 

Zhao and Wallaschek [46] have studied different acoustic levitation principles for large planar objects, for 
example squeeze film levitation. For squeeze film levitation, the levitation height h of the mass is very 
small (a few micrometers) compared to the wavelength ,,\ in [m]. When the levitation distance h is small 
enough, the conditions kh < < 1 and sin ( kh) ~ kh are valid. Note that for squeeze film levitation, the 
radiation pressure of (2.17) can be simplified to 

2 
P - 1 +1 2 ao 

- 4 poe 1i2 ' (2.19) 

where the vibration amplitude is equal to a0 = v 0 /w (where vo is the initia! vibration velocity amplitude in 
[m/s] and wis the angular frequency in [rad/s)). The radiation pressure is proportional to the square of the 
vibration amplitude a0 and reversely proportional to the square of the levitation height h. This equation 
has been confirmed empirically by Hashimoto et al. [16] and Ueha et al. [41). 

1 Levitating object 1 z =h 

Po e k 

t t t t t t 
Harmonically moving piston z =O 

Figure 2.8: Acoustic levitation using a moving piston. 
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The harmonically moving rigid piston can be exchanged by a rectangular plate that produces flexural 
vibrations. These waves are necessary to transport a planar levitating object into a prescribed direction. An 
approach to determine radiated pressure using flexural vibrations and the lateral velocity of the object are 
studied by Ueha et al. (41]. The object size is very important for the stability of the levitating component in 
near-field acoustic levitation. Stable and unstable acoustic levitations are studied by Hashimoto et al. [16]. 
In the described experiments, stable levitation is ensured when the object size is 1.5 times larger than 
the wavelength >., which propagates through the plate. A schematic explanation of stable and unstable 
acoustic levitation is depicted in figure 2.9. The levitation is called stable when an object is levitated 
parallel to the vibrated plate. In the case of unstable levitation, the mass is not fully parallel levitated to 
the vibrating surface. When the radiation pressure is very small, an edge of the levitating object will make 
contact with the vibration plate. 

Levitating object 

r-A-A+ 0 '-.J '-
,.. • I Wavelength 

Vibration plate 
(a) Stable acoustic levitation 

Levitating object 

~ · A+ \....7 '--

,. • 1 Wavelength 
Vibration plate 

(b) Unstable acoustic levitation 

Figure 2.9: Schematic representation of stable and unstable acoustic levitation. 

The previously described acoustic levitation principles are mostly based on experiments and acoustic ap
proximations. Minikes and Bucher (28] have studied an approach to determine the different forces, which 
contribute to the acoustic levitation using flexural traveling waves to generate a squeeze film. In this the
ory, a fluid mechanics approach is used to derive the equations of motion. A schematic representation 
of the studied transportation technique is depicted in figure 2.10. For simplicity, only traveling waves in 
x-direction are considered (one-dimensional traveling waves). The levitated object (denoted by s) is con
sidered to be a rigid plate, with a length L, a width b, and a thickness of c in meters. The squeeze film 
between the mass and the vibrating wave f, which propagates in the positive x-direction, is responsible 
for the transportation of the object. This wave oscillates with a frequency w, an amplitude é , and a wave
length >.. The position of the levitated object is indicated by the coordinates (u, v, 0), where (u , v) are the 
coordinates of the center of gravity and 0 is the inclination angle of the mass. A finite difference method 
is used to determine the dynamica} fluid behavior within the squeeze film. The geometry of this film is 
bounded by x1 and x2 • This boundary depends on the dimensions of the object (Land b) and the position 
of the object ( u , v, 0). The length of the squeeze film can be divided into finite steps of ~ x with a local 
film thickness h, which is the gap between the two surfaces. 

z 

u(x,t) 

x, 

Figure 2.10: Schematic representation of a lateral transported object using a gas squeeze film. 

15 



The geometry of the squeeze film is very important. Minikes and Bucher [ 28] show typical dimensions for 
this film. Assume that the film thickness h is smaller than the length of the object L (L >> h). Under this 
condition, the Navier-Stokes equations fora Newtonian flow can be reduced, which is described extensively 
in appendix B. The momentum equation in the x-direction is simplified to 

Op OV.T 02Vx 
8x + P75t = µ az2 , (2.20) 

where 11 is the dynamical viscosity in [kg/(ms)]. The corresponding boundary equations fora squeeze film 
between a fixed surface and a moving surface are 

Vx(z = 0) = 0 

OV-c 
-· (z = 0) = 0 
öt 

Vx(z = h) = û, 

Övx ( h) .. - z= = U 
ät ' 

(2.21a) 

(2.21b) 

where the thickness depends on time h(x, t) in [m] , û is the lateral velocity in [m/s], and ü is the accel
eration in [m/s2]. Assuming a linear acceleration profile in the film and using the boundary conditions 
of (2.21b) , yields a velocity in x-direction of 

z Öp . z " pz 2 2 vx(z) = - - (z - h) + u- + u-(z - h ). 
211 ä:r h 611h 

(2.22) 

An extended derivation of (2.22) is presented in appendix B. The next step is to determine the forces 
acting on the object. The traveling wave exerts a levitation force, lateral force, and a rotational moment to 
the object. These loads are described briefly by Minikes and Bucher [28]. The matrix form of the equations 
of motions is 

[

m 0 
0 m. 
0 0 

(2.23) 

where rn is the mass in [kg], J is the moment of inertia of the planar object around its center of gravity in 
[kgm2

], and N1 , N 2 , Af1 are the lateral force, the levitation force, and the rotational moment respectively. 
The shear stress in the squeeze film produces the lateral forces acting on the flow, which is a result of 
non-uniformity of the pressure gradients in the lateral direction and due to the relative motion between 
the surfaces in the lateral direction . On the upper surface of the planar object, a drag force is acting. 

I ntegrating the shear stress along the length of the object together with the force due to the pressure acting 
on the projected surface normal to the object in lateral direction and taking the generated drag force into 
account, yields the total lateral force N 1 . The equation for the total lateral force as function of time in the 
:r-direction is 

lxo {b 1•Xo 1·b 
N1 = - Je Tzx lz=hdyd:r; - (p-p0 )sin(0)dyd:z:-fD• 

XJ Ü XJ Ü 

(2.24) 

In (2.24), Pa is the ambient pressure in [N/m2] and bis the width of the plate in [m]. The derivations of 
the shear stress Tzx and the drag force f D are presented in appendix B. Because the normal of the bottom 
surface of the object is pointing in the negative direction of z, a negative sign is added to the integration of 
the shear stress. The difference between the gravitational force and the force that is exerted by the squeeze 
film is the total levitation force. When the inclination angle is very small the levitation force as function of 
time becomes 

(2.25) 

Subsequently, the rotational moment as function of time can be cakulated. This moment is acting on the 
center of gravity of the levitated object around the the y-axis and is defined by 

1x•, 1b 
M 1 = (x - u)(p - Pa) dy dz. 

x , 0 
(2.26) 

In this equation, the lateral components are very small because the inclination angle 0 is small. Therefore, 
these pressure components are not taken into account in (2.26). 
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Acoustic transportation is an upcoming technique, especially for large planar objects. When the planar 
object is too small, the levitation becomes unstable. Tuis provides additional friction and causes wear to 
the transported component, which is in most cases undesired. 

2.3.5 Forced displacement 

As mentioned earlier, friction based stick-slip vibrations can be used to transport and position an object. 
However, problems can occur during the transportation of the mass, because the friction is not constant. 
These problems during the movement phase can be prevented since it is possible to force the object to 
move in a specific direction. Tuis technique is called forced displacement, so the object will always move 
from position "A" to position "B". An additional step is necessary for the final alignment of the object. At 
the end of the transportation, a self-alignment technique or fine positioning method is necessary for an 
accurate object placement. The object is forced to move into a specific direction. A familiar example of 
this self-alignment method is the "Ball in a Bowl" principle. If the ball is placed onto the edge of the bowl, 
the ball will move to the valley. After a while the ball is positioned and self-aligned in the middle of the 
bowl. When designing a suitable setup, it is possible to generate an accurate self-alignment technique. 

A forced transportation can also be generated by using a sawtooth profile on the top surface of the table, 
which vibrates in lateral direction with a specific acceleration profile. The principle of this technique is 
shown in figure 2.n. The sawtooth is responsible for the transportation of the object. A suitable excitation 
profile will force the object to move in one direction. When the table is moving into the other direction, the 
mass will slip and fall in the next sawtooth and the whole cycle will be repeated. Tuis transportation system 
operates well when the friction coefficient between the table and object is very small, so the component 
can slip into the next sawtooth. After a specific number of steps the object is transported to the desired 
end position and the self-alignment process can be performed. The self-alignment process ensures that 
the object will be positioned as accurate as possible. A capillary force or the magnetic properties of the 
object can be used to realize the final alignment of the mass. Figure 2.n clearly shows that for every cycle 
the mass will move into the next sawtooth. Due to low friction, the wear of the object and table becomes 
small. 

E . ~..,,,,r:-:, ~ xotation~ 

• • 
Figure 2.11: Forced displacement method using a sawtooth profile on the top surface of the table. 

Another familiar transportation technique is to use vibrations to transport the object to the desired po
sition. For example, in the assembly industry, vibratory hoppers are used to transport bulk of pieces 
(for example nuts) to assemble specific parts to the main machine. Tuis positioning principle is a semi
nonconstant transportation method. During each vibration, the object will be lifted and get a small dis
placement into the desired direction. After the small movement the component will make contact with 
the vibrating plate. Tuis method is suitable to transport objects nearby the desired end position. However, 
a self-alignment step is still necessary to realize an accurate positioning of the mass. 

2.3.6 Comparison of the transportation and positioning methods 

In the subsections of section 2.3, the different transportation and positioning methods have been dis
cussed extensively. The positioning process is divided into two different steps, a transportation step to 
move the object nearby the end position and an accurate self-alignment process to position the object as 
accurate as possible. An overview of the different transportation and positioning methods is shown in 
tables 2.1, 2.2 , 2.3, and 2.4. The transportation methods are divided into friction, acoustic, magnetic, and 
forced displacement based transportation. The positioning techniques are divided into friction, magnetic, 
and capillary based positioning. The advantages and the disadvantages of each method are described 
briefly, so based on user specified objectives a suitable positioning method can be chosen by evaluating 
all the different techniques. Note that in some cases only one method can be selected to transport and 
to place the object (for example magnetic or friction based transportation and positioning). In the next 
section, a suitable transportation and positioning method for the current project will be selected. 
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Advantages 
Friction 

Simple principle to transport 
an object; 

Fast positioning method; 

Closed-loop controller is not 
necessary; 

The theory has been studied 
and the simulations show a 
well positioning accuracy. 

Transportation methods 
Magnetic transport 

This transportation method 
is very suitable for ferromag
netic materials; 
Suitable for diamagnetic ma
terials; 
The floated object encounters 
almost no friction; 

The transportation speed is 
relative fast; 

The maximal levitation force 
is unlimited; 

Suitable for large heavy ob
jects. 

Acoustic transport 
A relatively fast transporta
tion method; 

Almost no friction because of 
non-contact transportation; 
Different product types can 
be transported (the transport 
frequencies for each product 
are programmed before); 
The maximal levitation force 
is unlimited; 

Stable levitation of the object 
is possible when the vibra
tions (frequencies) are well 
adjusted; 
The system is relatively com
pact; 
The temperature of the envi
ronment has almost no influ
ence on the transported ob
ject; 
Can be used for all materials. 

Table 2.1: Properties transportation methods. 

Forced displacement 
No restrictions on the mate
rials; 

There are no restrictions on 
the shape of the object; 
The transportation principle 
is simple (almost the same 
as friction based transporta
tion); 
The object will move with a 
fixed distance at each step; 

The setup is a relatively com
pact transportation method; 

00 ..... 
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Disadvantages 
Friction 

Heat will be generated by the 
friction, which induces en
ergy dissipation; 
The table and the object are 
exposed to wear; 
The friction is not constant, 
so the object may stick to the 
table at an undesired posi
tion; 
The temperature has a large 
influence on the friction coef
ficient, so the friction is tem
perature dependent; 
The friction is variable and 
influenced by the environ
ment (temperature, humid
ity, dust); 
The material surfaces deter
mine the friction coefficient; 

Tuis method is not suitable 
for small objects. 

Transportation methods 
Magnetic transport 

The object material needs to 
be magnetic or diamagnetic; 

The magnetic field can cause 
defects to the objects; 
A strong magnetic field en
sures that a diamagnetic ma
terial can be levitated; 

It is an expensive transporta
tion method; 

High energy consumption; 

The system generates a lot of 
heat. 

Acoustic transport 
The levitation could be un
stable for small planar object; 

A relative large experimental 
setup is needed; 
Almost no analytica! studies 
have been performed; 

The positioning of the object 
needs to be studied; 

An unstable levitated object 
yields wear; 

Tuis method can be used for 
transporting the object in one 
direction (maybe also possi
ble for transporting in two 
directions); 
Tuis method can not be used 
in vacuum; 
Best results only with large 
planar objects. 

Table 2.2: Properties transportation methods. 

Forced displacement 
Wear to the transported ob
ject; 

Only one type of product can 
be transported; 
Tuis method can not be used 
for very small objects; 

Tuis transportation method 
is less suitable for transport
ing objects for long distances; 

No study is done on the po
sitioning of the object; 

Transportation of the object 
is only possible in one direc
tion. 



Advantages 

Positioning methods 
Friction 

Simulations show a high position
ing accuracy in previous studies; 
A short time to self-align the object; 

Transportation and positioning is 
generated with the same principle; 
Compact system. 

Magnetic positioning 
Relative easy to manipulate the ob
ject; 
This positioning method is reliable; 

The friction is reduced, because of 
non-contact positioning; 
Also large objects can be positioned 
because of the unlimited magnetic 
forces; 
A high positioning accuracy; 

A fast positioning method . 

Table 2.3: Properties positioning methods. 

Capillary force 
A very high positioning accuracy; 

This self-alignment method is very 
useful for almost all materials; 
An accurate self-alignment despite 
the unstable tilt; 
High positioning accuracy for rota
tional symmetrie objects; 

This positioning can be used for dif
ferent components using tempera
ture dependent solders (each salder 
melt at a specific temperature, so 
different objects can be positioned); 
Useful for parallel positioning; 
This principle is already used in 
practice. 

0 
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Disadvantages 

Positioning methods 
Friction 

The object can stick to the table at 
an undesired end point; 

Magnetic positioning 
This positioning method is suitable 
for ferro- and diamagnetic materi
als; 

Energy losses, because of the gener- To get an accurate end positioning a 
ated heat during the positioning; strong magnetic field is necessary; 

Wear because of the friction; 

The friction coefficient is tempera
ture dependent; 

The friction changes over time and 
is difficult to predict; 
Modeling friction is very difficult. 

The components to generate a mag
netic field are expensive; 

Downscaling of this method is not 
easy, so it is less suitable for small 
objects; 
A high energy consumption; 

It is difficult to generate a high mag
netic field; 
The magnetic field causes a lot of 
heat; 
Object defects because of the high 
magnetic field. 

Table 2.4: Properties positioning methods. 

Capillary force 
The positioning time is relative long 
(in the range of 1 [s] up to 5 [min]); 

This method is not suitable for too 
large objects (it is not sure if an ob
ject of 1 [cm2] can be handled); 
Only suitable for positioning and 
not for transporting (it is only a self
alignment method); 
The tilt is unstable. 



2.4 Transportation and positioning method selection 

In subsection 2.3.6, the advantages and the disadvantages of the transportation and positioning techniques 
are discussed. Friction based self-alignment is selected, because: 

• in the case of micro- and nanoscale positioning, a cleanroom is necessary. These facilities are 
not available, so macroscale positioning method will be studied for this research. Friction based 
self-alignment is suitable for macroscale object; 

• steel and aluminum are materials, which are easy to process, the most important parameters are 
known, and are relative cheap. In first instance, the object will be made of steel. The parameters of 
the object are presented in table 2.5 ; 

• a macroscale object is preferable instead of a small object, because a rough positioning is clearly 
visible during the experiments; 

• an easy open-loop method to transport and to place a product is by using friction. Friction based 
self-alignment is barely investigated. Hunnekens et al.[18] have performed a promising theoretica! 
research about self-alignment of a mass using stick-slip vibrations. This will be used as guideline to 
develop an experimental setup. No experimental validation is available yet. The application for the 
open-loop positioning method and the object itself is not specified yet. 

A main drawback of magnetic transportation and positioning is that in principle only magnetic and dia
magnetic materials can be positioned. Other materials can be transported by adding a very thin magnetic 
layer onto the bottom surface of the product, which takes additional costs. Furthermore, the magnetic 
field can cause defects to the component. Therefore, this technique will not be used for an open-loop po
sitioning method. Acoustic transportation is often used for large planar objects of a few centimeters. This 
technique is not the best technique to position the product since the length and the width of the object 
are 0.01 [m). The forced displacement technique is a simple method. However, in some cases an addi
tional self-alignment step is necessary. Almost no research has been done onto this subject. The capillary 
force can be used as a fine positioning step. The duration of the self-alignment is relative large, which is 
undesired. 

In the theory of friction based self-alignment, the elementary Coulomb friction law is implemented. This 
model is often studied in a dry friction oscillator setup. An external force is acting on a mass, which is 
connected to the fixed world by a spring and a damper. The exact solution fora single degree of freedom 
system with dry friction is studied by Den Hartog [15l in 1930. Mostly, the statie friction coefficient is not 
equal to the dynamic or kinematic friction coefficient, which has been studied by Shaw [371· The friction 
is responsible for the accurate end positioning. To validate the theory, a proof of principle of fiction based 
self-alignment will be studied. In the next chapter, the theory of this self-positioning method is described 
briefly. The main objective of this research is to show a proof of principle of friction based self-alignment. 

Parameters Experimental object 

Length [ml 0.010 
Width w [ml 0.010 
Height h [ml 0.002 
Density Steel p [kg/m3 ] 7750 
Mass m [kg] 1.55 · 10- 3 

Gravity g [m/s2 ] 9.81 

Table 2.5: Theoretica! and experimental object geometry (first object). 

2.5 Conclusions 

The placement methods can be divided into micro- and macroscale positioning mechanisms. Microscale 
systems can handle micrometer and nanometer sized objects and macroscale techniques are suitable for 
centi- and millimeter sized products. 
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The difference between self-alignment and self-assembly has been discussed. These techniques are open
loop positioning methods to align objects without interference of a human or a closed-loop controller 
such as for example a pick-and-place unit. The main difference between self-alignment and self-assembly 
is that by self-alignment only one or more component is placed, whereas by self-assembly final products 
are assembled. 

An open-loop controlled positioning system is divided into two parts. First the component is transported 
nearby the desired end position and the second step is to realize the end position as accurate as possible. 
Four different transportation methods and three different fine positioning techniques are discussed and 
compared to each other. A macroscale steel or aluminum object with a length l = 0.01 [m], width w = 0.01 
(m] and a thickness of h = 0.002 [m] is chosen as an object to perform the experiments. Friction based 
self-alignment has been selected, which is a promising transportation and positioning method although 
uncertainty in friction might be a problem. The proof of principle will be experimentally validated. Friction 
based positioning using stick-slip vibration will be used to realize an accurate end positioning of the object. 
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Chapter 3 

Modeling, simulation, and numerical 
analysis of friction based positioning 

In this chapter, the theory of Hunnekens [17) is discussed. All the dimensionless formulations from [17] 
are transformed into full dimension expressions. The friction between the object and the vibrating table is 
responsible for the object transportation and the self-alignment. The modeling of this transportation and 
fine positioning technique will be discussed in the first section of this chapter. During transportation of 
the mass undesired tipping can occur. A simple tipping condition is derived to check if the object geometry 
(see table 2.5) will tip over during the longitudinal movement. The dynamica! behavior is simulated using 
a genera! time-stepping routine, which is explained in the section 3.2. Subsequently, the table motion 
profile will be discussed and the classification of the possible object motions is presented. Section 3.3 is 
devoted to the issue whether the object will stop at a certain end position or not. Some numerical results 
are presented and discussed in section 3+ A positioning, velocity, and acceleration graph of both the table 
and the object will be depicted together with the corresponding phase portrait. These results are used to 
design the experimental setup, which will be discussed in the next chapter. Finally, a summary of this 
chapter is given. 

