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In the course of the history of precision engineering, there has been a growing need
for accurately defined shapes and geometries, in order to measure and to manufac-
ture in an accurate and repeatable way. The most basic geometries are a straight
line (1-dimensional) and a flat plane (2-dimensional). Much effort has been spent
to approximate these mathematically ideal shapes in a mechanical way.

The approximation of these ideal shapes is used for several purposes. Firstly, to
realize a physical form standard in order to compare or to measure the shape of
objects, e.g. manufactured products. Secondly, to realize a motion profile accurately
describing the ideal line or plane in order to move a tool or instrument relative to
an object, e.g. in manufacturing processes or alignment systems. This form standard
or motion profile has to define or exclude certain degrees of freedom.

A solid object in a three-dimensional space has six degrees of freedom: three trans-
lations along the axes of an orthogonal coordinate system, defining its position,
and three rotations around each of these axes, defining its orientation. When the
coordinate system is chosen having one axis in the direction of the desired mo-
tion, straight motion can be described as the motion in only one of the six degrees
of freedom, while all other five coordinates are equal to zero. This is depicted in
figure 1.1.

Therefore, the way to realize a straight motion is to keep the undesired deviations
in five degrees of freedom as small as possible. This formulation immediately im-
plies that in practice straight motion only is an approximation of the mathematical
description, having a certain inaccuracy. Many different solutions have been de-

1



2 CHAPTER 1. INTRODUCTION TO STRAIGHT MOTION

Figure 1.1: A solid object in a three-dimensional space has six degrees of freedom:
three translations along the axes of an orthogonal coordinate system and three ro-
tations around these axes. Straight motion allows one coordinate to vary while
deviations in all other five degrees of freedom have to stay zero.

vised and applied to achieve the highest possible straightness. The state of the art
in straight motion will be discussed in more detail further in this thesis.

In the course of history a development is visible in the design of straight motion
systems, aiming at several different goals, depending on the application in which
the straight motion system has to be used. These goals include:

High accuracy, high velocity: In most system designs there is a tradeoff between
accuracy and velocity. To increase the velocity as well as the accuracy, gen-
erally more design effort and money will be needed. Typical values for the
aimed accuracy range from the micrometer level to the nanometer level. The
velocity can vary from the �m/s to m/s range. Instead of velocity also band-
width can be read.

Integration vs. modularity: Dependent on the application a designer will either
try to integrate functions or split them up in functional units. Both approaches
can be advantageous.

Small size: Often also the volume is minimized in order to reduce the mass and
the necessary mounting space and to achieve the highest possible velocity
and bandwidth.

Low power consumption: From economical point of view, but also for reasons of
thermal behavior, the power consumption can be reduced by e.g. smaller size
(see above) and optimized drivers or controllers.

Low cost: From economical point of view as well, efforts are made to decrease pro-
duction cost. This only makes sense for larger product series; for prototyping
purposes in a research environment this is of minor interest, as long as the
research budget is sufficient.
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Because this thesis describes work in the field of precision engineering, the focus
will be mainly on accuracy optimization. Besides that, also modularity and cost play
an important role. Many of the described systems can be classified as ‘mechatronic’
systems. This term covers the overlap area between (precision) mechanics, elec-
tronics and (sometimes) physics or optics.

When concentrating on accuracy aspects in the development history of mechani-
cal straight motion systems, it seems that the achieved performance approaches
the micrometer range asymptotically. With regard to mechanical straight motion
systems without feedback control, only in a few special cases and under strict con-
ditions, accuracies in the submicrometer range or even lower are reported, for ex-
ample in [65]. It appears that in practice it is very difficult to guarantee accuracy
below�(1 �m)1 because of manufacturing errors, external loads, wear, temperature
dependent deflections, etc.

1The symbol �will be used throughout this thesis to indicate an order of magnitude.
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Throughout this thesis the coordinate convention as displayed in figure 1.2, taken
from figure 1.1, will be used. The direction of motion is addressed as the x-
direction. Gravity acts in the negative z-direction. Using this convention the angles
around the three main axes—roll, pitch and yaw—correspond to �x, �y and �z,
respectively.

Unless otherwise specified, the direction of motion of all described systems and
tests will be the x-direction, whereas the vertical direction always is addressed as z.

Figure 1.2: The coordinate system convention that will be used in this thesis. The
gravity acts in the negative z-direction, the direction of linear motion is the x-
coordinate, unless otherwise specified.