3.1 Modeling 

This section is devoted to modeling of the dynamics of the open-loop self-alignment method using friction 
to be able to predict the dynamica! behavior of the system. To realize self-alignment of the object, a 
stopping mechanism has been formulated. In the last part of this section, the tipping condition is given. 

3.1.1 Equation of motion 

The principle of transporting and positioning the mass using friction is schematically shown in figure 3,1. 
The table vibrates in the longitudinal direction with prescribed motion y( t) in [m) and the position of the 

---•--- End position 
x(t) 

1 
1 ! g 

. 

- 1 LY 1 1 

Massm 
1 

Massm 1 
1 1 - 1 1 

y(t) ~ ~ 

FJ = µ1mgSign(:i:) F1 Actuated table 
µ1 µ2 

Xµ 

Figure 3.1: Mass self-alignment principle using friction. 
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mass relative to the table is x(t) in [m]. The excitation of the table is considered to be periodic and wil! 
have zero net displacement after each excitation period. 

A graphic representation of the Coulomb friction model is depicted in figure 3.2. This graph clearly shows 
that when :i; = 0 the friction force is in the range of [- 11mg, 11mg]. The equation of motion for the system 
can be derived using Newton's second law. The total acceleration of the mass is equal toa = jj + i , so the 
equation of motion in longitudinal direction becomes 

LF rna, 

m(jj+i) , with F1 E µrngSign(:r) (3 .1) 

where F1 is the Coulomb friction force in [N] and the set-valued Sign(.i) function is expressed by (2.2). 
Two situations can occur during the excitation of the table. Sticking of the object to the table (:r = 0) only 
happens if the external force (responsible for the table excitation) is small enough such that lrniil < p.rng. 
However, if the externally applied force becomes large enough (lrn'fil > µrng), the friction force can not 
balance the external force. In this case, the object starts to slip over the table. The friction force becomes 
F1 = ±µrng. 

- :i: [m/s) 

-µrng 

Figure 3.2: Coulomb friction model. 

3.1.2 Stopping regime 

The stopping regime will be briefly described. With an appropriate excitation profile of the table, stick-slip 
movement of the object can be realized. The object will move in longitudinal direction relative to the table. 
The mass needs to stop at a prescribed end position :r:d. An increase in friction is used to stop the object 
at the desired end point. The increase in friction is realized by dividing the top surface of the table into 
two friction regions (see figure 3.3), a low friction area and a high friction area. The friction coefficient 
in the low friction zone is denoted by µ 1• The high friction zone has a friction coefficient of µ 2 > µ 1• 

When the mass is in the low friction area, the object will move in horizontal direction. Ata specific point 
xµ (nearby but before the desired end position) the object will enter the high friction zone. Somewhere, 

:r:( t) 

w 

Massrn 

:r:11. z 

Figure 3.3: The table is divided into two friction zones , which ensure the block to stick to the table. 
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where the mass overlaps both friction areas, the mass should stick to the table while the table is still 
excited. A transition in friction will occur when the object enters the high friction area. It is assumed 
that the friction coefficient depends on the weight distribution of the mass over these two areas, which is 
expressed as 

w-z z 
µ( z ) = - - µ1 + - µ2. (3.2) 

w w 
In this equation, the variable z is the distance of the object in the high friction zone in [m], which is 
bounded by 0 ~ z ~ w. A min-max formulation for z can be expressed using this constraint, which yields 

z = min (max (x - xµ, 0) ,w). (3.3) 

By using (3 .2) and (3.3), the friction coefficient for the transition region (starting from x = xµ) can be 
expressed by 

for (3.4) 

The derivation of (3.4) is presented in appendix C. Figure 3.4 shows the change in friction coefficient 
between the table and mass over the two friction areas. When the object enters the high friction zone, the 
friction coefficient increases linearly till it is equal to the high friction coefficient µ 2. Note that in the latter 
case the object is entirely in the high friction area. 

::l. 

t 
------- - ----

---+ X [m) 

Figure 3.4: Friction coefficient between table and mass during the positioning of the object. 

3.1.3 Tipping condition 

Under a certain condition, undesired tipping of the mass is possible during transportation of the object in 
longitudinal direction. The friction coefficient and the geometry of the object may cause this phenomenon. 
The object should not tip over, because this can cause defects to the object and wrong positioning and 
placement can occur. To prevent the object to tip over, a tipping condition is derived. Hunnekens [17) 
presents a simple model to determine the tipping of the mass. It is assumed that only both ends of the 
object make contact with the table. A free body diagram with all the corresponding forces and parameters 
is depicted in figure 3.5. Tipping of the mass will not occur when the mass is in contact with the table. 
This is realized by preventing that one of the normal forces becomes zero. Using the statie force balance 
in the vertical direction and the moment balance around the center of gravity the normal forces can be 
derived, which yields 

mgw- F1h 
2w 

mgw+ F1h 
2w 

(3.5) 

(3.6) 

An extensive derivation of the tipping condition is presented in appendix D. Clockwise tipping is possible 
when the normal force N1 becomes zero (N1 = 0) and counterclockwise tipping when N 2 becomes equal 
to zero (N2 = 0). To prevent clockwise tipping of the object N 1 > 0, the following condition needs to be 
fulfilled 

w 
FJ < mgh with 
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F1 = µmg . (3.7) 



The condition for counterclockwise tipping is equivalent. Combining both situations yields an overall 
condition to prevent tipping 

< 

or 

w 
mg

h 

µ < 

with (3.8) 

(3.9) 

A thin planar object will be used to perform the experiments. Tipping is prone to occur in the high friction 
region , so the largest friction coefficient is used to check the tipping condition. The friction coefficient 
depends on the materials of the two bodies and is in the range from nearby zero to greater than 1 [-). 
However, for most materials this coefficient lies between 0.1 [-] and 0.9 [-]. This is important to determine 
the geometry of the positioned mass. As long as the thickness of the object becomes smaller than the 
width (or length) fora square object, no tipping occurs. The geometry of the object presented in table 2 .5 

satisfies this condition. 

w 

1 G 
0 

î 

Figure 3.5: Free body diagram for investigation of tipping of the mass. The object will tip over, when one 
of the normal forces N 1 or N2 becomes zero. 

3.2 Simulation method 

In this section, the simulation method will be briefly described. The first part is devoted to the time
stepping method for numerically solving systems with unilateral constraints. Subsequently, the table 
motion profile will be discussed. The possible object motions will be classified. 

3.2.1 Numerical solution method 

Three different simulation methods are studied by Hunnekens [17]. The time-stepping method is an effi
cient method to solve systems with unilateral constraints numerically. Coulomb friction can be described 
by a unilateral constraint. An extended description of the time-step ping technique is presented in [ 22, 4 3]. 
The general equations of motion for only tangentially directed acting forces are 

M(q, t)û - h(q, u, t) = Wr(q, t))t-r, (3.10) 

which is defined for almost all time t except for a time instant when a discontinuous transition occurs. 
The generalized coordinates are represented by vector q E JR.n and u = q are the generalized velocities. 
In this equation, M(q , t) E JR_nxn is asymmetrie, positive definite mass-matrix and h(q , u , t) E JR.n is a 
column of all generalized forces except the friction forces. The tangential friction forces are introduced 
in À E JR_n, (with n x the number of friction forces). The directions of the generalized friction forces are 
defined in matrix W r (q , t) E JR_nxn.,. 

A discontinuous step in the friction force À r occurs in the slip-to-stick transition region and when the 
relative velocity changes sign during elastic impact. In a very small or even infinitesimally small time 
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interval the force will change. The acceleration û is not defined at these time instances. Discontinuous 
jumps in velocity are caused by impulsive forces (for example in the case of a bouncing hall). In the 
equation of motion (3 .10) , a measure differential equation on level of momenta can be used to handle 
these impulsive forces , which is expressed as 

M(q,t)du - h(q,u , t)dt = Wr(q , t)dAr. (3.11) 

In this equation, dAr is the differential measure of the momenta in tangential direction, which is divided 
into two parts 

dAr = PrdrJ + >.rdt. (3.12) 

The first term PrdrJ contributes to the impulsive part of the friction, which is called the atomie part. The 
second part >.rdt is related to the non-impulsive part of the friction. The variable dry = 8(ti )dt in (3.12) is 
the atomie measure, where 8 is the Dirac function at t i , The time instant t i denotes the time, at which the 
impulse occurs. In case of no impulsive friction forces, the term P r drJ becomes zero, so the force based 
equations of motions (3-10) can be used. However, for easy implementation of the impulsive friction, the 
equation of motion on momentum level (3.11) is used. 

A proximal point formulation is used to express the non-impulsive part of Coulomb friction force, see 
[22, 43] 

>..r, = proxcr, (>.r, - qr ), Vi E IN with Cr, = { Àr, I - µmg :=:: Àr, :=:: µmg} and r > 0. (3.13) 

Note that the friction force is in the opposite direction of the sliding velocity. The variable i is the index 
for each contact. All closed contact points are denoted by IN (a contact is closed when i E IN)- These are 
all the points , which contribute to the friction. The convex set is denoted by Cr and is dependent on the 
friction force. The column vector 'YT represents the relative sliding velocities and is calculated by 

r (<hr ) 'YT = W TU = ÖU U , (3.14) 

The proximal point definition of (3.13) can easily be implemented into an algorithm using 

Àr = prox[-µmg,µmg) (x) { ~::" ~~; ;1{:I: µmg 
(3.15) 

min (max (-µmg ,x)) , µmg). 

Using the time-stepping algorithm of Moreau and Panagiotopoulos [29), the system response can be 
obtained. This method is basically a kind of mid-point differential algebraic equation integrator (DAE
integrator). The different steps ofthis integration scheme are presented in appendix E. 

The time-stepping procedure is equal to solve the equation of motions presented in (3-1). The generalized 
coordinate q of this system is equal to the position of the table x . The generalized velocity is the time 
derivative of the generalized coordinate u = q, which corresponds to ±. In the case of a slip-to-stick, 
stick-to-slip, and slip-slip transition, the acceleration ü = x is undefined. The mass matrix M , the column 
of all smooth generalized coordinates h, and the direction matrix of the friction W r (q , t) are also scalars, 
because there is only one generalized coordinate. These are equal to 

M=m, h=-mii and Wr(q, t) = 1. {3.16) 

It is assumed that the object is always in contact with the table during the experiment. Therefore, it is 
not necessary to determine the index set IN, that represents all the closed contacts between the object and 
table. The relative velocity 'YT that is used in the proximal point formulation (3-13) is 'YT = ±. 

3.2.2 Table motion profile 

Equation of motion (3,1) shows that the movement of the object is related to the periodic prescribed ex
citation of the table y(t) . To transport the object toa desired end point, a suitable table excitation profile 
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needs to be determined. Hunnekens [17] has studied the input trajectory of the table. It is important that 
the average relative velocity between the component and table is larger than zero during one cycle, such 
that the object will be transported. Intuitively, the trajectory of one period can be divided into two parts. In 
the first part of the excitation, the table should move slowly (to the right). The object will stick to the tab Ie 
and move into the desired direction. After a predefined stroke, the table will fast move backwards (i.e. to 
the left) to its original position. During this step, the object will slip over the table surface. Repeating this 
yields a transportation of the object over the table to the right. 

In this line, a suitable table motion can be generated using three acceleration parts that consist of three 
regions. In the first region the acceleration y1 = 0 and the table will move with a (low) constant velocity 
Yini · A constant (high) negative acceleration - 'ii2 ensures that the table will move in the opposite direction , 
while the object slips over the table and in the last interval the table acceleration will get a constant positive 
acceleration y3 (to realize periodic motion) . The schematic representation of this acceleration profile with 
the unknown parameters 'ii1 , 'ii2 , 'fi3 , to,t1 , t2,t3, Yin i, and Y ini is depicted in figure 3.6. To generate the 
acceleration table profile, the nine unknown parameters need to be determined. 

s 
t 
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Y·i.ni 1 1 t -[s] 
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Y ini •;::,, 

0 
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:iii = o 
0 

t -[s] 

to 

Figure 3.6: Table excitation profile with three different acceleration parts. A part with zero acceleration, a 
part with a negative acceleration and a part with a positive acceleration. 
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The following constraints needs to be specified to generate a suitable trajectory: 
1. the minimal displacement is set to 0 (m]; 

2. a fixed time step D.T for one period; 

3. the table stroke D.y is fixed; 

4. the start position and the end position are the same (the areas above zero and beneath zero of the 
velocity graph are equal); 

5. the start velocity and the end velocity are the same (the areas above zero and beneath zero of the 
acceleration graph are equal); 

6. the begin acceleration is zero y1 = 0 (m/s2]. 

Note that there are three more unknowns than constraints. Tuis means that some parameters can be cho
sen freely, for example to, 'ii2, y3. The other parameters t1, t2, t3, Yini and Yini (and formally also 'ii1) need 
to be determined in accordance to the constraints to generate the table trajectory. Using figure 3.6, the 
constraint equations can be derived, so the variables can be computed. These expressions are presented 
in appendix F. 

3.2.3 Motion dassification 

The three-part acceleration profile will be used to excite the table of the experimental setup. An analytical 
solution of the equations of motion can be obtained and is divided into different parts for different time 
intervals. Combining these parts results in a general solution for the movement of the object. The re
sponse of the object, which is caused by the moving table, can be divided into five different types or cases. 
The resulting type of motion of the object depends on the accelerations y2 and y3• The acceleration of the 
object is calculated by rewriting the equation of motion (3,1), which yields 

.. Ft .. 
X = -- -y 

m 
with FJ = µmgSign(:i:). (3.17) 

Note that in the remainder of this report the accelerations are rewritten such that the first constant accel
eration part 'ii1 = 0, the second (negative) acceleration part is defined as 'ii2 > 0 (see figure 3.6), and the 
third (positive) acceleration part y3 > 0. 

The object motion types can be divided into five cases: 

• Case 1: stick-slip motion with :i: ~ 0, which is desired in the movement phase; 

• Case 2: stick-slip motion with ::i; :S 0, which is undesired in the movement phase; 

• Case 3: general stick-slip motion, which is conditionally acceptable in the movement phase; 

• Case 4: slip-slip motion, which is conditionally acceptable in the movement phase; 

• Case 5: stick, so the object will not move, which is desired at the desired end point. 

In the case of stick-slip with :i: ~ 0, the object will move in the positive x-direction. The object will 
travel into the negative x-direction when the velocity ::i; :S 0. Tuis movement is undesired because the 
component will slide into the wrong direction instead of going to the desired end position. In the case of 
general stick-slip the object will slip in the negative acceleration part and partly in the positive acceleration 
part. The object will move in the desired direction when the net displacement per cycle is positive. In the 
slip-slip motion the mass will not stick to the table. Again, when the net displacement per cycle is positive, 
the mass wil move to the desired end point. Pure stick is only desired in the stopping phase. For each 
case, an analytical solution can be derived. The analytica! solution of case 1 is presented in appendix G, 
because this object motion is aimed at transporting the object to the high friction region. 

3.3 Stopping of the object 

After transportation of the object to the high friction region, it needs to stop at a certain point. The 
increasing friction force acting on the mass when entering the high friction region, is responsible for the 
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end position. Equation (3-4) presents the weight distribution of the Coulomb friction coefficient between 
the block and table in the transition region O ::; z ::; w (see figure 3.3). Consequently, the friction coefficient 
increases linearly in the transition region. The equation of motion (J.I) is used to determine if the block 
will stick at some point in the transition region. When it does not, the object will keep moving in the 
high friction region too. The mass will stick to the table in the transition zone as long as fj ;_ < µ,2g for 
i = 1, 2, 3, so the movement and stopping of the object is independent of its mass. To create a reasonable 
design space for the table motion profile, it is necessary that the friction coefficient in the high friction 
region is clearly higher, say minimal 2 times higher than in the low friction region (µ, 2 > 2µ,i). 

In the transition area :i;µ ::; x ::; .1:µ + w the object should stop, because the generated friction force 
should balance the acceleration force of the table. Permanently sticking of the block is possible under the 
condition 

with for i = 1, 2,3. (3.18) 

The minimal stick position of the component can be derived by using (3.4), which can be calculated by 

w max(fji) w µ,1 
:J:sU.ck,min = g(µ,

2 
_ µ,l) - / L

2 
_ /LI + Xµ (3.19) 

Simulations presented in [17) , shows that in some cases the block always accumulates to the stick position 
(in principle for t ➔ oo), which means that the object will move step by step to the unique end posi
tion (3-19). Sometimes accumulation occurs independent of the initia! position, and sometimes fora part 
of all initia! conditions. However, it is also possible that the object will stick permanently for .1: > Xstick,min 

to the table and no accumulation to (3-19) occurs. The behavior of accumulation toa specific end point can 
be studied analytically and can be presented in a mapping of .1:n onto Xn+ 1 . lt is assumed that the object 
enters the high friction zone into stick-slip in a case 1 motion, i.e. :i: 2:'. 0. For the situation that the mass is 
moving relative to the table, by using (3.19), the equation of motion in the transition region can be written 
as 

:i (3.20) 

with µ,(x) given by (3 .4). This equation can be transformed into 

(3.21) 

where a 1 = µ 2
--;,/

1 g, a3 = a2 - fj(t), and a 2 = ~~· (µ, 2 - µ,i)g - µ, 1g. A genera! analytic solution of 
this equation can easily be derived until a new stick position occurs. The derivation of the total analytic 
solution after entrance of the transition region is given in [17). 

To study possible accumulation of the object toa unique end position, the first stick and subsequent stick 
positions must be calculated. The first position at which the object will stick to the table when it enters the 
transition region is denoted by .1:n. The subsequent stick position Xn+i is derived by 

+ 

(3.22) 

The new point is set as new initia! point Xn and the next position Xn+ 1 is calculated. This will be repeated 
over and over again. Under certain circumstances (as long as Xn + i is smaller than Xstick when the object 
is in the transition region until it reaches the end position) a stable fixed point of the mapping is reached, 
which can be calculated by 

a2 + ii2 
."Cn = ."Cn+I = 

a1 
== :rstick ,min • (3.23) 

A mapping graph of all stick points Xn and Xn+ 1 in the transition area can be made and is used to deter
mine if accumulation of the object toa desired position occurs. 
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3.4 Numerical simulation results 

In the previous sections of this chapter, the theory has been described briefly. The presented equations 
have been implemented in a Matlab script, which was originally mainly written by Hunnekens [17] and 
adapted by the author. The original software generates dimensionless response quantities. To predict the 
behavior of the experimental setup, the script is rewritten and the response quantities are presented in SI 
units. 

Simulations are performed with a steel object. The parameters of the object are presented in table 2.5. 
In the next chapter, other object materials will be considered. Estimations of friction coefficients between 
two materials are presented in: 

• http://www.tribology-abc.com/subl5.htm 
• http://www.engineeringtoolbox.com/friction-coefficients-d_778.html 
• http://www.carbidedepot.com/formulas-frictioncoefficient.htm 
• http://www.engineershandbook.com/Tables/frictioncoefficients.htm 
• http://www.roymech.eo.uk/Useful_Tables/Tribology/co_of_frict.htm 

and have been used in the simulations. 

In a first simulation, a copper-lead surface to realize the low friction area and a steel surface for the 
high friction area are used. When a steel object is sliding over these surfaces, the friction coefficients 
are µ 1 = 0.22 and µ2 = 0.78 respectively. Furthermore, the stroke èly, the period time èlT and the 
accelerations ih and ih are necessary to define an acceleration profile. The accelerations 'ih and ih are 
both chosen in the range 1 - 7.5 (m/s2]. The stroke èly is set to 0.0025 (m] and the period time to 
èlT = 0.17 (s]. Using these parameter values, a case plot is made, which is presented in figure 3.7. 
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Figure 3.7: Motion classification with èly = 0.0025 (m] and èlT = 0.17 (s]. 

This figure shows that the type of motion of the object depends on the setting of the accelerations 'ih 
and 'ih- Infeasible trajectories are denoted by case 0, so no real trajectories can be generated. In a few 
situations, it is possible that the object will permanently stick to the table (case 5). These two situations 
occur when the accelerations are approximately ih < 2 (m/s2] and ih < 2 (m/s2]. At approximately ih < 2 
[m/s2] and ih > 2 (m/s2], the object will move in the wrong direction (case 2). Furthermore, a large range 
of accelerations results in a genera} stick-slip motion (case 3). Case 4 did not occur during this simulation. 
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A case 1 motion results in a fast movement of the block into the desired direction. To investigate possible 
accumulation to a unique end position for a stick-slip motion, the range of the negative acceleration part 
ih will be set to 3.0 - 7. 5 and y3 will be in the range of 1 - 2 [m/s2

). The accumulation graph is presented 
in figure 3.8. 
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Figure 3.8: Accumulation graph with fly= 0.0025 [m] and flT = 0.17 [s). 

This graph is used to select the accelerations y2 and y3 . Note that figure 3.8 shows only possible accu
mulation. Further investigation is necessary to determine accumulation. The end simulation time is set 
to te = 10 [s). For situations marked by a ' o ', it is possible that the object already has reached the stick 
position. However, due to small numerical errors the object still moves a little bit for t ➔ oo, which re
sults in no accumulation in the software. For (y2 , y3 ) = (6.5 , 1.5) [m/s2 }, the table motion is depicted in 

('.~ 
0 0.5 1 1.5 2 2.5 

!::~ 
0 0.5 1 1.5 2 2.5 

Time [s] 

Figure 3.9: Table trajectory with fly = 0.0025 [m] and flT = 0.17 [s) . 
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figure 3.9. The results of the simulation of the object motion are presented in figure 3-10, 3.11, and 3.12. 

x 10-3 Object motion ii2 = 6.5 [m/s2] and y3 = 1.5 [m/s2] 
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Figure 3.10: Table trajectory and position of the object with b,,.y = 0.0025 [m] and b,,.T = 0.17 [s] . 

Phase portrait y2 = 6.5 [m /s2], y3 = 1.5 [m/s2 ] 
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Figure 3.11: Phase portrait with b,,.y = 0.0025 [m] and óT = 0.17 [s). 

Stick-slip motion (± 2: 0) of the object is shown in figure 3.10. The object will stick when the table is 
moving in the positive direction. Subsequently, the object slips over the table, so the object is transported 
relative to the table. Figure 3-11 shows the phase portrait. After a few cycles, the mass enters the high 
friction region. The net movement in each cycle becomes smaller and smaller until the stick position is 
reached. The mapping of the subsequent stick-position are depicted in figure 3.12. Tuis mapping shows 
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X 10-3 Mapping of X n onto X n+I 
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Figure 3.12: Mapping of ::rn onto :En+i with 6.y = 0.0025 [m] and 6.T = 0.17. 

that for each initial condition, the object will accumulate toa unique end position in principle (fort --+ oo). 
In a parameter study, the stroke of the table 6.y and the period time t::.T are changed. A large stroke or 
a small period time results in a faster transportation of the component, which has been confirmed by 
Hunnekens (17]. However, the main drawback is that when the period time is decreased the accelerations 
increase. When the accelerations become too large, the object will not show stick-slip motion (case 1) 
anymore, which is undesired for the positioning of the object. Soa little tuning is possible between ih ih, 
stroke 6.y, and period time 6.T. 

The simulation can be used to predict the motion and behavior of a rectangular object (with constant 
height). There are limitations to the simulation accuracy. For example, the weight distribution of the 
friction coefficient will change when using another object shape (think of a circular object instead of a 
rectangular one) . Furthermore, the theory describes only positioning in one dimension (1D). During the 
real experiments, due to imperfections a square object can rotate around its center of gravity and can 
also move into transversal direction, which is undesirable. The used Coulomb friction model also has its 
limitations. 

3.5 Summary 

In this chapter, the theory of friction based positioning has been discussed. By using two different friction 
areas, it is possible to transport and position an object. First, the equation of motion has been derived, 
which can be solved using a time-stepping procedure. In the transition region, the object will enter the 
high friction zone. A weight distribution based friction coefficient between the object and the two friction 
areas has been derived. To prevent the object to tip over, a tipping condition is calculated and the selected 
object satisfies this condition. The object will be transported via stick-slip vibrations. A table trajectory 
has been derived to ensure this type of motion. In the next chapter, stick-slip motion (case 1) is desired, 
because this results in fast transportation and positioning of the object. Using the software, a case plot, an 
accumulation plot, a phase portrait, and a mapping of Xn to Xn+ i has been generated. In the simulations 
it is assumed that the object is rectangular and can only move in one direction. However, in the real 
experiment it is possible that the object rotates around its center of gravity or can move in transversal 
direction. Furthermore, Coulomb friction is assumed, which is a relatively simple friction model. 
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Chapter 4 

Experimental setup 

The concept design of the experimental setup is discussed in the first section. Subsequently, in section 4.2, 
the final design of the experimental setup is presented. All the mechanica! components, sensors, and the 
actuator are discussed. After assembling the final design, some measurements of the system are per
formed for the parameter identification of the system in section 4. 3. In section 4.4, these measurements 
are used to design a suitable controller. Fine tuning of the feedforward controller for the shaker-stable 
structure is discussed in section 4.5. This controller ensures that a predefined table trajectory is tracked. 

4.1 Concept design of the experimental setup 

In the simulations, a square object has been used. The theory describes only one-dimensional motion and 
a positioning. In the real experiment, the object can also move transversal and, or rotate around its center 
of gravity. In this case, a desired end line could be introduced, at which the center of gravity of the object 
will be positioned. So the positioning is assumed to be successful when the center of the squared object 
lies on the desired end line (see figure 4.1) . Another option would be to prevent the rotation and transversal 
displacement. To prevent the rotation around the object center of gravity, the manufacturing of the top 
surface of the table is important. The two friction zones of the table are generated by polishing these areas 
in the machining direction or longitudinal direction (see figure 4.2). Furthermore, it is possible to make 
a small groove in the top surface of the table. The main drawback of using a groove is that the object 
encounters additional friction, which is undesirable in the moving phase. Furthermore, it is possible 
that the object will get stuck during transportation. Later, a measurement system can be implemented to 
determine the positioning accuracy and the movement of the block. First, it is important to see stick-slip 
movement of the object in the low friction area and stick when the block enters the high friction area. This 
will be checked by visual inspection. 

Subsequently, a sketch is made of the experimental setup with all the different components. This sketch 
is depicted in figure 4.3. A shaker is used to realize the predefined table acceleration profile. The main 

(a) 

End line 
1 
i 
i -·,·-·· 
i 
i 

End line End line End line End line 

-$- -é- -~- -$-
(b) (c) (d) (e) 

Figure 4.1: Positioning of the object at the desired end line: (a) the object will move to the desired end 
line, (b) ideally, the object is positioned at the desired end line without rotating, (c) the object is rotated 
and placed at the end line, (d) the object is moved in transversal direction and (e) the object orientation 
and transversal position has been changed, however, the object is positioned at the desired end line. 
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Figure 4.2: The machining direction of the table (the arrow represents the machining direction). 

table of the sliding mechanism is connected to the shaker by a flexible connection, which is weak in radial 
direction and has a large stiffness in longitudinal direction (the black connection between the table and 
shaker). The main table is supported by a linear guide that ensures only a movement in longitudinal 
direction. The two shaded surfaces indicate the two different top surfaces of the main table , which will 
provide different friction forces. 

air bushing 

Figure 4.3: A sketch of the experimental setup. 

4.2 Experimental setup 

A relatively compact test setup has been designed, manufactured, and depicted in figure 4-4- The main 
table is made of aluminum, which results in a relatively light construction. The experimental setup is 
designed in such a way, that the two top surfaces of the main table can easily be changed. This setup 
can thus be used to investigate different table materials for friction based positioning. An electrodynamic 
shaker, which is controlled and driven by a notebook, TUeDACS microgiants, and a current amplifier, is 
used for the excitation of the table. A guidance ensures that the table can only move in one direction. 
Furthermore, sensors are added to control the shaker and to measure response data. Below, the specific 
components of the experimental setup wil! be discussed. More details and pictures about this test setup 
are presented in appendix H. 

4.2.1 Shaker 

An excitation force is applied to the main table by an electrodynamic shaker (LDS 403, naturally cooled), 
which is manufactured by Ling Dynamic Systems. In appendix H, two data sheets with the properties 
of the shaker are depicted. The fixed massive exciter housing of the shaker is a permanent magnet and 
contains a moving armature. Figure 4.5 depicts a cross sectional drawing of the electromechanical shaker. 
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1 shaker 
2 guide way of the table 

( 4 air bushings) 
3 main table 
4 flexible connection 
5 support of the setup 

1 4 2 3 5 

Figure 4.4: Experimental setup without top surfaces. 

The moving armature is connected to the housing by two leaf springs. The function of these springs is 
to guide the armature in longitudinal direction. The electrodynamic shaker is driven by a power ampli
fier of type TU/e 35 - 1276 with a maximum voltage input of 2.5 [V] and a maximum current output of 
10 [A]. The current mode power amplifier is selected, which means that the output current J(t) of the 
power amplifier is linearly related to the input voltage E(t) in the frequency domain. McConnell [26] has 
studied voltage mode and current mode power amplifiers. The generated force on the moving mass of 
the shaker is proportional to the output current of the amplifier. A notebook with a Linux Knoppix oper
ating system and Matlab/Simulink is used to control the experimental setup. The notebook generates a 
digital signal. which can not directly sent to the current amplifier. Two TUeDACS Microgiants are used 
as digital-to-analog converters (to provide an input signal to the current amplifier) and as analog-to-digital 
converters (for the measurement signals). 

Magnetic circuit 

Moving 
mass 

Figure 4.5: Schematic drawing of the shaker. 

Maximum shaker acceleration 

Two data sheets of the shaker (see appendix H) are studied to determine whether the shaker is suitable to 
generate a three-part acceleration trajectory. The maximum force of the neutrally cooled shaker is equal 
to 98 [N] at a current of 9 [A], the effective moving mass is approximately 0.2 [kg] and the maximum 
stroke is approximately ±4.4 [mm]. The simulation, which is presented in section 3-4, satisfies the shaker 
specifications. The maximum acceleration in the performed simulation is ih = 6.5 [m/s2]. For safety, the 
maximum allowable acceleration is set to iimax = 10 [m/s2] . By using Newton's second law, the mass of 
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the table can be determined. The maximum mass of the main table together with the two top surfaces 
becomes m tabl e = F shakerhimax = 98/ 10 = 9.8 [kg]. When these conditions are satisfied, the shaker is 
suitable for the excitation of the table. Note that the additional mass of the object is very small compared 
to the table mass of the experimental setup. 

Parameter identification shaker and amplifier 

The dynamica! behavior of the amplifier-shaker combination can be determined by measuring the fre
quency response function (FRF) of the system. The displacement of the armature is measured by a 
laser vibrometer (Polytec OFV 302), which is connected to a Polytec OFV 3000 amplifier. The accelera
tion is measured by an accelerometer of Brüel&Kj~r type 4367 serial number 805974 and is combined 
with a Brüel&Kj~r type 2626 conditioning amplifier (the properties of the accererometer are given in ap
pendix H) . A white noise voltage input signa! is used to determine the FRF of the voltage input and the 
dis placement output of the shaker, see appendix I. First, only the mechanica! part of the shaker will be con
sidered to estimate some parameters. lt is assumed that the shaker can be seen as a mass-spring-damper 
system with an effective moving shaker mass m, damping constant c, and stiffness k (see figure 4.6). 
U sing Newton's second law the equation of motion is 

my = - ky - ciJ + F ex with F ex = WE , (4.1) 

where m is the moving mass in [kg] , k is the stiffness in [N/m]. c is the damping constant in [Ns/m], W 
is the voltage to force factor of the shaker-amplifier system in [N/V] and Eis the input voltage [V]. Using 
Laplace transformation the following transfer function is derived 

y w 
H ( s) = - = ----,,----- . 

E m,s2 +es + k 
(4.2) 

Two frequency response functions (s = _jw, where wis the angular frequency in [rad/s]) for two different 
masses are measured to determine some parameters of the shaker. During the first measurement, no 
additional mass is coupled to the shaker (mex l = 0 [kg)) . Subsequently, an extra mass is connected to the 
shaker mass m, (m e,t2 = 0.1 [kg)). The sample frequency of the TUeDACS is set to 2000 [Hz]. The laser 
vibrometer is used to measure the output dis placement. The Bode diagrams of these measured frequency 
response functions are depicted in figure 4.7. The magnitude I f I can be expressed in decibels by 

~ = 20 log lO ( ;o) with H o = 1 [m/V], (4.3) 

where H o is the reference value. So the of0 [dB] corresponds to 1 [m/V], which is used for all FRF graphs. 

The angular eigenfrequency of a mass-spring-damper system can be calculated by 

✓ k Wn = 
rn + 1nex 

or f - _2_ ✓ k 
n - 21r n i + m ex · 

(4.4) 

The two unknown parameters in this equation are m and k. The two eigenfrequencies of two different 
measurements can be found in figure 4.7 and are equal to fn1 = 47.12 [Hz] and f n2 = 39.92 [Hz]. The 

k 

m mex 

t-----Y 

Figure 4.6: Mechanica! system (mass-spring-damper system) of the shaker. 
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Frequency response of the shaker 
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Figure 4.7: Frequency response function of the shaker with an additional mass m ex l = 0 [kg] and 
ffiex2 = 0.1 [kg]. 

parameters m and k are solved by 

(4.5) 

(4.6) 

The stiffness of the system is derived by 

k = (2rrfn1)
2 

(m + mexl). (4.7) 

The effective moving mass of the shaker is 

(2rr f n2)2 ffiex2 - (2rr f nd
2 

m exl 
m = 2 2 ' 

(2rrfn1) - (2rrfn2) 
(4.8) 

Subsequently, a half-power bandwidth method is used to estimate the damping constant of the shaker. 
The principle of this method is explained by Paz and Leigh [31]. The amplitude of the resonance peak is 
decreased by 3 [dB]. The crossings of a line on this height with the measured Bode diagram give the two 
frequencies w1 and w2, which are needed to estimate the damping ratio ç. 

Ç = ! W2 -W1. 

2 Wn 
(4.9) 

Note that the electronic damping is not taken into account. The relation between the damping ratio and 
the damping constant is 

with (4.10) 
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where Cc is the critical damping constant. This yields a damping constant 

C = 2ç ./[,;;,,. ( 4.11) 

The identified values for the mechanica! parameters of the shaker are presented in table 4-1. The relation 
between the statie input voltage E and the statie displacement y is used to determine the voltage to force 
factor W , see figure 4.8. The relation between the statie input voltage and the statie displacement is 
approximately linear. Using this graph, the variable Wis determined 

W = k t; = 22279.653 0.0~
614 

= 34.2 [N/V) . (4.12) 

Parameters Value 

171, 0.25419 [kg] 
k 22279.653 [N / m] 
C 6. 069 [Ns/m] 
ç 0.0403 [-] 

Table 4.1: Parameters of the shaker 

Sta tie displacement versus inp ut voltage 
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-2 -1 .5 -1 -0.5 0 0.5 1.5 2 

Stat ie input in [VI 

Figure 4.8: Experimental relation between the statie input voltage E in (VJ and the statie displacement y 
in[mm]. 

In the previous approach the electronic parts of the system are neglected. Another method to estimate 
shaker and amplifier parameters is used by Mallon et al. [24] and Michielsen [27) , which is presented in 
appendix J. 

A Bode diagram is made of the measured and the estimated FRF (mass-spring-damper (4.2)), which 
is depicted in figure 4.9. Comparing the measured FRF with the estimated FRF, small differences are 
found. The phase is shifted. This difference in phase can be explained, because the measured FRF shows 
a relatively large time delay, which is caused by the electronic components between the notebook and the 
shaker. This is not taken into account in the estimated transfer function. A time delay provides a phase 
lag as a linear function of the frequency while the amplitude of the system is the same. To obtain a better 
estimation of the system response, the time delay will be estimated and added to the transfer function 
derived in (4.2). 

In the case of a mass-spring-damper system, the phase will drop to - 1801°] after the resonance peak. The 
measured frequency response function of figure 4.7 shows that the phase drops further than - 180 1°]. 
A system with time delay in the frequency domain is given as e- 0s times the original transfer function 
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Bode Diagram 
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Figure 4.9: Measured FRF and estimated FRF (mass-spring-damper with mex = 0 [kg]). 

of the system, where 0 > 0. At 100 (Hz] , the phase is equal to -223.5 [0
] (found in the graph with 

mex = 0.00 [kg]), so the absolute phase difference becomes ó.0 = 43.5 (0
]. The corresponding time delay 

is equal to 
ó.0 43 5~ 

0 = - = · 360 = 0.00121 [s]. 
w 21rlOO 

(4.13) 

The transfer function of the mass-spring-damper system with time delay is given by 

H ( ) W -0s 34.2 - 0 .001 21s 
sys 

8 = ms2 + es + k · e = 0.25s2 + 6.1s + 22280 · e · (4.14) 

Figure 4 .10 shows the Bode diagram of the measured FRF and the estimated FRF based on (4.14). The 
estimated frequency response function is a suitable approximation. The same procedure will be done 
when the main table is connected to the shaker. Subsequently, a controller can be designed. Tuis is 
discussed in the sections 4.3 and 4-4-
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Figure 4.10: Bode diagram of the measured system and estimated system with time delay. 
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4.2.2 Guidance of the main table 

The guidance of the table is very important to realize a (nearly) perfect longitudinal movement of the 
table. Friction between the components can influence the experiments, for example when conventional 
bearings are used as a linear sliding system. To generate a smooth movement of the table it is important 
to eliminate friction as much as possible. Therefore, the longitudinal guidance of the table is realized 
by using air bearings. Air bearings are used in semiconductor wafer processing machines and other 
cleanroom, high speed, and precision positioning applications. The main advantages compared to other 
bearings are high repeatability because of very low friction (non-contact movement), less wear between 
the moving parts, possibility of high speeds, and high accuracy of the positioning. 

Different air bearing systems and linear sliding mechanisms are available [32]. The most typical configu
ration (widely used) to realize a longitudinal guidance is made with four metric air bushings, especially for 
small strokes. The shaker has a relative small stroke and to make the experimental setup more symmet
rie , four air bushings are applied as linear slide. Figure 4.3 shows a schematic sketch of the experimental 
setup with the air bushings. Detailed pictures of the longitudinal guidance are depicted in appendix H. A 
drawback of using four air bushings is that the system is slightly over-constrained. This will not eau se any 
problems because an air gap between the bushings and shafts align automatically, soa smooth movement 
of the table is ensured. Furthermore, the stroke of the shaker is relative small, which makes this principle 
well suitable as longitudinal guide. Extra components which are necessary to assemble the linear guide 
are: four end mounts, four mounting blocks, two stainless steel hollow shafts (to reduce weight), and air 
fittings. The experimental setup has four metric air bushings (New Way Air Bearings) with a diameter 
of 20 [mm] identification number - S302001 and four matching mounting blocks, which are depicted in 
figure 4.11. 

(a) Air bushings Metric (b) Mounting block 

Figure 4.11 : Different components to assemble an air bushing system. 

It is chosen to mount the mounting block with the air bushings to the fixed world, because in this situation 
less air hoses are moving during excitation. The four end mounts and the two stainless steel shafts are 
connected to the main table (see figure 4.4) . 