To get an impression of common orders of magnitude, the straightness tolerance of
steel straightedges, classified according to the DIN 874 norm, is shown in table 1.1.
The straightness deviations are defined relative to a best fit ideal straight line.

����� ���� �	
����� ����
00 1� ��150
0 2� ��100
1 4� ��60
2 8� ��40

Table 1.1: DIN 874 Classification of steel straightedges, in which � is the length of
the straightedge in [mm].

When regarding straight motion systems, besides the translation also the orientation
must be taken into account, so that actually five parameters are necessary to de-
scribe the straightness errors during motion. In table 1.2 the naming convention is
given, as it is recommended by VDI 2617.

Because the linear motion systems in this thesis have only one motion axis (motion
in the x-direction), the first subscript ’x’ in e.g. ’Txy’ can be omitted without causing
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������ ����	
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��� ���� 
��� 
�����

�������
����� ������

�
�����
���� �� y
�
�����
���� �� z
��
�
����� ������

���� � �x

��
	� �� �y

��� �� �z

Table 1.2: Example of naming convention of the guide errors for a linear motion
system, according to the directions given in VDI 2617. Because the systems consid-
ered in this thesis have only one motion axis, a simplified notation has been used,
which is unambiguous.

ambiguity. Therefor, a simpler notation has been adopted.

Throughout this thesis, when addressing ‘straightness errors’ in five degrees of
freedom, the translational errors as well as the rotational errors are meant.
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In the following list the most important parameters of positioning systems are sum-
marized. They are valid for a positioning system having a desired position as an
input (for example, the setpoint of a servo system) and an physical position as an
output. In figure 1.3 some of the most important accuracy related parameters are
explained graphically [63].

1. Accuracy: the maximum difference between the commanded position and the
actual position. The accuracy can be given for a point or for a certain interval.

2. Resolution: The minimum step or increment that can be made, so that it just
can be discerned from the position noise or position uncertainty. However,
when time averaging is applied, changes in the average position smaller than
the position noise level can be defined and/or detected.

3. Repeatability: the maximum difference between different actual positions for
the same commanded position.

4. Non-linearity: the maximum deviation from the ideal linear relation between
input (commanded position) and output (actual position). Different defini-
tions exist for absolute non-linearity (concerning the overall range), incremen-
tal non-linearity (concerning a smaller working interval) and relative non-
linearity (expressed as a percentage of the regarded range).

5. Bandwidth: (in positioning systems) the frequency at which the frequency
response function of the open–loop system crosses 0 dB for the first time; (in
sensor systems) the frequency range up to where the output/input amplitude
ratio of a sinusoidal signal is larger than �3 dB. (Other definitions exist.)

Note that the above definitions are related to position generating devices, but they
can easily be translated to analogous definitions for position sensing devices.
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Figure 1.3: Illustration of basic terms relevant to positioning: accuracy, repeatability
and resolution [63]. Analogous definitions can be derived for position sensors.
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The goals of this research are:

� to give a summary of the state of the art in linear and straight motion and to
determine the bottle-necks in performance

� to investigate the improvements in straightness performance that can be
achieved by means of feedback controlled straight motion systems

� to describe a new way to cope with environmental disturbances c.q. vibra-
tions, in order to increase the motion accuracy

The contents of this thesis mainly follow the division mentioned above. Chap-
ter 2 gives an overview of conventional and experimental straightness measure-
ment systems and techniques with brief comments on performance, advantages
and drawbacks and applicability in straight motion systems. In chapter 3 the state
of the art in straight motion is considered. From each working principle or technol-
ogy the most representative examples will be discussed, with comments on perfor-
mance, advantages and drawbacks. For a well-designed system eventually there
will be a limit to the performance, dictated by one or some parameters. For the
described systems this limit will be investigated.

The next two chapters are the core of this thesis. In these chapters, attempts will be
made to push forward the limits mentioned in the previous chapter, by combining
known technologies and inventing new technologies, respectively. The emphasis
will lie on straightness accuracy, position accuracy and low cost. Chapter 4 de-
scribes new experiments and developments in feedback controlled straight motion.
It will appear that with the help of mechatronic components—sensors, actuators,
control techniques—a substantial improvement can be achieved.

However, when aiming for the sub-micrometer and nanometer range, new limits
are encountered because the environmental disturbances get increasing influence.
It becomes necessary to isolate the positioning system from the (vibrations of the)
world.