4.2.3 Table of the experimental setup 

The table of the experimental setup is divided into three parts: a main table, a low friction top surface, and 
a high friction top surface. Furthermore, a mounting mechanism needs to be found to mount the two top 
plates onto the main table. 

Main table 

The object needs to enter the high friction region in steady state motion. This can be realized by making 
the length of the low friction part of the table relatively large. The length of the table is chosen to be 0.3 [m]. 
The width is less important and is chosen to be 0.2 [m], to ensure that some extra guide can always be 
attached to the table. By making the main table from aluminum, a light weight and stiff construction can 
be made, which is suitable to support the top surface plates with a low friction region and a high friction 
region. The top plates need to be exchangeable, to make it possible to use other surface treatments and 
materials. This is realized by creating a vacuum between the main table and the top plates. Small grooves 
(see figure 4.4) are made in the main table. A vacuum pump is coupled to the main table , which generates 
a strong mounting of the top plates. 
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Top surfaces of the table 

In section 3-4, references to friction coefficient tables can be found, which are used for initia} estimation. 
To choose a suitable top table material, friction coefficients and different material combinations are stud
ied. Large spread in friction coefficients is caused by the fact that these are not only dependent on the 
material hut also the surface pressure, surface roughness (surface treatment or finishing), temperature, 
sliding velocity, the type of lubrication whether, and level of contamination. It is important that the ta
ble has a certain flatness, so the object is fully in contact with the table. However, a too high flatness 
is undesirable because then the component can permanently stick to the surface due to strong adhesion 
behavior. 

Friction coefficient tables are only given for combinations of familiar materials. Using these tables, two 
possible combinations for the main table and a steel object are found: 

• a copper-lead alloy surface for the low friction region and a steel surface for the high friction region; 
• a polythene (polyethylene) surface for the low friction region and a steel surface for the high friction 

region. 
The table shows that copper-lead plate against a steel object results in a µ 8 = 0.22, so the generated 
friction is relatively low. A polyethylene area against a steel area results in a µ 8 of0.2. A steel surface can 
be applied for the high friction area. The highest friction coefficient between a steel plate and a steel object 
is approximately µ 8 = 0. 78, which depends on the type of steel. 

In the case of steel versus steel, the friction coefficient is uncertain (broad range), soa small experiment 
is performed to estimate the value of this coefficient. A few methods to determine this coefficient are 
discussed by Van Beek (42]. The tilted plane method is used to determine the value of the statie friction 
coefficient (see appendix K). The principle ofthis experiment is to place an object of material "A" onto a 
flat plate of material "B", which is tilted slowly by increasing the tilt angle 0. If this angle is large enough 
the object will start to move. The angle, at which the mass begins to move, is measured (or calculated). 
Subsequently, the friction coefficient can be computed. The relation between the friction coefficient and 
the tilt angle is 

sin0 
µ = --

0 
= tan0. 

cos 
(4.15) 

The friction coefficient is experimentally estimated. The same experiment has been performed five times 
at a different time instant or day. During each experiment, the friction coefficient is experimentally esti
mated 10 times, which is denoted by n. To increase the measurement accuracy of the experiment, both 
contact surfaces are cleaned to reduce <lust particles and greasy substances as much as possible. The 
results fora steel object and a steel plate are depicted in figure 4 .12. 

Measuring the sta tie friction coeffi cient 
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Il 

Figure 4.12: Measured friction coefficients of each experiment. 
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The average friction coefficient is equal to µ 5 = 0.4902 (-), which is denoted by the black dashed line 
and a standard deviation of CJ = 0.0593 [-). The variance is the square of the standard deviation. A large 
spread is presented between the estimations of the friction coefficient µ 5 • Also large differences in friction 
coefficient is found by comparing the experimentally determined friction coefficient with the values from 
the tables. This can also be caused by effects such as differences in temperature and the humidity of the 
environment. This experiment shows that the friction coefficient between the steel object and the steel 
surface is just beneath the lowest values found in the tables. Before manufacturing the top surfaces (low 
and high friction regions) of the table, different materials and surface treatments will be studied. 

As is clear from the tables and the performed experiments, the real friction coefficient is hard to estimate 
because oflarge influence of surface roughness, surface pressure, temperature etcetera. Suitable materials 
for the top table surface can be found when for one acceleration profile the object sticks on a material and 
moves on another material. First, a bronze, steel, polyethylene, and aluminum plate are tried as top 
surfaces of the main table (see chapter 5). Also different materials for the object can be used. 

4.2.4 Flexible connection between the shaker and table 

A small misalignment between the shaker and table can damage the guidance system of the experimental 
setup. To correct the misalignment, a flexible connection is used, which is stiff in axial direction and weak 
in radial direction. Misalignment farces result in moments which must be canceled by the air bearings. 
A stiffened wire spring is chosen as flexible connection. More information about wire springs with stiff
ened middle part is found in [20). A schematic representation of the flexible connection is depicted in 
figure 4 .13. The length of the stiffened middle part is equal to ~ of the length between the two hinges, 
which is denoted by L. Both thin parts of the wire spring have a length of ¼ L, so the poles of the flexible 
connection are in the middle of each thin part. 

i• 1• •1• ► I 

~.______L -7' 
(a) Schematic stiffened wire spring (b) Picture stiffened wire spring 

Figure 4.13: Stiffened wire spring (where dis the diameter of the wire) . 

The derivation of the axial stiffness Cx, radial stiffness Crad , shear stress T , and the buckling force Fb of a 
stiffened wire spring is presented in [20]. The properties of spring steel used for the stiffened wire spring 
are presented in table 4.2. In appendix L, the equations and calculations of the parameters Cx, Crad,T, 

and Fb are presented. The conclusion of these derivations is that a spring steel stiffened wire spring and 
geometrical properties (presented in table 4.2) can be used to connect the main table to the shaker. 

Parameter 

Young's modulus of spring steel 
Yield strength of spring steel (approximated) 
Length between the poles of the wire spring L 
Diameter thin part of the wire spring d 
Misalignment of the shaker and table z (approximated) 
Maxima! axial force Fa,c 
Maximum moment on the air bearing !ll[rad 

Value 

210 · 109 

1.1 . 109 

0.03 
0.0015 
0.0005 

98 
1.1 

Table 4.2: Properties of the flexible connection. 
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4.2.5 Measurement systems (sensors) 

The table needs to follow a predefined trajectory. To control the motion of the table, the acceleration, ve
locity, and the position of the table will be measured. Especially the acceleration is important because the 
principle of this positioning method is based on a three-part acceleration profile, which is described in sec
tion 3.2.2. An accelerometer ofBrüel&Kjéer type 4367 serial number 805974 combined with a Brüel&Kjéer 
type 2626 conditioning amplifier is attached to the table of the experimental setup. The position and the 
velocity of the table can be measured using a Polytec OFV 302 laser vibrometer type, which is connected 
to a Polytec O FV 3000 amplifier. These sensors are only necessary to con trol the shaker mass motion. The 
object still will be positioned without controller. 

In this work, the movement and positioning of the object is visually observed for proof of principle of this 
open-loop positioning method. If the motion is not clearly visible, a color scheme with a high contrast 
between the table and object can be applied. For accurate determination of the motion and the position 
accuracy of the object, a measurement system can be used later. For example a vision system or another 
laser vibrometer. 

The overall block diagram of the measurement system for the experimental setup is depicted in figure 4 .14. 
A notebook with a Linux Knoppix operating system running Matlab/Simulink is used to generate the 
input signal and realize data-acquisition. Two TUeDACS microgiants are implemented to communicate 
between the experimental setup and the notebook. The sampling frequency during the experiments is set 
to 2000 (Hz]. 

Notebook 1+---1 TUeDACS ,__ ___ Amplifier Shaker 

Sensors 1+-----------1 Table structure 

Figure 4.14: Overview of signal generation and data-acquisition of the total experimental setup. 

4.3 Parameter identification of the experimental setup 

Before designing a controller for the shaker to track a predefined table acceleration profile, parameter 
identification of the system is performed. The same approach as described in section 4.2.r is used to 
determine the effective moving mass mt (where mt = mshaker + mconnection + mmaintable +mex), stiffness 
k, and the damping constant c. It is assumed that the flexible connection between the shaker and table is 
infinitely stiff and the mass of the table (without top surfaces) is approximately mtable = 3.26 [kg]. The 
mass of the two top surfaces will become the additional mass m ex of the experimental setup. Table 4.3 
presents the additional mass for the different top surfaces. Note that the mass is for one top surface, which 
has the same size as the main table. 

Subsequently, frequency response functions with different table top surface combinations are estimated 
by using a white noise as amplifier input voltage and measuring the displacement of the table as output 
signal. The results are presented in figure 4.15. This figure shows that also the shaker (rigidly) connected 
to the table can be seen as a single DOF mass-spring-damper system with a time delay. When the mass of 
the top surface increases, the overall mass of the system increases, which results in a lower eigenfrequency 
fn = 1/(21r)y'kfin;,, where mt is the total moving mass of the setup. 

The effective moving mass, stiffness, and the damping constant can be calculated by using (4.7)-(4.rr). 
For the parameter identification a bronze top surface mexl = 1.68 [kg] and a polyethylene top surface 
mex2 = 0.191 [kg] are considered (see table 4.3). The corresponding eigenfrequencies fora bronze and a 
polyethylene top plate are f nI = 10.2539 (Hz] and f n2 = 12.085 (Hz] respectively. Using these frequencies, 
the effective moving mass is estimated to be m = 3.64 [kg], the stiffness k = 22068 [N/m], and the 
damping constant c = 25. 79 [Ns/m]. Note that the mass indeed is higher than the mass of the main table. 
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Figure 4.15: Frequency response function of the experimental setup for different top surfaces (0 [dB] 
corresponds to 1 [m/V]). 

Ata very low frequency the magnitude is= - 56.12 [dB). The voltage to force factor then becomes 

W = ki~ 1 = 22068 · 10- 56
·
12120 = 34.5 [N/V). (4.16) 

Fora single DOF mass-spring-damper system the phase after the resonance peak becomes -180 (0
]. As 

mentioned earlier, the system has a relatively large phase lag due to time delay. Using the Bode diagram 
in figure 4-15 , the time delay of the system can be estimated. By the same reasoning as in section 4.2.r , 
the time delay is approximately 0 = 0.00127 [s] (at 70 [Hz] the phase is -212.2 [0

] , which yields in phase 
difference of 6..0 = 32.2 [0

]). At this value the coherence of the measured signal is approximately 1. The 
estimated time delay 0 is reasonably reliable. The corresponding transfer function of the experimental 
setup with a bronze top table becomes 

H(s) _ W . e - 0s = 34.5 . e - 0. 00127s
1 - mts2 + es+ k (3.64 + 1.68)s2 + 25.79s + 22068 

(4.17) 

where mt is the total moving mass of the system. The measured and the estimated Bode diagram are 
depicted in figure 4 .16. The estimated transfer function is almost the same as the measured FRF of the 
experimental setup and will be used to design a suitable controller to track the predefined table motion 
profile. Fora relatively low bandwidth controller and fora low excitation frequency f < 20 [Hz), the time 
delay in the system is not very important. 
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Parameter Value 

ffitable = 3.26 [kg] 
ffibronz e = 1.68 [kg] 
ffist eel = 0.681 [kg] 
ffipoly ethylene = 0.191 [kg] 
ffialumi n um = 0.316 [kg] 

Table 4.3: The rnass of the main table and different top surfaces. 
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Figure 4.16: Bode diagram of the measured system and the estimated system with time delay. 

4.4 Tracking of a predefined reference signal 

As may be clear from chapter 3, the accelerations of the table are very important in the self-alignment pro
cess. To control a predefined table trajectory, a feedback controller is applied to the shaker. The open-loop 
shaker-table combination is stable. Acceleration and position feedback control is studied and a controller 
will be designed for the experimental setup. Subsequently, a simulation with Matlab/Simulink is per
formed to study the behavior of the overall system. Feedforward is added to the control scheme to get a 
better tracking performance. The control scheme is presented in appendix M. 

4.4.1 Acceleration or position feedback control 

In the case of acceleration feedback control, the table acceleration profile is used as reference signal and by 
position feedback control, the table position is used as reference signal. The theory presented in chapter 3 
is based on an acceleration trajectory as input signal. As shown in the results of the numerical simulation 
(see section 3.4) , the process starts with an initia} position Yini and an initia} velocity Yini · Note that during 
the real experiment the table can not have a non-zero initia} velocity. By shifting the generated trajectory 
over time, the initia} velocity can be set to zero. The main problem of using acceleration feedback control 
is that the average acceleration is not exactly equal to zero. By integrating the acceleration profile twice 
to calculate the position, the latter will show drift, which means that the start position of one cycle is not 
the same as the end position (see figure 4.17). This can be solved by a simple filter. However, also the 
applied accelerometer is not very accurate in the low frequency range, which makes it difficult to apply 
acceleration feedback control. The same settings (negative acceleration y2 , positive acceleration 'fi3, stroke 
ó.y, and period time ó.T) are used for the simulation with the position as reference signal (the position 
is differentiated twice). When using the position as reference signal no drift occurs (see figure 4 .18). 
Obviously, drifting of the table position is undesired, so position feedback control is used to control the 
shaker-table structure. In the next subsection, a suitable controller will be designed for the system. 
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4.4.2 Controller design 

The estimated transfer function between the table position and the amplifier input voltage for the table 
with a bronze top surface is given in (4.17). The FRF is used to design a suitable controller for the table. 
The bandwidth of the controller is set to approximately 20 [Hz], because this is sufficiently high to amplify 
low frequencies and to simultaneously suppress high frequency disturbances. A notch filter at the eigen
frequency off n = 10.2539 [Hz] is applied to eliminate the resonance peak. The transfer function of the 
notch filter is 

Cnotch 
Tf S2 + 2/31T1 S + 1 1 
rJs2 + 2/3272S + 1 with T1 = T2 = 21rfn 

( 21r10\539 ) 
2 82 + 2 · O.o35 · ( 21r10\539 ) 8 + 1 

with 
(21r10\539)2 82 + 2 · o.9oo · (21r10\539) 8 + 1 

Cnotch = 

and /31 < /32 :S: 1, 

/31 = 0.035 
/32 = 0.900 . 

(4.18) 

(4.19) 

A gain of Kp = 3025 is applied to generate a bandwidth of approximately 20 [Hz], so the transfer function 
of the controller becomes 

C - K . C - 3025. (2,r10\539)2 s2 + 2. 0.035. L1r10\539) s + 1 
total - p notch - ( 1 ) 2 ( 1 ) 

2,rl0.2539 82 + 2 . O.9OO. 2,rl0.2539 S + l 
(4.20) 

A Bode diagram and Nyquist diagram of the open-loop and position feedback controlled system are de
picted in figure 4.19. 

Bode Diagram Nyquist Diagram 

0 3 
ai' 
~ 
Cl) 
'O -50 2 
2 
ë: 
Cl "' ~ - 100 -- System ~ 

r!' / -
I 

\ 

"' C: 0 r · + 
ë» 180 "' 

135 § 

ê, 90 -1 
Cl) 45 ~ 
Cl) 0 -2 
1/) 
(U - 45 
.c 
a. - 90 

- 135 -3 
- 180 

10-1 100 10' 10' 10' -2 -1 0 1 2 3 4 5 

Frequency (Hz) RealAxis 

(a) Bode diagram (b) Nyquist diagram 

Figure 4.19: Bode diagram (system and controlled system) and Nyquist diagram (controlled system). 

The Bode diagram shows that the bandwidth of the controlled system indeed is approximately 20 [Hz]. 
Figure 4.19 is used to determine the different margins. The phase margin of the controlled system be
comes P M = 40. 7 [0

] (-139.3[0
]- ( -180 [0

])) at O [dB] crossing near 20 [Hz], which is in the desired range 
of3O [0

] < PM < 60 [0
] and a gain margin ofGM = 13.6 [dB) at -180 [0

] is received, which satisfies 
CM > 6 [dB]. Using the Nyquist diagram the modules margin MM can be determined. The modulus 
margin needs to be larger than 0.5 (M M > 0.5). As long as the green line is not within the dashed circle 
(circle around -1 with a radius of 0.5), the modulus margin is satisfied. The controlled system is just 
outside this circle. The applied controller fulfils all margins, so a robust controller is designed. Note that 
the controller is used for the experimental setup with a bronze top surface. When another material is used 
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as top table surface, the resonance peak will shift to a lower or higher frequency (in most cases the mass 
will decrease, which results in a higher eigenfrequency). By changing the frequency of the notch filter 
again a stable feedback controller can be made. 

4.4.3 Simulation results of the applied controller 

Matlab/Simulink is used to simulate the response of the controlled system and to see if the controller 
will track the reference signa! accurately enough. The same controller is used as in subsection 4-4-2, 
which means that a bronze top surface is mounted onto the main table of the experimental setup. The 
target acceleration profile is the same as described in section 3.4 (ih = 6.5 [m/s2], ih = 1.5 [m/s2 ], 

D. y = 0.0025 [m]. and D.T = 0.17 [s]) . The results ofthis simulation are shown in figure 4.20 (green line). 
A relatively large tracking error between the reference signa! and the output signa! is observed. This is 
mainly caused by the discontinuous steps resulting in the acceleration profile resulting in large overshoots 
of the accelerations. 
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Figure 4.20: Simulation results of feedback controlled system and a feedback controlled system with 
feedforward (ih = 6.5 [m/s2], ih = 1.5 [m/s2], D. y = 0.0025 [m], and D.T = 0.17 [s]). 

To reduce the tracking error, a feedforward controller is implemented. After tuning the gains for the 
feedforward , again a simulation is performed and the results are depicted in figure 4 .20 (red dashed line). 
This additional feedforward controller clearly improves the tracking of the reference signa!. The overshoot 
of the acceleration and the tracking error are decreased significantly. The value of the TUeDACS output 
voltage may not exceed 2 volt (for safety), because otherwise the fuse of 8 [A] between the amplifier and 
shaker will melt. The graph shows that the simulated voltage is low enough and therefore no problems 
are expected during the real experiment. Note that here the parameters for the feedforward are used as 
an estimation for the real experiment. Before starting the experiments, the feedforward again needs to 
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be tuned. After tuning the experimental setup, the experiments can be performed. Remark that in the 
controller design the mass of the positioned object is neglected because it is very small compared to the 
mass of the shaker-table structure. 

4.5 Fine tuning of the feedforward controller 

The simulation results of the controlled table motion show an overshoot of the table accelerations. By 
tuning of the feedforward controller the overshoot can be reduced. A first estimation of the feedforward 
control parameters are obtained from simulations, see subsection 4-4-3. Subsequently, in the experiment 
the feedforward is fine tuned to realize a suitable tracking performance of the system, with a small tracking 
error and less overshoot of the acceleration profile. 

The fine tuning procedure to track the position and acceleration profile consists ofthree subsequent steps: 
r. change the value of the mass; 
2 . optimize the value of the stiffness; 
3. tune the damping term. 

The tuning procedure is a trade-offbetween the tracking error and the overshoot of the accelerations. The 
mass is a very important parameter for the feedforward control. Tuis parameter will be increased until the 
tracking error and the overshoot of the accelerations are decreased. In the same way the stiffness and the 
damping is tuned. 

The table response after fine tuning of the feedforward controller using a bronze top surface is presented 
in figure 4.21 , which shows a large improvement compared to the situation before fine tuning (not shown) . 
However, overshoots of the acceleration are still measured, which are caused by the discontinuous steps 
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in the acceleration profile (resulting in a second-order polynomial position trajectory). This phenomenon 
may cause problems during the experiments. When the peak acceleration is too high, the object will not 
permanently stick to the table (ih > µ2g). To realize stick in the high friction area, the overshoot of the 
acceleration may not exceed µ 2g, because otherwise no self-alignment of the object occurs. In the low 
friction region, a stick-slip motion in positive direction x 2". 0 (case 1 motion) is preferred according to the 
theory, because it results in a fast transportation of the object. In this situation, the object sticks to the table 
when the table is moving in positive x-direction and slips for a part of the time when the table is moving 
in the opposite direction. The experiment shows overshoots of positive and negative table accelerations, 
so the object will move in the desired direction when the positive acceleration ih will not exceed µ 1 g and 
the negative acceleration ih is higher than 11 1g. The performed simulations show a too large overshoot for 
jh, so during the experiments, the negative acceleration part ih will be decreased. As long as ih < 112g the 
object will stick to the table in the high friction area. However, lowering y2 results in a slow transportation 
of the mass. 

For a predictable friction based self-alignment method, the overshoot of the acceleration needs to be as 
low as possible. A third-order polynomial position trajectory (resulting from a continuous acceleration 
profile) as input signa! for the experimental setup would ensure a better tracking performance with less 
overshoot, because the acceleration increases and decreases gradually. In future research, a third-order 
position profile may be be applied for the table. 

4.6 Summary 

In this chapter, the experimental setup has been designed. The system consist of a shaker, a shaker 
amplifier, a guidance for the table, the table (main table with two top surfaces), a flexible connection 
between the shaker and table, and a support structure for the experimental setup. The shaker can be 
divided into an electronic part and a mechanica! part. A notebook is used to generate the amplifier input 
voltage and for data-acquisition. Two TUeDACS microgiants are connected to the notebook to collect 
the measurement data and to drive the shaker. The position and velocity of the table are measured with 
a laser vibrometer and the acceleration with an accelerometer. All components have been discussed in 
this chapter. Some experiments have been performed to estimate the friction coefficients between the 
object and table surfaces. The friction coefficient shows a large spread because it not only depends on the 
materials, but also on the surface pressure, surface roughness, temperature, humidity, sliding velocity, the 
type oflubrication or the level of contamination. 

A frequency response function has been estimated experimentally (input: amplifier voltage, output: table 
displacement). Unknown system parameters have been estimated. The shaker-table structure is approx
imated by a single DOF mass-spring-damper model with an additional time delay. The FRF shows a 
relatively large time delay of approximately 0 = 0.00127 [s]. By implementing the time delay a good ap
proximation of the measured FRF of the system is obtained. Subsequently, a controller is designed for 
the shaker-table structure using the estimated model. Position feedback control has been chosen to avoid 
drift. The performance of the feedback controller is insufficient for accurate tracking of the position pro
file. This is improved by implementing feedforward control. The identified parameters, i.e. the mass mt, 
stiffness k, damping constant c, and the voltage to force factor W are implemented in the feedforward 
controller. A simulation has been performed to estimate the tuning of the feedforward controller. After 
tuning, the tracking performance is increased and the tracking error is decreased significantly. Finally, the 
feedforward controller for the experimental setup has been fine tuned. 
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Chapter 5 

Experimental results 

In the previous chapters, the theory of friction based self-alignment and the setup designed for experi
mental validation of this theory have been discussed. Section 5.1 discusses the influences and choices 
of the top layer materials of the table on the resulting steady-state motion of the object. Moreover, the 
proof of principle regarding friction based self-alignment is studied. A qualitative comparison between 
the experimental results and the numerical results will be discussed in section 5.2. The limitations of the 
performed experiments and the differences between the simulation and the experiments are presented. 

5.1 Experimental results 

The experimental setup is used to determine experimentally suitable top surface materials for the main 
table and to show the proof of principle of friction based self-alignment. In subsection 5-1.1, different 
materials are used as top surfaces mounted to the main table. A predefined position profile is generated 
by the software and applied to the experimental setup. Depending on the top surface materials, the object 
may come into stick-slip motion, slip-slip motion or stick permanently. In subsection 5.1.2, the proof of 
principle regarding friction based self-alignment is discussed. 

5.1.1 lnfluence of and choice of the top surface materials 

The friction coefficients between two materials are (for common combinations) available in tables. How
ever, due to a large spread in value, these tables can only be used as a rough guideline for the material 
selection of the low and high friction region. For specific material combinations the friction coefficient is 
usually unknown. Here, different materials are used for the top surface using predefined table position 
profiles. Top surface materials that are used are 

• bronze; 
• steel (stainless); 
• polyethylene; 
• aluminum; 
• polished steel; 
• anodized aluminum. 

Experiments are performed for different positioning profiles. However, due to the used equipment vari
ations in the table stroke and the table excitation frequency are limited. The parameter values of the 
generated table trajectories are presented in table 5.1. Also the material and dimension of the object are 
varied. The used object materials are steel, aluminum (hard), aluminum (mild), and anodized aluminum. 
The mass of the steel object is approximately 0.0015 [kg] and the masses of the aluminum objects are 
approximately 0.0004 [kg]. The aluminum objects have a length l and width w of l = w = 0.01 [m] 
and a thickness of 0.0015 [m] and the steel object has a length and width of 0.01 [m] and a thickness of 
0.002 [m]. The friction force is increased by adding an extra mass of 0.004 [kg] (10 times higher mass 
than aluminum object) to the object (extra mass has equal length and width as original object), in order to 
make the movement of the object less dependent on surf ace errors. 
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Excitation Negative Positive Stroke Period 
profile acceleration f12 acceleration y3 D. y !:iT 

[m/s2
] [m/s2 ] [ml [s] 

1 4,00 1, 00 0.0025 0. 17 
2 4, 10 1, 00 0.0025 0.17 
3 4, 20 1, 00 0.0025 0.17 
4 4,30 1, 00 0.0025 0.17 
5 4, 40 1, 00 0.0025 0.17 
6 4, 50 1, 00 0.0025 0.17 

7 4, 00 1, 00 0.0020 0.15 
8 4, 10 1, 00 0.0020 0.15 
9 4, 20 1,00 0.0020 0.15 
10 4,30 1, 00 0.0020 0. 15 
11 4, 40 1, 00 0.0020 0.15 
12 4,50 1, 00 0.0020 0.15 

13 3,50 1, 00 0.0025 0.17 
14 3, 60 1, 00 0.0025 0.17 
15 3, 70 1, 00 0.0025 0.17 
16 3,80 1, 00 0.0025 0.17 
17 3,90 1, 00 0.0025 0. 17 

Table 5.1 : Table trajectory profiles. 

Excitation Material Bronze Stainless Polyethylene Aluminum Polished Anodized 
profile object steel steel aluminum 

l l + ++ ++ ±/+ ++ ++ 
2 ± ±/+ + + + ++ 
3 ± + ++ + 
4 ++ ++ ++ ++ ++ ++ 

2 + ++ ++ + ++ ++ 
2 ++ + + + + ++ 
3 + ±/+ + ++ ±/ + + 
4 ++ ++ ++ ++ ++ ++ 

3 1 ++ ++ ++ + ++ ++ 
2 + ± + + + ++ 
3 ++ ± + ++ ± ++ 
4 ++ ++ ++ ++ ++ ++ 

4 1 ++ ++ ++ + ++ ++ 
2 ++ + + ++ + ++ 
3 + ±/+ + ++ ±/+ + 
4 ++ ++ ++ ++ ++ ++ 

5 1 ++ ++ ++ ++ ++ ++ 
2 + + + + + ++ 
3 + ± ++ + ± ++ 
4 ++ ++ ++ ++ ++ ++ 

6 1 ++ ++ ++ ++ ++ ++ 
2 ++ + ++ + + ++ 
3 + + ++ + + ++ 
4 ++ ++ ++ ++ ++ ++ 

Table 5.2: Results of the experiment w ith object material 1 steel, 2 aluminum hard, 3 aluminum mild 
and 4 anodized aluminum . Identification m ovement: ++ fast transportation (case 1, 3 or 4) , + 
transport, ±/ + stick or transport occurs depending on the object location, ± stick or transp ort occurs 
on identical location, - stick. 
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Excitation Material Bronze Stainless Polyethylene Aluminum Polished Anodized 
profile object steel steel aluminum 

7 1 ++ + ++ ±/+ ++ ++ 
2 + + + + ± ++ 
3 + ± + ± ± + 
4 ++ ++ ++ ++ ++ ++ 

8 1 ++ + ++ ± ++ ++ 
2 + + + ±/+ + + 
3 ± ± + ± ± + 
4 ++ ++ ++ ++ ++ ++ 

9 1 + + + + ++ ++ 
2 ± + + + + + 
3 ± + + + 
4 ++ ++ ++ ++ ++ ++ 

10 1 + ++ ++ ++ ++ 
2 + + ++ + + ++ 
3 + ± ++ ± ± + 
4 ++ ++ ++ ++ ++ ++ 

11 1 + + ++ + ++ ++ 
2 + ± ++ + + ++ 
3 + ± ++ ± ± + 
4 ++ ++ ++ ++ ++ ++ 

12 1 + ++ ++ + ++ ++ 
2 + + ++ + + ++ 
3 + ±/+ ++ ± ± + 
4 ++ ++ ++ ++ ++ ++ 

13 1 ± + + + + ++ 
2 + + ± + ++ 
3 ± + ± ± + 
4 ++ ++ ++ ++ ++ ++ 

14 1 ± + + + ++ 
2 + + + ± + + 
3 ± + + 
4 ++ ++ ++ ++ ++ ++ 

15 1 + + ++ + ++ 
2 ± + + ± ± / + ++ 
3 ± + + + 
4 ++ ++ ++ ++ ++ ++ 

16 1 ± / + + ++ ± ++ ++ 
2 + + + + ++ + 
3 ± ± ±/+ + + 
4 ++ ++ ++ ++ ++ ++ 

17 1 ±/+ + ++ ±/+ ++ ++ 
2 ± ± + + + ++ 
3 + ± + + + + 
4 ++ ++ ++ ++ ++ ++ 

Table 5.3: Results of the experiment with object material 1 steel, 2 aluminum hard, 3 aluminum mild 
and 4 anodized aluminum. Identification movement: ++ fast transportation (case 1, 3 or 4) , + 
transport,±/+ stick or transport occurs depending on the object location, ± stick or transport occurs 
on identical location, - stick. 

Before performing experiments, the table top surfaces and the object surfaces are cleaned. Dust particles 
or grease may have a large influence on the results. Note that the movement or stick of the object is 
only visually observed, so the motion of the object is not measured. For the first six excitation profiles 
the negative acceleration is increased, while the positive acceleration, stroke, and period time are fixed. 
Subsequently, in excitation profiles 7 - 12, the stroke is decreased and the period time is decreased as 
well. Finally, in excitation profiles 13 - 17, the same settings are used as for the first six experiments, 
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but the negative acceleration is decreased. The results of the experiments are presented in tables 5.2 and 
5.3. It is very difficult to realize permanent stick of the object (only a few - signs in the tables). In some 
cases, the object will stick at a specific location of the table and it gets into stick-slip motion at another 
location, which is indicated with ±/+. The classification ± is given in case the object sticks or gets into 
(stick-slip) motion, when it is positioned at the same location. A + indicates transport and + + indicates 
fast transportation (case 1, 3 or 4) which is desired in the low friction area. For relatively low jh, the object 
will stick at one surface and move on another surface. An anodized aluminum plate will be used for the 
low friction area and a stainless steel or aluminum plate is used for the high friction area, see excitation 
profiles 13 - 15. A smooth transition between these two surfaces is necessary, so that the object will not be 
obstructed due to burrs or unequal heights. Moreover, a gap between the surfaces should be avoided, so 
that the motion of the object will not be influenced by the vacuum pump. In addition the experiments of 
tables 5.2 and 5.3, new tests with larger steel and aluminum objects (l x w x h = 0.02 x 0.02 x 0.005 (m], 
msteel = 0.015 [kg] and rnaluminum = 0.005 [kg]) are performed and show that permanent stick of the 
object still occurs. These experiments are performed only once and the object rotates a little bit around its 
center of gravity. 

5.1.2 Proof of principle of friction based positioning 

A new object is used consisting of a steel object attached on top of a aluminum object (l x w x h 
0.02 x 0.02 x 0.01 (ml). The aluminum surface is in contact with the two top surfaces of the table. This 
object with increased mass and friction force shows straight motion in longitudinal direction. Again, 
anodized aluminum for the low friction area and stainless steel for the high friction area are used and are 
assembled to the main table by a vacuum pump. These surfaces are subsequently cleaned with acetone. 
Before performing the experiments, the gain and the notch filter of the feedback controller are adapted, 
because the mass of the two top surfaces is changed. A new FRF is estimated and the eigenfrequency is 
implemented in the notch filter. Subsequently, the gain is attached to get approximately a bandwidth of 
20 (Hz]. Finally, the feedforward controller is fine tuned. The best transportation and positioning of the 
object is obtained using an acceleration profile with parameter values presented in table 5+ Despite the 
relatively large overshoot of y2 the acceleration is still low enough to stick in the high friction area. Some 
pictures during the transportation and positioning of the object are presented in figure 5.1. By using the 
generated images of the experiment, the end position of the object is obtained. The object sticks to the 
table at approximately :r: = 0.21 [m] (approximately halfway the object width has entered the high friction 
region), so the proof of principle of friction based positioning is confirmed. The type of object motion 
is case 1, 3 or 4. Further research is necessary to determine the object motion. The maximum negative 
acceleration y2 is approximately 3.00 [m/s2 ] (see figure 5.2). The end position of the object depends on 
the negative acceleration y2 , so this value is used in the simulation model. Obviously, the theoretica! table 
acceleration profile is not exactly the same as the experimental acceleration profile. 

Parameter 

Zero acceleration part y1 

Negative acceleration part Y2 
Positive acceleration part y3 
Stroke of the shaker 6.y 
Period time 6.T 

Value 

0.00 
2.30 
1.00 

0.0025 
0.17 

[m/s2
] 

[m/s2
] 

[m/s2
] 

[m] 
[s] 

Table 5.4: Parameter values for best table acceleration profile. 

The two friction coefficients between the object and the two table surfaces are determined to be able to 
compare the experimental results with simulations. By using the tilted plane method (see section 4-2-3), 
these values are estimated experimentally because no information is found in literature. An average value 
of each friction coefficient is calculated and these values are used in the simulation model. Figure 5. 3 
shows the results of the performed friction coefficient experiments. The same experiment is performed 
5 times at a different time instant or day. During the experiment, the friction coefficient is estimated 
n times (n = 10). The average friction coefficient is denoted by the black dashed line and is equal to 
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2 

3 4 

Figure 5.1: Images of the proof of principle: 1 the object is placed onto the low friction surface, 2 the 
object is moving over the top surface, 3 the object is almost at the edge of the the high friction area and 4 
the object is positioned (approximately halfway its width, i.e. 0.01 [m] has entered the high friction area). 
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Figure 5.2: Tracking performance of the experimental setup (for the proof of principle). 
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Figure 5.3: Friction coefficients between the object (aluminum) and the top surfaces (anodized aluminum 
and stainless steel). 

p.1 = 0.22424 [-] with a standard deviation of a 1 = 0.02 [-] (low friction area) and µ 2 = 0.40408 [-] with a 
standard deviation of a 2 = 0.043 [-] (high friction area). 

The theoretica! object motion is depicted in figure 5.4 using the earlier described acceleration profile. 
When the object enters the high friction area (at x,, = 0.2 [ml), the (maximum) velocity wil! decrease 
and after approximately 10 seconds seconds the object permanently sticks to the table. Figure 5.5 depicts 
the corresponding phase portrait, which shows accumulation to a unique end position. This can also be 
concluded from the mapping according to (3 .22), which is shown in figure 5.6 . In the experiment the 
stick position of the object is approximately 0.21 [m] relative to the edge of the table and in the simulation 

Object motion 
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Figure 5.4: Simulation results of the object motion with a stroke of 6.y = 0.0025 [m] and a period time of 
6.T = 0.17 [s]. 
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Figure 5.5: Phase portrait of the simulation with a stroke of 6-y 
6-T = 0.17 [s]. 
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Figure 5.6: The mapping of Xn onto Xn+ l of the simulation with a stroke of 6-y = 0.0025 (m] and a period 
time of 6-T = 0.17 [s]. 

model this occurs at 0.20907 [m]. Using Xµ, = 0.2 [m], the simulation model can be used to estimate the 
stick position of the object. For a straight transportation of the object, the end position is approximately 
the same. However, the measurement method is not very accurate. Further research is necessary to 
investigate the positioning accuracy. To estimate the positioning time, a relative start position (larger 
than in the real experiments) is implemented in the simulation model. Subsequently, the experimental 
transportation time from the same relative start position is approximately measured. The transportation 
time and positioning time of the object in the experiments is a little bit shorter than the simulation shows. 
This may be caused by the difference in statie and kinematic friction coefficient during the test. In the 
simulation model, the presence of a lower kinetic friction coefficient this decrease in friction coefficient 
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is neglected, which results in a larger positioning time. Furthermore, as stated before, the experimental 
acceleration profile differs from the one in the simulation model, so the prediction of the positioning time 
is limited. 

The performed experiment shows the proof of principle regarding friction based positioning. 

5.2 Discussion of the experiments 

Some important remarks can be made about the performed experiments. A vacuum pomp ensures the 
mounting of the two top surfaces onto the main table. The heights of the top plates are not exactly equal: 
the difference is smaller than 0, 05 [mm] (the low friction plate is higher than the high friction plate). In 
this case, three types of end positions of the object can be distinguished, see figure 5.7. Depending on the 
acceleration profile, one of these alignments is realized. The object will stick in the transition region for 
an acceleration profile with the parameters of table 5-4- During other experiments the other end positions 
of the object are also observed. 

(a) (b) (c) 

Figure 5.7: Different object end positions (left part is low friction area and right part is the high friction 
area)(a) the object sticks in the transition region and a small gap can arise, (b) the left side object stops 
exactly at the edge ofbetween the low and the high friction area and (c) the object sticks in the high friction 
area. 

To prevent leakage of the vacuum as much as possible at the edge between two plates, a small brass strip 
of 0.05 [mm] is placed beneath them (at Xm 11 ). This results in a very small slope of the top plates. When 
the top surfaces are mounted onto the main table, a check is performed by holding another thin brass 
strip at the edge between these surfaces. In the case ofleakage, the strip will stick to the table. During the 
performed experiments, however, no leakage is found. 

The experiments show that the object will not always stick permanently to the high friction area of the 
table because the friction coefficient is not constant over the whole surface. Furthermore, the environment 
(humidity, temperature, <lust) has some influence on the positioning. Due to the relatively large overshoot 
of the negative and positive acceleration, it is also possible that not a stick-slip motion but a slip-slip 
motion of the object is observed (cases 1, 3, and 4). Further research needs to confirm the occurring types 
of motion. 

5.3 Summary 

Different table top surfaces are tested. A relatively large error between the reference table position and 
the measured table position occurs. Furthermore, relatively large overshoots of the table accelerations 
are measured, which may cause slip-slip motion instead of stick-slip and may hamper permanent stick 
of the object to the table at the desired table end position. This can be solved by decreasing the negative 
acceleration ih and the positive acceleration ih - During the experiments, the object sometimes rotates a 
little bit around its center of gravity. An additional mass is added to the object to realize straight stick
slip motion (or slip-slip motion in the desired direction) of the object. Some material combinations are 
possible to ensure that the object will move in the low friction area and will stick permanently in the 
transition area. An anodized aluminum surface is used for the low friction part of the table and a stainless 
steel surface is used as a high friction area. The object is made of aluminum. The transition between these 
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top surfaces needs to be smooth, to prevent that the object tilts or bumps to the side of the high friction 
surface. 

The experiments confirm the proof of principle regarding friction based positioning. For a certain table 
acceleration profile, the object will move over the anodized aluminum surface and sticks approximately 
halfway the transition area. The friction coefficients between the two plates and the aluminum object are 
experimentally investigated. The measured overshoot value of the negative acceleration and the estimated 
friction coefficients are used in the simulation model. The simulation shows almost the same end position 
of the object as the experiment. 