Therefor, in this thesis a new approach is presented, using the zero stiffness princi-
ple, integrated in the actuator system. The theory and new practice of zero stiff-
ness bearings—to integrate vibration isolation in the actuator system of a feedback
controlled straight motion system—are presented in chapter 5. Finally, concluding
remarks and recommendations are made in chapter 6.
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Before describing existing systems for the generation of straight motion, first some
attention has to be paid to the methods of measuring straightness, in order to under-
stand in particular the active straight motion systems that use a straightness sensor
in their control system.

In most cases, measuring straightness deviations is equivalent to measuring position
deviations in more degrees of freedom relative to a suitable straightness reference.
From these position deviations the straightness deviation can be calculated; it will
be expressed in units of distance [m] and angle [rad]. Therefore, this chapter will
start with the description of position sensors1, after which the most important types
of straightness sensors will be discussed. Some of these position and straightness
sensors are well-known and commercially available, in which case also a price in-
dication is given, if possible. Some sensors are new because they are designed
within the scope of this thesis, like the combined capacitive position/velocity sen-
sor (section 2.1.2), the capacitive straightness sensor (section 2.2.1) and the laser
straightness sensors (sections 2.2.2.1 and 2.2.2.2).

1Throughout this thesis, no distinction will be made between position and displacement sensors. Ac-
tually, absolute and relative position can be distinguished, while displacement could be the change in
position over time. No special attention will be paid to these differences either.

9
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This section will describe very briefly the most important displacement sensors
which meet the following specifications:

� sub-micrometer resolution

� contactless operation

� electrical (analog or digital) output signal

� sufficient bandwidth (preferably � 1 kHz) for application in feedback con-
trolled systems

In figure 2.1 the range–resolution ratio of various sensors has been plotted against
the bandwidth. This is only one of the possible characterizations of position sen-
sors, but it gives a reasonable general impression of the performance.

In the next, a summary will be given of the different sensor types and their most
important properties. Much of the data is taken from an extensive literature and
market research report on ‘nanosensors’ [80]. This report describes a variety of
commercially available sensors, which have a resolution in the range between 1 nm
and 1 �m.

Position sensors can be divided into four categories: optical, inductive, capacitive
and miscellaneous. For each of the categories a short list will be given here, whereas
in table 2.1 an overview of typical values for the most important specifications is
given. Of course, such a short list will not be comprehensive. Its only intention is
to give an overview of typical properties for commercially available sensors.

First, consider the optical sensors, which form a large part of the available sensors
capable of measuring positions in the nanometer range.

Triangulation sensors consist of a light source (diode laser or LED), a focusing
system and a light spot detection device. They can work at a considerable
nominal distance (several millimeters). The overall dimension of a typical
triangulation sensor unit is 50� 50� 20 mm3, which is rather large relative to
other sensors.

Photonic sensors or fiber optic sensors mostly have two working areas: one region
very close to the reflecting surface, where the light intensity strongly increases
with distance, and one region at a larger distance, where the light intensity
decreases due to the increasing distance. When a light conducting fiber is ap-
plied, the sensor tip only consists of a tiny fiber bundle, while the condition-
ing electronics can be located elsewhere. There exist IC sensor units having
all optical and electrical components in a volume as small as 6� 2� 1�5 mm3.
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Figure 2.1: Overview of sensors that are commercially available, and capable of
measuring in the nanometer range [80]. The range–resolution ratio of various sen-
sors has been plotted against the bandwidth. The grey zone represents the area of
tradeoff between relative accuracy and bandwidth. In general, the price increases
when moving in the direction indicated by the arrow, but for different types of sen-
sors considerable deviations occur. Note that the range/resolution ratio is only one
possible way of characterizing position sensors.
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Laser interferometers are widely applied in precision measurement technology. A
complete measuring system for one degree of freedom occupies several dm3

space. Various optical configurations exist, capable of measuring lateral dis-
placements (using a Wollaston prism and two mirrors) or angles. Besides the
rather bulky ‘common’ laser interferometer systems, there are compact units
utilizing diode lasers, being only �17 mm� 73 mm in size.

Laser autofocus sensors strongly resemble the optical system known from the
compact disc player. Their working range is relatively small, several micro-
meters.

Optical scales are widely applied as well. There exist some types having nanome-
ter resolution. Also 2-DoF and 3-DoF versions (with limited angular range)
are known.