No quantitative comparison has been made between the experimental results and the simulated results, 
because the acceleration, velocity, and the position of the object are not measured. This will be done 
in future research. The thicknesses of the two top surfaces are not perfectly equal, resulting in a non
smooth transition. Depending in the thicknesses, this can result in different end positions of the object. 
Furthermore, a small gap between plate edges can influence the object positioning due to the presence 
of the vacuum pump. This problem may be eliminated by adding a small thin strip beneath these two 
surfaces. A check confirms that this problem indeed does not occur. 
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Chapter 6 

Conclusions and Recommendations 

The conclusions of this research are presented in the first section of this chapter. The second section is 
devoted to recommendations for future research. 

6.1 Conclusions 

Open-loop techniques can be used to position an object, which can usually be divided into a transporta
tion and an accurate positioning step. In this thesis, several transportation an positioning methods are 
investigated. A promising open-loop self-alignment technique for macroscale objects is friction based po
sitioning. A theory of friction based positioning using a low friction area and a high friction area may 
be suitable for transportation and self-alignment of macroscale objects. Experimental validation of this 
theory has not been carried out earlier. Experimental proof of principle of this theory has been defined as 
the primary objective of this research. 

The theoretica} model has been studied to design the experimental setup. All the different components of 
the setup are discussed. The two top table surfaces are mounted by a vacuum pump, so these plates can be 
changed. The table will be controlled on position level, which prevents drifting of the table. Feedforward 
is applied to get a better tracking performance. 

Exploratory experiments have been performed to study the proof of principle regarding friction based 
self-alignment. The excitation profile, object size, object material, and top surface materials are changed 
during these tests. The results of these experiments show that by applying an appropriate excitation profile 
an aluminum object will transport on an anodized surface and will stick on a stainless steel surface. A 
final experiment has been performed to determine the proof of principle regarding friction based self
alignment. By applying a suitable excitation profile, the object will permanently stick at approximately 
the same position relative to the edge of the table. Hence, the experiments show the proof of principle of 
friction based positioning. 

A comparison between the experimental and the simulation results is investigated. Experiments have 
been performed to determine the friction coefficients of the low and high friction area. Large variations 
are measured because the friction coefficients between the object and the two top surfaces depend on 
surf ace pressure, roughness, temperature, humidity, sliding velocity, type of lubrication, and the level of 
contamination. The performed experiments show also large variations in friction coefficient. The negative 
acceleration is important for the end position of the object and during the experiments a large overshoot 
of the negative acceleration is measured. By implementing the measured maximum negative acceleration 
together with the estimated friction coefficients (low and high friction area) in the simulation model almost 
the same end position is found. However, the usage of the simulation model is limited. The end position 
of the object can be estimated but the positioning time is larger due to the change in acceleration profile. 
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6.2 Recommendations 

The friction coefficients between the object and two top surfaces show a large variation. To increase the 
predictive value of the simulations it is important to decrease this variation. For this, surface treatments 
and finishing can be taken into account. Furthermore, the used Coulomb friction model may be ques
tioned. A tribology study may help to determine the correct friction characteristics. 

During the experiments the object may rotate around its center of gravity and may move sideways. The 
theoretica! model is one-dimensional, so it should be investigated how to prevent rotation and sideways 
movement of the object in an experiment. Some possibilities are discussed in this thesis but are not 
implemented yet. 

A simple feedback-feedforward controller is designed to control the table motion. The table acceleration 
still shows large overshoots, which are undesirable. Future research can be devoted to increase the tracking 
performance of the feedback and feedforward controller. For example, introduction of iterative learning 
control may be considered. To prevent acceleration overshoot. also a third-order table position trajectory 
may be implemented which makes the acceleration signa] continuous. 

The two top surfaces are not smoothly connected to each other. In future experiments, a smooth transition 
between these surfaces should be realized. To prevent leakage of the vacuum, it is important that a gap 
between the surfaces is avoided. 

The simulation model can be extended to more dimensions. Also simultaneous self-alignment of more 
or different components can be studied. In the current theory, the friction force is assumed to be the 
dominant force. For smaller objects, other forces will start to act on the object. The contributions of these 
forces can be studied to determine when the friction force is no Jonger dominant. 

Other top surface materials can be studied to realize a larger difference in friction coefficients. 

In genera], for each possible improvement of the method the reproducibility of the positioning of the 
object remains an important issue. 
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AppendixA 

Capillary restoring force, torque, 
vertical displacement and tilt 

Calculations about the restoring force and the restoring torque are presented by Berthier [5]. In this 
appendix an extended derivation of these equations are presented. First the calculation of the restoring 
force is presented. Subsequently, the restoring torque will be calculated. A step by step derivation of the 
torque is given to understand the principle bebind the generated torque. The next section is devoted to 
the third mode the vertical displacement, which is called lift. At the end of this appendix the tilt or roll will 
be discussed. 

A.1 Restoring force 

For this derivation a planar object is assumed. A schematic sketch of the shift during the alignment is 
depicted in figure A.I. Tuis figure shows a shifted square object that will be aligned. The force along the 
horizontal direction x is given by 

F __ ä('yS) 
X - OX , (A.1) 

where 'Y is the surface tension in [N/m] and Sis the surface area in [m2 ]. Tuis restoring force will be relative 
large for small shifts and with small gaps, since the change in surface area is relative large. Tuis behavior 
can be approximated by using a model where the surfaces would be planar. Using this assumption the 
surface energy can be easily estimated and the derivation is explained briefly. The length and the width of 
the droplet are equal and is denoted by L. The volume of the liquid droplet can be derived by 

(A.2) 

1-
L 

Figure A.1: Schematic sketch of the shifted object, the left figure shows the correct alignment of the object 
and the right figure shows a shifted object. 
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The total surface area around the object at alignment is given by 

hL2 41/i 
S 1 = 4hL = 4L = y · (A.3) 

Before the object is fully aligned, a small shift x (see figure A.1) results in another surface area around the 
object. Using the above presented assumption the surface area can be calculated. The total surface can 
be divided into two parts, which yields two parallelogram areas and two side areas of yL , where y is the 
length of the hypotenuse of the parallelogram. The derivation of the total surface area around the object 
with a shift .T can be calculated by 

S2 = 2Spa,· + 2Sside, 

S2 = 2hL + 2yL. (A.4) 

Using Pythagorean theorem a2 + b2 

y = ✓h2 + :r 2 , which can be written as 
c2 an expression for the shift can be calculated , which yields 

y 

y 

y 

Insert the above equation in ( A.4) yields 

2 .T ( 2) h 1 + h2 , 

~ hv 1 + /J}. (A.5) 

2hL + 2hL✓l + ~~, 

2hL ( 1 + ✓ 1 + ~~ ) . (A.6) 

The surface energy can be calculated by E = "(S, where "Y is the surface tension in [N/m] between water 
and air. Note that when :r ---+ 0 the energy E ---+ 4"(hL. The difference between the surface energy of the 
shifted object and the aligned object is derived by 

6E E2 - E1 = "Y( S2 - S1) , 

6E "'f2hL ( 1 + ✓ 1 + ~~ ) - "(4hL , 

6 E "'f2hL ( 1 + ✓ 1 + ~~ - ~) , 

6E = "'f2hL ( ✓ 1 + ~~ - 1) . (A.7) 

Using this equation the restoring force can be approximated and gives 

äE 
Öx' 

Fx 

F.1: :::::: - 2"( hL ~ (✓1 + (~) 
2

) = - 2"(hL! ( 
1 

., ) 
2
h:~, 

äx h 2 ✓l + '/ij 
X l X 

-2"(L - --- = - 2"(L---;::::== = , 
h ~ ✓I 2 ( x

2 
) yl+ p i l + li2 

F.1: :::::: 

X .1: 
-2"(L---;:;::;;:=:~ = -2"(L---;:::==== 

✓h2 + x2 J:r2 (~~ + 1)' 
F.1: :::::: 

X l 
- 2"(L--- = -2"(L--;::===, 

.1:Jtt,, +1 ✓( ~ ) 2 +1 
F.1: :::::: (A.8) 
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which is the same equation as (2.10) at chapter 2. 

A.2 Restoring torque 

At alignment of the object, the four surfaces are supposed to be planar. The twist around the z-axis is 
denoted by angle 0. A rotation matrix around the z-axis depends on the angle 0 is given as 

[

cos0 - sin0 Ol 
Rz = sin0 cos0 0 . 

0 0 1 
(A.9) 

A 2-dimensional and 3-dimensional sketches of a twisted object are depicted in figure A.2 and A-3- Con
sider that the horizontal section is twisted from z = 0 to z = h. The object will obtain a twist angle of 
0 at z = h, while the twist angle 0 becomes zero at z = 0. The last figure shows that the twist angle 
is dependent linear on the height in the z-direction, which yields a twist angle of (z/h)0. The base point 
M(s, y, 0) describes a spiral curve fora fixed y (see figure A.2), where s = L/2. Tuis spiral curve is defined 
by 

which results in 

(

scos (t0) -ysin (te)) 

M = ssin (te): ycos (te) . 

Consider the parametric vector function / such as 

[:[- s , s]x[O, h] -+ ~ 3, (y ,z) 

(

scos (te) -ysin (te)) 

ssin (te): ycos (te) . 

(A.10) 

(A.11) 

(A.12) 

The above parametric vector function generates the coordinates of the spiral curve M. The calculation of 
an infinitesimal surface ds is 

à[ à[ 
ds = Il ày x àz lldydz . 

The next step is to calculate the values of Û and if. which yields 

à[ 
ày 

af 
à z 

(

-sin~ tB)) 
cos(ïï0) , 

0 

(

-l [ssin (te)+ ycos (te)]) 

* [scos ue) -ysin ue)] . 
1 

These values can be inserted into the vector product ( Û) x ( M), which gives 

cos (te) 
sin ue) 

H-sin(t0) [scos(t0)-ysin(t0)] 
+cos (te) [ssin (te)+ ycos (te)]} 
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(A.13) 

(A.14) 

(A.15) 

(A.16) 



B' (s cos0,s sin0,W,. '""' •·. -- \ ·· .. --------- · .. 

--- \ B (s.s,O) 

---- \ ,- \ 

\ \ 

\ \ 

\ 
y \ 
t 

\ 
\ , --+ 

0 X 
\ M' 

~ à \ i \ 
\ /A' (s cos0,-s sin0, h) 
\ M 4 

{s ,y.O) .l 
\ s -- ~ / \ -··· ··--· ------ ------ -~ -------- -- -+ -- ,•' 

\ --\ -- A (s,-s,O) --
Figure A.2: A twisted object around the z-axis by angle 0. The point M describes line AB and M' describes 
A'B'. In this figure is s defined by L/ 2. 

This equation can be simplified to 

ä[ af 
- X - = 
äy 8z 

(A.17) 

Subsequently, the infinitesimal surface ds can be solved (A.13). In this equation the 2-norm is taken 
of (A.16) and results in 

ds 

ds 

ds 

11
8[ afll äy x äz dydz, 

cos2 (Tie ) +sin
2 (Tie) + (*ef dydz, 

1 + (t, 0 f dydz. 

Figure A.3: A three-dimensional view of a twisted surface. 
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The surface area of one surface can be calculating by integrating (A.18) over the boundaries y = [-s, s] 
and z = [O, z], so A becomes 

A = 1::h 1:~8

8 
✓ 1 + ( * 0) 

2 

dydz 

A = h1:~8

8
J1+(*0)2dy. 

This equation can be written as a standard integral 

J,
y=s 

A = 
y=-s 

first integrate over dz, 

A 1:~ss 02 ( ~: + y2) dy, 

A = 1y=s Fh)2 

0 y=-s y \Jij + y2dy. 

(A.19) 

(A.20) 

The integral of (A.20) can be solved using the list of integrals involving Jx2 ± a 2 with (a > 0) in 
Adams [1]. The integral that is used to solve this equation is 

j Jx2 + a2dx = ~Jx2 + a2 + ~
2 

ln lx + Jx2 + a21 + C. 

In this case, (A.20) can be written as 

with 

A 

A 

0 (~Jb2 + s2 + b; ln Is+ Jb2 + s21 + ~Jb2 + s2 - ~ ln 1-s + Jb2 + s21), 

0sJb2 + s2 + 0~ (in Is+ Jb2 + s21- ln 1-s + Jb2 + s21), 

A = 0sJb2 + s2 + 0b2 ln I s + Jb2 + s2 I · 
2 -s + Jb2 + s2 

(A.21) 

(A.22) 

Inserting the variable b and using the new generated variable a = si, the above presented equation can 
be simplified to 

A = 

A 

A 
~ h2 shy 1 + \ h} + 20 In 

s+ ~J1 + (~)
2 

-s + ~ ✓1 + (8;)2 ' 
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A 

A 

A 

A 

A 

A 

sh 1 + ~ + ~In ( g) 2 
h2 

h 20 

(s0)2 
h

2 

sh 1 + - + -In 
h 20 

~ ( ~ + J1 + (~)2) 
~ ( _ 0; + ✓ l + ( ~) 2) ' 

( ~ + J1 + (~)2) 

(-~ +J1 +(~)2) 
substitute 

s0 
a = ;;, 

;-;-:--;, h
2 

1 a + Jî+ëï2 I shv 1 -t- a~ + -
0 

In ~ 
2 - a + v 1 + a2 

multiply In with 
a + Jî+ëï2 
a + Jî+ëï2' 

I ~ h2 1 1 a + J1 + a2 a + Jî+ëï2 I s iv 1 + w + - n - -== • - -----=== 
20 a + Jî+ëï2 - a + Jî+ëï2 

simplify the Ln function , 

h ~ h2 1 1 a2 + 2aJI+ëi2 + a2 + 1 1 s v 1 + a~ + - n ---- ~=---~~--- , 
20 - a 2 + aJl + a2 + aJl + a2 + a 2 + 1 

h~ h,2 1 l 2a2 + 2aJI+ëi2 + 11 s. l +a +
20

n 
1 

, 

A sh~ + ~:In 1 ( a + ~) 
2

1 note that In (xr) = r ln x, 

A = sh~+~
2

ln la+~I-

The variable a is always greater than zero (a > 0), which results in 

' 2 A=sh~+ ~ tn(a + ~)-

(A.23) 

(A.24) 

A square object on a droplet has four of these surfaces, which can be calculated by (A.24). The surface 
energy of the droplet can be derived by 

E 

E 

4--yA, 

[ 
h2 ] 4--y sh~+ 0 1n(a+~) with 

s0 
a= h ' (A.25) 

where --y is the surface tension in (N/m]. Note that a square object has four equal twisted surface areas. The 
limit 0 ---+ 0 for the surface energy (A.25) can be calculated using the first l'Hópital Rule [1] . This method 
is used for evaluating limits ofindeterminate form of the type "0/0" and "00 /00". 

Theorem A.2.1. The first l'Hópital Rule 
Suppose the functions f and g are differentiable on the interval (a, b), g'(x) i- 0 within this interval and 
that 

Jim f(x) 
x - w+ 

1
. f'(x) 
lm -

x-ta+ g'(x) 

Jim g(x) = 0 and 
.T -ta+ 

= L (where Lis finite or oo or - oo ). 

When these conditions are fulfilled, the limit becomes 

Jim f( x ) = L. 
x-ta+ g(x) 
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(A.27) 
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Using this theorem (The first l'Höpital Rule) , the limit for 0-+ 0 (A.25) can be solved by applying the limit 
rule "Limit of a sum" 

lim [d(0) + e(0)] = M + L , 
1:1➔0 

with the functions are 

d(0) 41sh✓l + ( ~r, 
h

2 
( s0 .~s0)

2 

e(0) = 4, 0 ln h + V 1 + \. h) } . 

The limit of e(0) can be calculated using the first l'Höpital rule, which yields in 

lim !(0) = lim !'(0) = L . 
1:1➔0 g(0) 1:1➔0 g'(0) 

In this equation is 

!(0) 4,sh✓a + ( 
8:r, 

g(0) = 
In ( ~ + ✓ 1 + ( ~) 

2
) 

4, h2 0 . 

(A.29) 

(A.30) 

(A.31) 

(A.32) 

(A.33) 

(A.34) 

So when 0 -+ 0 the surface energy E -+ E = 81 sh. Note that s = L/ 2 yields in a surface energy of 
E = 41 Lh. The derivative of the surface energy with respect to the angle 0 is the generated torque T. The 
derivation of the torque T is 

&E 
T = &0 ' 

T ~ 4> :0 [,h✓I+ ( ':) 

2 

+~'In ( ~ + ✓! + ( ~n l, 
T ~ .,,h:0✓1+ ( ~r +•, :0 [ ~, 1{: + ✓!+ ( ·:n i 
T ~ 4,sh! l 2s20 - 4, h2 In ( s0 + ✓1 + ( s0) 2) 

2 ✓ 1 + ( st) 2 h 2 02 h h 

h
2 

1 ( s 1 1 s
20) 

+
4
, 0 ( ~ + ✓1 + (~)2) Tt + 2 ✓1 + (st) 2

2
ht" ' 

T ~ 41 s2 o/!- _ 4182 ( ~)\n (s: + ✓l + ( s:)
2
) 

J1+(8t)2 s 

b 
. s0 

su stttute a = h ' 
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Note that the variable s = L/ 2, which yields that (A.35) becomes 

T ~ î L 2 [~a = + (-1=) (! + ~1 =) __ In (~a +_v--,---1 _+ a~
2

) l 
Jl + a2 a + v'1+a2 a Jl + a2 a2 

' 
(A.36) 

where the variable a = 1 = !;! . This is the same equation that is presented in section 2.3.3. 

A.3 Vertical displacement (lift) 

To explain this phenomenon, the object will be assumed to be lifted up or down from its equilibrium point 
z = ho, where ho is the equilibrium point and z is the actual height of the object. First the surface area 
around the liquid needs to be calculated. Each surface will have a circular profile, which is depicted in 
figure A+ The circular length is equal to 20R, where 20 is the total angle of the circle sector. The total 
surface around the liquid droplet becomes 

S = 4L(20R ) = 8L0R, (A.37) 

where Lis the length and width of the object in [m], 0 is the half the angle of the circle sector in [rad], y is 
the height of the object in ( m] and R is the radius of the circular profile of the liquid droplet around each 
surface in [m]. 

'll. 
2 

R 

·- ·- ·-·- · 0 (··-.. ,:.,.. ____ _ _ 

Figure A.4: Side-view sketch of the liquid surface profile. 

The volume of the droplet is assumed to be constant and can calculated by using the volume of the un
derneath the object minus 4 times the circular profile. The principle of this derivation is depicted in 
figure A.5. The area of a circular sector is given as 

A s eet or = 0 R2 
• (A.38) 

Subsequently, the triangular area can be calculated and be subtracted from the area of the sector. The 
triangular area is equal to 

l y 
A triangl e = 2 2bh = 2, h , (A.39) 

where y is the width of the triangle in [m] and h is the heights in [m]. The varia bie h can be derived by 
using the right triangle definitions, so the height h becomes 

h = R cos 0. (A.4O) 
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h 

h=~ 

·- ·-·-·-·-· ·-

(a) A circular sector (b) Triangular area of 
the circular sector 

(c) Segment of the 
circular sector 

Figure A.5: Areas of a circular sector, triangle and a segment. 

The next step is to calculate the circular segment of the circular sector, which is depicted in figure A.5c. 
Tuis area can be calculated by subtracting (A.39) from (A.38) and substituting(A.40), gives 

A segment 

A segment 

A segment 

A sector - A triangle, 

0R2 - ~h , 2 ' 

0R2 
- ~R cos 0, (A.41) 

Using (A.41) the volume of the liquid droplet can be derived. The equation for the volume of the droplet 
is given by 

V 

V 

L 2ho = L 2y - 4LAsegment (4 edges oflength L) , 

L 2y - 4L (0R2 - ~R cos 0) . 

The radius R has a relation with the variables y and angle 0. Tuis yields in 

R- ~_Y_ 
- 2 sin0 ' 

Inserting (A.43) into (A.42) the following expression is given 

L 
2 
ho = L 

2
y - 4L ( 0 ( ~ si~ 0 r -~ 2 s~n 0 cos 0) ,, 

L2y - 4L (i ___Jf_ - y 2 cos 0) 
4 sin2 0 4 sin 0 ' 

L 2y _ Ly2 (-.-0- _ c~s 0), 
sm2 0 sm0 

, y2 ( 0 ) L 2y- L-.- -.- - cos0 
sm0 sm0 

For larger angles 1r > 0 > 1r /2 the liquid volume will be 

2 2 y
2 

( 0 ) L ho = L y + L---:--
0 

---:--
0 

- cos 0 
sm sm 

for 

for 

7r 
2 > 0 > 0. 

7r 
7r > 0 > 2· 

(A.42) 

(A.43) 

(A.44) 

(A.45) 

Equations A.44 and A.45 are quadratic polynomials. So for any given angle 0 the roots of these equations 
can be calculated using the quadratic formula 

ay2 + by + c = 0, (A.46) 
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- b± ✓b2 - 4ac 
Y1 ,2 = ------

2a 
The height y is the equilibrium height of the object in [m]. 

A.4 Tilt or roll 

(A.47) 

Two rotations can occur during the self-alignment of the object. The tilt is the rotation around the y-axis 
and the roll is the rotation around the :r-axis (see figure 2.6). The volume of the droplet will not change 
during the rotation. However, the surface of the droplet will change during the rotation. Two different 
shapes of the droplets are depicted in figure A.6. The first configuration of the surface is a simple flat 
rectangular droplet. The object bas a length and width of L and a heigth of h. The total surface for this 
droplet is equal to 

½ 
S = 4Lh = L ' 

where ½ is the volume of the droplet. The surface energy is calculated by 

(a) Rectangular droplet 

½ 
E = , S = , (4Lh) = 14-L. 

L 

(b) Triangular droplet 

Figure A.6: Two shapes of the droplet. 

(A.48) 

(A.49) 

The triangular surface of the second shape of the droplet with the same surface energy as in (A-49) is 

s 
s 

s 
2S1 + S3 , 

(
0:.L2) 2 -2- + o.L2. 

with 
o.L2 

S1 = S2 = --
2 

Using this equation the surface energy becomes 

and S3 = o.L2 (see figure A.6) , 

(A.50) 

(A.51) 

A stable position of the object depends on the distortion of the surface around the droplet. For a small 
heigth of the droplet, the object will be positioned as shown in figure A.6b. Overflowing of the liquid and 
misalignment can occur for large objects and a relative large droplet thickness. 
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Appendix B 

Squeeze film transportation 

The radiation pressure can be derived by several methods. In the first section of this appendix, Eulerian 
coordinates are used to derive the pressure. Minikes and 8ucher [28] have studied squeeze film trans
portation. In this research the different forces , which acts on the levitated object have been investigated. 
A reduced form of the Navier-Stokes equations is used to calculate these forces. An extended derivation 
and explanation of the reduced form of the momentum equation in the x-direction for a squeeze film is 
presented in section 8.2 of this appendix. Extra information about fluid dynamics is described by Van 
Heijst (44]. The velocity profile in the squeeze film will be determined in the next section of this appendix. 
Subsequently, the equations for the shear stress and the drag force are given. 

B.1 Calculation of the radiation pressure 

Another approach to calculate the radiation pressure will be explained in this section. In [21, 46], Eulerian 
coordinates are used to calculated the mean Eulerian excess pressure, which is expressed as 

(P - Po ) = (V) - (K ) + C, (B.l) 

where (V ) and (K ) are the time-averaged potential and the kinetic energy density respectively. These are 
defined as 

(V) 

(K) = 

p2 

2poc2 ' 

1 2 
- pov. 
2 

(B.2) 

(B.3) 

In (8.1), Cis a constant that depends on the boundary conditions on the system and can be given a finite 
value. 

B.2 Reduced N avier-Stokes 

The Navier-Stokes equations will be used to determine the forces , which are acting on the levitated trans
ported object. For simplicity, this study shows the equation in x-direction. The momentum equation or 
Navier-Stokes equation for a Newtonian flow in the x-direction is 

OVx { OVx OVx OVx } 1 äp ( ä2
vx ä2

vx ä2
vx ) 

ät + Vx äx + Vy äy + Vz äz = - p äx + v äx2 + äy2 + äz2 ' 
(B.4) 

where v =µ / pis the kinematic viscosity in [m2 /s]. 

The mean pressure below the object is responsible for the levitation of the object. This phenomenon 
only takes place when the film thickness h is very small compared to the length L of the levitated object 
(L > > h). Under this condition, the normal velocity v2 is very small in comparison with the lateral 
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velocities Vx and vy , so v 2 can be ignored. The deformation in x and y can be neglected, because for 
small levitation height these terms are small compared to the dilatation in the z-direction. Comparing the 
order of magnitude of the remaining terms in the Navier-Stokes equation (local acceleration, convective 
acceleration, pressure and viscous terms), the convective acceleration terms can be ignored. When the 
film thickness is too small (because of the large weight of the object), the local acceleration term becomes 
very small and can also be neglected. However, this is undesired for squeeze film transportation systems. 

Using these restrictions, the momentum equation in the x-direction fora Newtonian flow can be reduced 
to 

(B.5) 

where µ is the dynamica! viscosity in [kg/(ms)]. Remark, (B.5) holds only if the local acceleration term is 
not ignored. 

B.3 Velocity profile in the squeeze film 

In this section the lateral velocity profile in the squeeze film will be determined. The levitated object will 
move because of the traveling wave, so the object will have a lateral velocity and acceleration relative to the 
fixed plate. The corresponding boundary conditions for this situation are 

Vx(z = 0) = 0 

avx 
-· (z = 0) = 0 at 

Vx(z = h) = û, 

av~: ( I) .. - Z=l =U at · 

(B.6a) 

(B.6b) 

In these boundary equations h = h(t, x) is the film height in [m], ü is the lateral velocity in [m/s] and ü is 
the lateral acceleration in [m/s2 ]. The acceleration distribution across the film thickness is assumed to be 
linear, which yields in 

(B.7) 

where C 1 and C2 are constants and z is the film height in [m]. Substitute the boundary conditions (B.6b) 
into (B.7), yields 

ü 
C1 = -. 

h 

The differential equation (B.5) can be written as 

The lateral velocity profile can be solved by integrating (B.ro), which yields 

avx 
az /

. ( 1 ap " pz ) • 1 ap 1 " z 2 

--+u- az= --z+ -up- + C1, 
µ ax µh µ 8x 2 h 

;
. ( 1 ap 1 " z

2 
) 1 ap 2 1 " z

3 

--z +-up- + C1 8z = --z + -up-+ C1z + C2. 
µ ax 2 h 2µ ax 6 h 

(B.8) 

(B.9) 

(8.10) 

(B.11) 

(8.12) 

The integration constants C1 and C2 can be solved by using the boundary conditions (B.6a), so the inte
gration constants are given as 

Vx(Z = 0) = 0 + 0 + 0 + C2 = 0 ➔ 

1 ap 2 1 .. h3 
. 

vx(z = h) = --ah + -up-
1 

+ C1h = u ➔ 
2µ X 6 l 
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C2 = 0, 

ü 1 ap 1" 
C1 = - - --h- -uph. 

h 2µ 8x 6 

(B.13) 

(B.14) 



The expression for the lateral velocity profile as function of variable z is 

1 8p 2 1 .. z3 
( ü 1 8p 1 .. ) --z +-up- + ----h--uph z 

2µ 8x 6 h h 2µ 8x 6 ' 

Vx (z) 
1 8p 2 1 8p 1 .. z3 1 .. ü 
--z - --hz + - up- - -uphz + - z 
2µ 8x 2µ 8x 6 h 6 h ' 
z 8p . z .. pz 2 2 --(z -h)+u-+ u-(z -h) , 

2µ 8x h 6µh 
(B.15) 

which depends on the pressure gradient and the levitation height. Subsequently, the matrix form of 
equations of motion for the object becomes 

(B.16) 

where m is the mass of the object in [kg], J is the moment of inertia of the planar object around its center 
of gravity in [kgm2], and N1, N 2 , M 1 are the lateral force, the levitation force, and the rotational moment 
respectively. The shear stress in the squeeze film produces a lateral force acting on the mass. This stress is 
a result of non-uniformity of the pressure gradients in the lateral direction and due to the relative motion 
between the surfaces in the lateral direction. On the upper surface of the planar object, a drag force is 
acting. 

The normal velocity V z can be neglected because the lateral velocity V x is very large compared to Vz 

(L > > h) . The shear stress normal to the z-axis fora Newtonian flow is 

(B.17) 

The normal shear stress on the bottom surface of the levitated mass (z = h) can be derived by substituting 
of (8.15) into (8.17). This yields a normal shear stress of 

8vx I h 8p ü üph 
Tzx lz=h = µ 8z z=h = 2 ax + µh + 3 · (B.18) 

The first term in (8.18) is due to pressure gradients within the squeeze film. The contribution of the next 
term corresponds to the relative velocity between the two surfaces and the acceleration is responsible for 
the last term. 

When the moving planar object is surrounded by air, a boundary layer on the exposed surface of the plate 
is generated. A drag force, which is realized by the shear stresses in the boundary layer, resists the motion 
of the levitated object. Fora laminar flow (ReL = üL/ v < 5 x 105 , where R eL is the Reynolds number 
and vis the kinematic viscosity in [m2 /s]) the drag force is 

with 
1.328 

cv= ...jl'[ei, ' (B.19) 

where Pa is the gas density of the ambient conditions in [kg/m3), and cv is the dimensionless drag coeffi
cient. The dimensionless drag coefficient for different situations is studied by Fox et al. [n). Fora flat plate, 
this coefficient is given in (8.19). The lateral force Ni, the levitation force N2 and the rotational moment 
can be calculated using (2.24 - 2.26) . 
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Appendix C 

Derivation of the friction distribution 
in transition area 

The stopping condition is introduced by Hunnekens [17]. To realize stopping of the object at the desired 
end point, the table will be divided into two friction areas. In the low friction zone the object will move in 
longitudinal direction due to stick-slip vibrations. When the mass enters the high friction zone the mass 
will stick to the table because the friction coefficient between the table and object is increased. In the 
transition area, the object will not be exposed to a discontinuous step in friction. A better approximation 
of the friction coefficient is when it is dependent on the weight distribution of the mass in the areas. 
Using (3.2) and (3-3) , the friction coefficient in the transition region can be cakulated. 

Just before the high friction region z = 0, because x - X µ < 0, so max(x - Xµ , 0) = 0 and min(0, w ) = 0. 
When the object enters the high friction region the z = x - xµ , because w > x - x µ > 0. Subsequently, the 
object is fully in the high friction area, which yields z = w. Using these conditions the friction coefficients 
can be cakulated for the low friction area, transition region and high friction area. For the low friction 
zone, the friction coefficient is cakulated using (3 .2), which yields 

µ 

µ 

w - z z 
--µ1 +-µ2 

w w 
µ1 , 

with z = 0, 

(C.1) 

The friction coefficient of the high friction zone can be cakulated equivalently, which gives µ = µ 2 by sub
stitute z = w in (3.2). In the transition region the friction coefficient depends on the relative displacement 
x. In this case, the friction coefficient is expressed as 

µ(x) 

µ( x) 

µ( x) 

µ(x) 

µ(x) 

w - z z 
--µ1 + -µ2 with Z = X - Xµ, 

w w 
W - ( x - X µ ) X - X µ 
-----µ1 + ---µ2, 

w w 
W X + x µ X - X µ 
-µ1 - ---µ1 + ---µ2, 
w w w 

X - X µ X - X µ 
µ1 - ---µ1 + ---µ2 , 

w w 
x - x 

µ1 + __ µ (µ 2 - µ1), 
w 

which is valid for x µ ~ x ~ Xµ + w . These conditions can also be written as 

{ 

if 
µ= ~(x) if 

µ 2 if 

0 ~ X < X µ 

Xµ ~ X ~ Xµ + w 

Xµ + W < X 
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AppendixD 

Derivation of the tipping condition 

A simple tipping condition is presented by Hunnekens [17). In this study, the object will not tip over when 
it makes contact with the table at both ends. The corresponding free body diagram with all the acting forces 
is depicted in figure 3.5. The object can tip over if one of these normal forces becomes zero. So tipping 
of the mass will not occur as long as it makes contact with the table. By using the statie force balance in 
the vertical direction and the moment balance around the center of gravity G the tipping condition can be 
derived and becomes 

0 ➔ 

0 ➔ 

N1 + N2 - Fz = 0, 

w w h 
N1--N2-+F1-=0 

2 2 2 ' 

(D.l) 

(D.2) 

with a gravitational force Fz = mg and a maxima! friction force F1 = µmg. The normal N1 can be 
expressed as 

Substituting (D.3) into (D.2) yields 

0 
w w h 

(Fz - N2) 2 - N2 2 + Fr2, 

= 2_ (F '!!!_ F 1.!:.) = mgw+F1h_ 
w z 2 + 1 2 2w 

Subsequently, the normal force N 1 can be expressed in terms ofm, g, h, wand F1, which gives 

N -F N _ mgw+F1h _ mgw-F1h 
1 - z - 2 - mg - 2w - 2w 

For preventing clockwise tipping of the mass N 1 > 0, the following condition needs to be fulfilled 

0 < mg - N2 = mg, 
w 

F1 < mgh. 

(D.3) 

(D.4) 

(D.5) 

(D.6) 

(D.7) 

(D.8) 

Equivalent, a condition to prevent counterclockwise tipping of the object (N2 > 0) can be defined, which 
is given as 

0 < mg-N1, 
w 

-F1 < mgh. 

(D.9) 

(D.10) 

A single condition can be defined by combining situation (D.8) and (D.10), so the overall tipping condition 
becomes 

IF1I 
w 

with F1 = µmg , (D.11) < mg-
h 

w 
(D.12) µ < h' 
(D.13) 

87 



where µ is the friction coefficient between the table and object in [-]. Important parameters to determine 
if the object wil! tip over are the width w and the thickness hof the block. A planar square object wil! not 
tip when it has a small thickness compared to its width. Tipping of the block occurs if µ ~ w / h. Note that 
the change of tipping is high in the high friction area. 
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Appendix E 

Time-stepping method of Moreau 

In this appendix, Moreau's time-stepping method will be briefly discussed. The time-stepping method 
is kind of mid-point differential algebraic equations integrator (OAE-integrator). The algorithm for this 
integration scheme can be divided into different basic steps. These steps will be discussed briefly in this 
appendix. 

The following steps are used for the time-stepping procedure: 
I. the generalized coordinates q and the generalized velocities u are known at ta; 

2. perform a mid-step, which is calculated by QM = QA + ½~tuA at time tM = ta + ½~t; 

3. determine the active contact index set IN, there will be always contact; 

4. calculate the system matrices MM, hM, WrM and WTM at time instant tM at the midpoint; 

5. solve UE and Ar at time instance te = ta + r5t using the fixed-point iteration or Newton's method. 
Subsequently, apply the mid-point rule such, so 

(E.1) 

6. calculate qE = qM + ½~tuE to obtain the generalized coordinates of the system at the end of the 
time-stepping method at t E , 
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Appendix F 

Parameters table motion profile 

A three part acceleration table motion can be used to realize friction based positioning. It is necessary 
that the generated trajectory profile satisfies six constraints. These different constraints are presented in 
section 3.2.2. A schematic representation of the table motion profile is depicted in figure 3.6. Tuis figure 
can be used to determine the variables t1, t2, t3, Yin i and '!lin i , which are necessary for solving the six 
constraints. 

The relations for these parameters are derived as: 
I. 

2. 

3. 

4. 

5. 

(F.l} 

(F.2) 

(F.3) 

(F.4) 

(F.5) 

6. 
ih = o. (F.6) 

At time instance l:ii=O,l and ty=0,2, the velocity of the table becomes O [m/s2] (see figure 3.6). For these 
extra unknowns, two additional equations are needed to calculate the table trajectory. The expressions for 
these variables are 

7. 
Yini - ii2 (ty=O,l - ii) = O; (F.7) 

8. 
Yini - ih (t3 - ty=o,2) = o. (F.8) 

There are 7 equations and 7 unknowns t1, t2, t 3, Yini , '!lin i , t 11=0 ,1 and t 11=0,2, so these variables can be 
solved using the Matlab symbolic toolbox. The expressions for these parameters are too large to present 
here. Note that this is only valid if '!/ini > 0. Furthermore, no possible solutions for the 7 unknowns can be 
calculated when the stroke ö.y of the table is large in a very short period time ö.t using small accelerations 
ih and 'fi3. These relations are also presented in [17]. 
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AppendixG 

Analytic solution for the object motion 

The table trajectory is presented in section 3.2.2. Using figure 3.6 an analytica! solution for the object 
movement can be derived. Note that the negative acceleration part is defined such that y2 > 0 [m/s2] (see 
figure 3.6) and the positive acceleration is larger than zero y3 > 0 [m/s2]. In this appendix, the cases 1 
and 5 object motion will be discussed and the analytica! solutions for each time-span are calculated. For 
the derivation the initia! position is zero. More information about the derivations of the other cases can be 
found in [17]. 

G.1 Analytic solution to case 1: Stick-slip with :i: > 0 [mis] 

In this case the object will move in the desired direction. In the second acceleration part the object will slip 
over the table. Subsequently, in the third part of the trajectory the object sticks to the table, so the object 
will move into the desired direction. The trajectories that satisfy m'fi2 > µmg and my3 < µmg generate 
this motion of the object. 

For time-span t 0 until t 1 the acceleration y1 = 0 [m/s2], so the block sticks to the table. In this case the 
velocity and the acceleration of the block are zero, which yields in 

x(t) = o 
:i:(t) = 0 

x(t) = 0 
} for (G.l) 

At time instance t1 the acceleration becomes negative with a value 'ii2- From t1 until t2 the object starts 
to slip over the table. The component will slip when my2 > µmg. The acceleration of the block can be 
calculated by rearranging (3-I) into x = · µ;;:g - y. Note that the acceleration in this part is in opposite 
direction, so x = - µ;;:9 + 'ii2 For the second part, the acceleration x(t) becomes 

x(t) = -µg + 'ii2 

:i:(t) = (-µg + 'ii2) (t - t1) 
1 

x(t) = 2 (-µg+'fi2)(t-t1)2 
} for (G.2) 

In the third part, the acceleration of the table becomes positive y3 at t 2 • During this part of the trajectory, 
the velocity of the object will decrease until the mass will stick to the table. The equations for the position, 
velocity and the acceleration of the mass are 

x(t) = -µg - 'fi3 

:i:(t) = :i:(t2) + (-µg - 'fi3) (t - t2) 
1 

x(t) = x(t2) + :i:(t2) + 2 (-µg - y3) (t - t2) 2 
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The time at which the velocity of the object becomes zero is denoted by t ±=O· The expression for this time 
instance is 

(G.4) 

The object will stick to the table at time t±=O , because lmihl < /Lmg. The corresponding equations for the 
acceleration, velocity and position of the component are 

i (t) = 0 

i; (t) = 0 

:1;(t) = :i:(t x=O) 
} for (G.5) 

G.2 Analytic solution to case 5 stick, no movement of the object 

In this case, the obj ect will stick permanently to the table for trajectories which satisfy the condition 
mih < µ rng and mih < µ mg. For time-span to until t3 the equations become 

i (t ) = 0 

;i:(t) = 0 

:r (t ) = 0 
} for (G.6) 
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AppendixH 

Additional information of the 
experimental setup 

In the first section of this appendix, pictures and details of the different components are depicted. All the 
parts of the experimental setup will be discussed. Subsequently, some data sheets of the accelerometer 
and shaker are presented. These values are used to determine the experimental setup. 