Second, among the inductive sensors several types are available that have a resolu-
tion in the sub-micrometer range. However, the nanometer level is reached only by
some customized sensor types that are not in the manufacturer’s catalogi, because
they are only available in large quantities for the OEM2 market.

Third, the capacitive sensors form a large group. In the next section, more detailed
attention will be paid to this category, because of some new developments that are
especially interesting for the field of multi-DoF (straightness) measurement.

Finally, the category ‘miscellaneous sensors’ contains e.g. some hypothetical sensors
based on the imaging elements of STMs and AFMs3. Their favorable properties are:
very high resolution (sub-nm), small dimensions (mm range) and high bandwidth
(10� 100 kHz) [12]. The reasons that they are not yet widely used as universal
position sensors are a.o.: the complex manufacturing process (due to which mass
production is difficult), their fragility and their sensitivity to contaminations. In
addition, since they are used mainly to map surfaces, the measuring range is very
small, in the micrometer range.

����� ������	�
� ����������	 ����

Several types of capacitive sensors are commercially available, most of them con-
sisting of one sensor electrode and an accompanying target electrode, using various
types of electronic circuitry (see section 2.1.1.2). The resolution can be very high,
down to the sub-nm level, at the cost of bandwidth. The measurement range is de-
termined by the area of the electrodes and the sensitivity of the electronics, which
both are constant. The resolution and bandwidth can be mutually exchanged.

In the recent past, much research has been done concerning the application of other
capacitive sensor techniques in position sensing [24, 81, 28, 8]. Therefor, only a

2OEM: Original Equipment Manufacturer
3STM: Scanning Tunneling Microscope; AFM: Atomic Force Microscope.
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Principle  Range  Resolution Bandwidth Size Price Note
[mm] [nm] [kHz] [mm3] [kf ]

Triangulation +/-0.25 10…50 10…20 50x50x20 10…20 1
Photonic, front slope 0.0025…0.15 2.5…25 0.01 Ø5x70 0.01…25

15…150 150
Photonic, back slope 0.75…1.5 15…250 0.01

2000 150
Laser interferometer 10000 1…50 vmax/Amplitude 100x100x400 10…50 2

Diode laser interferometer 1000 10 vmax/Amplitude Ø17x73 10…20 3
500 1.6 vmax/Amplitude

Laser autofocus sensor 0.0044 5 100 Ø20x64 5
0.013 20

Optical scale 70 1 vmax/Amplitude 20x20x20 10 2
68x68 10 25

100x100x50mrad 5 5
Inductive 1 100 20 Ø7x35 3
Inductive, custom / OEM <1 <1 n/a n/a >10
Capacitive (synchr. det.) <<1 Range/1e3 20 1000…10000 5

Range/1e6 2
Capacitive (MMO) Range/1e4 0.005 500 n/a 4
Capacitive           (static) +/- 0.5 200 0.01 1000 n/a 4
'xv-sensor'       (dynamic) +/- 0.005 1.5 4

Table 2.1: Overview of a selected set of specifications for a group of sensors, which
are capable of measuring positions with a resolution in the 1 � � �100 nm range.
Notes: 1) Working distance 0�25 mm; 2) Typically vmax � 1 m/s, dependent on elec-
tronics; 3) vmax � 0�2 m/s; 4) Experimental sensor.

short summary of the most relevant theory and practice will be given here, which
is sufficient to compare capacitive sensors with other sensors and to understand the
new developments, e.g. in section 2.1.2.

������� ������	�
� ���	��� �������� ���������

The basic equation providing the relation between geometry and capacitance of a
parallel two-plate capacitor is the well-known formula

C �
�0�r A

d
(2.1)

which is valid under the assumption that the electric field is homogeneous. In
this formula C is the capacitance in Farad [F], �0 is the permittivity in vacuum, be-
ing approximately 8�8542 � 10�12 F/m, �r is the relative permittivity of the medium
between the capacitor plates, A is the projected overlapping area of the capacitor
plates in [m2] and d is their relative distance in [m]. As a rule of thumb, for a bi-
plane capacitor in air with two 1 cm2 electrodes with 1 mm gap the capacitance will
be about 1 pF (actually 0�88542 pF).

The assumption of a homogeneous field only holds when A�d is sufficiently large
and/or proper shielding is applied. A rule of thumb is that the emitter electrode
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must overlap the guarding around the receiving electrode with five times the nom-
inal electrode distance d0, the so-called 5d-rule [81]. In that case the error made due
to fringe effects will be smaller than 1 ppm.