H.1 Details experimental setup 

A notebook is used to generate the input signal for the system and is connected toa TUeDACS microgiant, 
which is attached to the amplifiers of the measurement systems and to the current amplifier. The current 
results in a force that is applied to the main table by an electrodynamic shaker. In figure H.1, the different 
components of the experimental setup are shown. The amplifiers and the TUeDACS microgiants are 
depicted in the right figure whereas mechanica! system of the experimental setup is presented in the left 
figure. Exploratory experiments are performed to determine the friction coefficient between two materials 
and shows relative large spreads. For this reason the top table surface is made exchangeable. Two sections 

Figure Hl: The experimental setup. 
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Figure H.2: The main table of the experimental setup with small grooves. 

with small grooves are milled into the top layer of the main table (see figure H.2). The two top surfaces are 
mounted by vacuum pump, which is generated in the grooves. A detail picture of the connection between 
the main table and the vacuum pump is shown in figure H.3 . An accelerometer and a reflection part for 
the laser vibrometer is attached to the main table. These sensors are necessary to track the predefined 
reference signal. The specifications of the accelerometer are presented in the next section. 

Figure H.3: Detail image of the connection of the vacuum pump to the main table and the measurement 
system (an accelerometer and the reflecting part for the laser vibrometer. 

Figure H.4: The guidance of the system (four air bushings) . 
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Four air bushings are used to realize a smooth movement of the main table in longitudinal direction. The 
slightly over-constrained guidance causes no problems due to the small air gap between the air bushings 
and the shafts, which ensures automatic alignment. Furthermore, the stroke of the shaker is very small 
(a few millimeters). A side view of the experimental setup is depicted in figure H.4 (left). The mounting 
blocks with the air bushings are assembled to a rigid block and the movement part consists of two hollow 
shafts and 4 end mounts. A detail picture of the guidance is shown in figure H.4 (right). 

H.2 Data sheets shaker and accelerometer 

An accelerometer of "Brüel&Kjcer type 4367 serial number 80597 4 " and a "Brüel&Kjcer type 2626 condi
tioning amplifier" are used to measure the acceleration of the table. The specifications of the accelerometer 
are presented below (see data sheet[33)). 

• Reference Sensitivity at 50 [Hz] at 20 [0 C] 
• Cable Capacitance of 112 [pF] 
• Charge Sensitivity<-) 

1.98 [pC/ms-2
] or 19.8 [pC/gJt*> 

• Voltage SensitivityC...,.) 
1.95 [mV/ms- 2] or 19.5 [mV/g] <*) 

• Capacitance (including cable) 1021 [pF] 
• Maximum Transverse Sensitivity at 30 [Hz] 22 % 
• Weight 13 grams 
• Undamped natura} frequency 39 [kHz] 
• Polarity is positive in the center of the connector for an acceleration directed from the mounting 

surface into the body of the accelerometer 
• Resistance minimum 20000 [Mrl] at room temperature 

(*) 1 g = 9.807 [ms - 2 ] 

(**) Tuis calibration is traceable to the National Bureau of Standards Washington DC 

In the manual of the LOS shaker a data sheet is found (see the manual [40]). The first figure shows the 
specification of a LOS shaker model 403. The specific properties of the LOS 403 shaker are presented in 
figure H.5 and the genera! specifications of the LOS 400 series are depicted in figure H.6. 

Wiodel 403)>< Model 406 Model 409 

jd f:requency 
SN 

9A 6A 3A 

or 
7.7N 11 .1 N 22.3N 
(1 .7 lbf) (2 .59 lbf) (5.18 lbf) 

0.53 ohm 1 .2 ohm 4.8 ohm 

9A 6A 3A 
18A 13A 6.5A 

36Hz 32Hz 301-iz 

Figure H.5: Model dependent shaker specifications of the LOS model 403. 
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Jv\aximum Thrust (Sine Vector) 
(with Fb rce Cool ing) 

iv'iounting T ebi e Threcd Size 

ALL MODEL 400 SERIES SHAKERS 

1 96N (44 1 bf) 

M4 x 0.7 x 6.3mm Deep 

D.C . to9KHz (~: ~ ~fl:11 Frequency Range 

'.~,; ·F-i:J~~~i~'r:ital Armature Resoncnce 
i -~ ' . / .- f. 

9KHz 

imum Bere Tcble Acceleration 100 g - with Forced Cool ing 

~ó·1tï D isp la cement 
+ + 
- 8.8mm (- 0.35 in) 

~: Stiffness 
+ 

12 .25N/ mm (70 lbf/ in) 15% 

~-îght :- Unmounted 
_/"" .?.,- -Trunnion Mounted 

•:;~f-~•, , \. ~. 
-nt~ng Tob! e D ieme ter 

'." .. 
1: .. , 
'e:r·bf /v\ounting Holes 

lff~e /lllass of /v\oving System 
-s: d 
t. ~-·-

,,~ ;~~f~ i.im ,lnput Power:- Ncturclly Cooled 
-,:;: · · Force Cooled 

1:1 _Dimensions 

14.1 kg (31 16) 
22.7 kg (50 16) 

38mm (1 .5 in) 

7 

0.200 kg (0.44 16) 

Permanent ,\A,cgnet 

100 VA 
350 VA 

See Figure 2 

. ~- AUXILIARY SUSPENSION (WHEN FITTED) 
•···· 
ss 22. 8 N/mm (130 lbf/ in) 
11\~ividucl Shakers mcy show slight variction in some of their chcrccteristics 

Figure H.6: Genera! shaker specifications of the LOS 400 series. 
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Appendix I 

Frequency response function of the 
system 

Different methods to generate a FRF of a system are studied by De Kraker [8]. In the presented theory 
the transfer function is based on the power spectra! density (PSD) function SxxU) and the cross power 
spectrum (CPS) function Sxy(f). A white noise input voltage x 8 (t) is applied to determine the frequency 
response function of the experimental setup. The response of the system y8 

( t) in meters is measured 
for time interval O ~ t ~ Te, where Te is the end time of the experiment in seconds. The superscript 
s denoted the number of experiments and is in the range of s = 1, ... , N with Nis the total number of 
measured responses. An averaging procedure is performed for the recorded data to get an accurate fre
quency response function of the experimental setup. To avoid signal-leakage, the input noise and output 
response are multiplied with a Hanning-window w(t) and these signals become xg(t) = x 8 (t)w(t) and 
yg(t) = y8 (t)w(t) respectively, where b indicates a windowed signal. Both windowed signals are trans
formed to the frequency domain Xg(f) = F(xî,(t)) and Yt(f) = F(yg(t)), where F denotes the Fourier 
transform operator. 

The next step is to calculate the PSD of the input and response of the system. The PSD function of the 
windowed white noise Xg(f) for N number ofresponses is derived by 

N 

SxxU) = ~ f L x( (f). xg(f) , 
s=I 

(1.1) 

with X( (f) is the conjugate of xg and the variable T is the time in seconds for one sample. Subsequently, 
Syy can be calculated by 

N 

Syy(f) = ~ f L_ Y{ (f) . ybs(f). 
s=I 

(1.2) 

The CPS function is given as 
N 

Sxy(f) = ~f L_Xg°(f) · Yb8 (j). 
s=I 

(1.3) 

The H 1 (!) estimator is used to derive the FRF of the experimental setup, which is expressed as 

H(f) = Sxy(f). 
SxxU) 

(1.4) 

Finally, the coherence function -y';y(f) can be calculated by 

2 (!) ISxyU)l
2 

'Yxy = Sxx(f)Syy(f) ' 
(1.5) 

which shows the relation between the input signal and the response. If the coherence is zero than the 
relation between the excitation and the output is not linear. The value becomes approximately one for a 
perfectly linear model. 
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Appendix} 

Parameter identification 
electrodynamic shaker 

There are different methods to determine the unknown parameters of the experimental setup. The equa
tions of motion are derived for the electrodynamic shaker by using the Lagrange's method. The experi
mental setup is divided into an electronic system consisting of a coil, resistance and an amplifier gain and 
the second part is a mechanica! mass-spring-damper system (see figure J .r). The first part of this appendix 
is devoted to derive the equations of motion. Subsequently, a transfer function is generated with all the 
unknown variables. 

J .1 Derivation of the equations of motion 

The electrodynamic shaker consists of an electronic part and a mechanica! part. McConnell [26] has stud
ied voltage mode and current mode power amplifiers, which are used for the derivations in this appendix. 
The dynamics of this shaker can be determined by deriving the equations of motion. The degrees of 
freedom (DOFs) depends on the position of the armature of the shaker, which is denoted by y(t) and the 
charge q(t). The time derivative of the charge is equal to electric current J(t) = q(t), so the generalized 
coordinates are: 

a .1) 

The equation of motion are derived by using the Lagrange's method 

CT.2) 

In this equation T is the total kinetic energy, V is the potential energy and D is the total Rayleigh dissipa
tion function and Eamp ( t) is the output voltage of the power amplifier. The input signal only contributes to 

the electromechanical part, so this can be described as hs = [ 0 1 f. Mallon et al. [ 24] and Michielsen [ 27] 
have studied an electrodynamic shaker. The same procedure is used to derive the kinetic, potential and 
Rayleigh dissipation function. The relation between the output current and the input voltage of the shaker 

C 

m, 

k 
y(t) 

Figure J.l: Electronic part (left figure) and mechanica! part of the shaker (right figure). 
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is I(t) = GampE(t). The total kinetic energy T can be divided in an electromechanical energy part Te and 
a kinetic energy part due to the mechanical system T m· The spring in the mechanical system contributes 
to the potential energy V. The Rayleigh dissipation function includes the damping of the mechanical 
system and the dam ping of the electric circuit, which is studied by Begamudre [4]. 

First, the total kinetic energy will be determined. The electromechanical energy Te contains the energy 
which is stored in a single inductance and electromotive forces due to the motion of the conductor in a 
magnetic field. The kinetic energy of the electromechanical part becomes 

1 ·2 , 
Te = 2Lq + Kcqy. (J.3) 

In this equation, Lis the coil inductance in [H], Kc is the current to force constant (constant of the coil) in 
[N/ A], q is the time derivative of the charge that is equal to I in [A] and y is the position of the armature 
[m]. The current to force constant Kc = BLN, where Bis the magnetic field in [T], lis the coil length per 
turn and N is the number of turns. The mechanica) energy of the shaker is calculated by 

1 ·2 
T 8 = 2mty , (J.4) 

where m1. is the total mass TIIt = m + m ex in [kg] (mis the effective moving mass and m ex is the additional 
mass) and y is the velocity in [m/s]. The total kinetic energy of the electrodynamic shaker will be 

T 

T with q = I. 

The potential energy of the system is only generated by the elastic spring, which is given as 

V = ~k 2 
2 y ' 

where k is the spring stiffness in [N/m]. 

(J.5) 

(J.6) 

Finally, the Rayleigh dissipation function will be determined that is divided into an electromechanical part 
and a mechanica! part. A voltage drop across the resistance is responsible for the energy dissipation. The 
energy that will be dissipated, because of this voltage drop is D e = ½ R<j2. The mechanica! dissipation 
is generated by the damper (see figure J.r) and is given as D s = ½c0 y2 • The total Rayleigh dissipation 
function becomes 

D 

D 

De+ D s, 
1 ? 1 2 
-RJ- + -cy 
2 2 

with q = I , (J.7) 

where R is the electromechanical coil resistance in [O] and c is the mechanica! damping constant in 
[Ns/m]. Using (J.2), results in the equations of motion of the shaker model 

mtjj + cy + ky with 1Tit = 1n + 1Tiex 

LÎ + RJ + KcY· 

J .2 Transfer function 

and I(t) = GampE(t) , (J.8) 

(J.9) 

A transfer function is generated to study the dynamics of the system. The equations of motion (J.9) can 
be written into a transfer function, which is the output displacement in meters divided to the input signa) 
in volt. Using La place transformation these equations of motion becomes 

mtY(s)s2 + cY(s)s + kY(s) , 

LI(s)s + RI(s) + KcY(s)s. 
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(J .11) 



Rewriting yields 

Q.12) 

Fora frequency response function is s = jw. In this equation mt = m + m ex is the total moving mass of 
the system. Note that w = 21r f is the angular velocity and j 2 = -1. Using this transfer function and the 
measured frequency response functions, the parameter values can be identified. 
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AppendixK 

Experimental estimation of the friction 
coefficient 

The friction tables can only be used for a first estimation. The tables show that the friction coefficient is 
uncertain (braad range). Experiments will be performed to determine the friction coefficient fora steel 
object against a steel surface. Several methods to determine the coefficient are discussed by Van Beek [42]. 
An easy method to determine the friction coefficient is the tilted plane method. The principle behind this 
technique is to place an object of material "A" onto a flat plate of material "B", which is tilted slowly by 
increasing the tilt angle 0. The object will start to move when the tilt angle is large enough. The angle (at 
which the object begins to move) is measured or calculated. A schematic representation ofthis experiment 
is depicted in figure K.I. 

1. b .1 
Figure K.1: Basic principle to determine the friction coefficient experimentally. 

Using this figure, a relation between the friction coefficient µ and the tilt angle 0 can be derived. The statie 
force balance in the x-direction can be used to calculate the relation between the friction coefficient and 
the tilt angle. The force balance in x-direction yields 

0, 

0, 

(K.1) 

(K.2) 

where F8 = mg sin 0 in [N], mis the mass of the object in [kg], gis the acceleration due to gravity in [m/s2], 

and Fw = µFn (friction coefficient times the normal force). The normal force Fn can be calculated by 

Fn = mgcos0. (K.3) 

lnserting the above equation into (K.2) yields 

0 = mgsin0 - µmgcos0. (K.4) 

Rewrite the terms in (K.4) gives an expression for the friction coefficient µ 

µ = mgsin0 = sin0 = tanB = !::_ _ 

mg cos 0 cos 0 b 
(K.5) 
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The angle 0 is calculated by measuring the width b while the height h is fixed (h = 42.5 [mm] for the 
experiments in chapter 4 and h = 17. 7 [mm] for the experiments in chapter 5). The width b wil! be 
decreased slowly with approximately flb = 0.2 [mm] at each step. This leads toa small increase of f:l.11 [-] 
per step. 
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Appendix L 

Stiffened wire spring 

In this appendix the axial stiffness Cx, radial stiffness, Crad, shear stress T , and the buckling force Fb are 
derived. The equations for these parameters are presented in (20]. 

AxiaI stiffness 

The stiffness in axial direction must be very high compared to the radial stiffness. The axial stiffness of 
the stiffened wire spring can be calculated by 

3E7rd2 3 . 210. 10971"0.00152 

Cx = ~ = 
4

. 
0

_
03 

= 3.71 · 107 [N/m]. (L.1) 

The maximal force generated by the shaker is Fmax = 98 [N]. The maximum compression x can be 
derived by dividing the axial force Fax by the axial stiffness ex, which yields 

Fax 98 -6 
X = -;;-- = 

3
_ 
71 

. 107 = 2.64 · 10 (m]. 

This is an acceptable value. 

Radial stiffness 

The radial stiffness is calculated by 

Crad = 

Crad = 

1296 EI 
109 . L3 

with I = !!_d4 

64 ' 

1296 210 · 109 
· :4 0.00154 

4 
109 . 0.033 = 2.3. 10 [N/m]. 

(L.2) 

(L.3) 

The maximal misalignment z is estimated as 0.0005 [m]. Consequently, the maximal radial force acting on 
the stiffened wire spring is Frad = z • Crad = 0.0005 • 2.3 • 104 = 11.5 [N]. This force is relatively large and 
can be reduced by assembling the experimental setup more accurate. The distance between the shaker and 
the first air bushing is approximately xd = 0.095 [m]. When presence of only one air hearing is assumed, 
the moment on the air hearing becomes 

Mair = XdFrad = 0.095 · 11.5 = 1.0925 [Nm]. (L.4) 

The maximum moment on one air hearing is 1.1 [Nm] according to supplier specs. In the experimental 
setup, four air bushings are used, so the maximum moment on one air hearing becomes much smaller. 

Shear stress 

Another important design issue for the fl.exible connection is the yield strength related to the shear stress. 
For spring steel, the yield strength is approximately 1.1 • 109 [Pa]. A uniaxial stress is considered, which 
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results in a3 = a 2 = 0 [Pa]. Using these conditions, the maximum shear stress becomes 

ay 

2 
1.1 ~ 109 = 5.5 . 10s [Pa]. 

The shear stress for the flexible connection is 

T 

T 

3Edz 
L2 ' 

3 · 210 · 109 · 0.0015 · 0.0005 8 
-----

2
---- = 5.25 · 10 [Pa). 

0.03 

(L.5) 

(L.6) 

The maximum shear allowed stress is higher than the generated shear stress within the wire spring with 
stiffened middle part. 

Buckling force 

The buckling force can be calculated by 

367r2 E I 1r 4 
L2 with I = 

64 
d , 

361r2 
· 210 · 109 · 67:i 0.00154 

4 

0
_032 = 2.06 · 10 [N] . (L.7) 

The axial force is much smaller than the buckling force Fb, 
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AppendixM 

Control scheme simulation and 
experimental setup 

The control scheme to track a predefined position profile is presented in figure M.1. A feedback controller 
is applied for the stability and the system performance is realized by the feedforward controller. The 
feedback controller Ctotal consists of a gain Kp and a notch filter Cnotch (4.19). 

The fine tuning procedure consists of three subsequent steps: 
1. change the value of the mass (Kacc ); 
2. optimize the value of the stiffness (Kpos ); 
3. tune the damping (Kvel), 

The acceleration profile is very important, so the fine tuning is a trade-off between the position error and 
the overshoot of the accelerations. 

In table M.r, the parameter values of the simulation with a bronze top surface are given. For the simula
tion, a table acceleration profile with ih = 0 (m/s2], ih = 6.5 [m/s2), ih = 1.5 (m/s2), ó..y = 0.0025 [m], 

ii Kacc 

il -•IKvel 1 + 

y ---•I Kpos 

__j\_/\_ Yref+ 
y 

Position profile 

Figure M.l: Control scheme (feedback controller with feedforward controller). 
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and 6-T = 0.17 [s] is used. The gain Spos is the sensitivity of the laser vibrometer. For the simulation the 
output of the system is already in meters , so Spos = l. 

The parameter values for the simulation are used as initia! values for the real experimental setup. The 
parameter values of the fine tuned controller are presented in table M.2. The mass of the anodized top 
surface together with the mass of the stainless steel surface is equal to m ex = rnanodized aluminum + 
rn st.ainlesssteel = 0.333 + 0.472 = 0.801 [kg]. Some changes between the gains (Kpos, K vel , and Ka.cc) for 
the simulation and the experimental controlled system are found. 

Parameter Value 

rn = 3.64 [kg] 
1nex = 1.68 [kg] 
1nt = 5.32 [kg] 
k = 22068 [N / m] 
C = 25 .79 [Ns / m] 
w = 34.5 [N/V] 
0 0.00127 [s] 
K p = 3025 [V/m] 
f n = 10.2539 [Hz] 
fJ 1 = 0.035 [-] 
f32 = 0.900 [-] 

K pos 22150 [ml 
K vel = 25 [Ns/m] 
K acc = 5.35 [kg] 

Table M.l: Simulation parameter values for the fine tuned controller (results figure 4.20). 

Parameter Value 

m, = 3.64 [kg] 
rnex = 0.801 [kg] 
m ,t = 4.432 [kg] 
w = 34.5 [N/V] 
K p = 3025 [V/m] 
f n = 11.3525 [Hz] 

fJ1 = 0.035 [-] 
f32 = 0.900 [-] 
K pos = 22000 [ml 
K ve1 = 30 [Ns/ m] 
K acc = 4.25 [kg] 
Spos = 1280 · 10~6 [ml 

Tab Ie M.2: Experimental setup parameter values for the fine tuned controller (results figure 5.2). 
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