From equation 2.1 follows that there are principally three methods to convert a
displacement to a capacitance, as is shown in figure 2.2:

1. Couple the displacement u to a change in �r, e.g. move a piece of different-�r

material between the capacitor plates. Some typical values for �r are shown
below.

Material Value of �r

Grounded shielding vane 0
Vacuum, air 1
Most electrical insulators 1 � � �10
Water 80
Piezo ceramics 2000
Electrical conductor �

2. Make the displacement u cause a variation in A.

3. Let the displacement u be equal to Æd.

Figure 2.2: According to equation 2.1, there are three principal methods to obtain
position information using a general two-plate capacitor.

These three methods each have their own characteristics. The influence of the mea-
suring configuration on the working range, linearity and sensitivity is summarized
in table 2.2. Besides these main variables some other parameters have a certain
influence on the capacity. These influences are listed in table 2.3 [8].

������� �����	
��� ��	���� �
	 ����������� �������
�

Charge–discharge measurement
One of the most fundamental methods of measuring capacitances is charging a
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�C
��r
�

�0 A
d �� ��������

A w ������� �� ��� ����� � ���
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�C
�A �

�0�r
d �� ��������

d � w ���������� ������� � ������ �C
�d � �

�0�r A
d2 ������� �� d

Table 2.2: The influence of the chosen method (see figure 2.2) on the range, linearity
and sensitivity of capacitive position sensors. The variable w is the electrode width.
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����� ��r
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��
��

��
�������� �C
�T � 2 � 10�6 �� Æ�� !�� �� ��r

�T " �� ��� ���" ��������
1013�25 
����

�C
�T � 2�5 � 10�6 �� Æ�� ��� ��������� 
���� ���# RH �

50%" Pw � 11�75 
����

$������� �C
�P � 53 � 10�8 �� 
���� %� 0Æ��

Table 2.3: Influence of environmental parameters on the capacitance of a parallel
two-plate capacitor [8].

capacitor up to a certain voltage, after which it is discharged, e.g. by connecting
one electrode to the electrical ground. The amount of charge flowing to the ground
is measured by a charge detecting device. From the basic equation, relating the
capacitance C to the charge Q and the voltage V,

Q � C � V (2.2)

it follows that the capacity C is

C �
Q
V
�

1
V

�
I(t)dt (2.3)

which can be measured using an integrating current–voltage converter, which is in
fact a charge detector.

However, much attention has to be paid to the quality of the necessary switches
within the circuitry, because they will inject disturbing charges into the measur-
ing circuit. Without special precautions (shielding), the resulting high-frequency
disturbances even may interfere with other electronic equipment.

Synchronous detection
A better, although more complex, method of capacitance measurement is syn-
chronous detection. In this method, the unknown capacitor Cx and a reference
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capacitor Cre f are subject to two oscillating voltages Vin and �Vin, respectively, as
is depicted in figure 2.3. When Cx � Cre f charge will flow from Cx to Cre f and vice
versa, and the input of the synchronous detector will be neutral. At the moment
that a capacitance difference Cx� Cre f occurs, the detector measures the amplitude
of the signal component having the same frequency as the excitation signal Vin.

An advantage of the synchronous detection method is that it is differential. When
Cre f is chosen equal to Cx�nom the gain can be optimized, taken into account the
expected variations in Cx, in order to achieve maximum sensitivity.

Another advantage is that only the signal having the same frequency and phase as
the excitation signal will be detected. This means that this circuit is not sensitive to
e.g. 50 Hz interference, provided that the excitation frequency is sufficiently high.

Typical specifications of a synchronous detector are given in table 2.4.

Figure 2.3: Scheme of a differential synchronous detector for capacitance measure-
ment. The detector measures the amplitude of the signal component having the
same frequency as the excitation signal Vin. The amplitude of the output signal Vout

will be proportional to the capacitance difference between Cx and Cre f .

��������� ���	� 
��� �����

���������	
��	� 103
� �� ��� ��������

106
� �� �� ��������

���� � � f

Table 2.4: Typical specifications of capacitance measurement systems using syn-
chronous detection.

Martin oscillator
In [70] and [36] a relatively new concept in capacitance detection is presented. A
voltage-controlled switched-capacitor relaxation oscillator described first by Mar-
tin [42] has been used in a slightly modified form by Toth and Li [13, 70, 36], see
figure 2.4. This capacitance measurement circuit is called the Modified Martin Os-
cillator, or MMO for short.
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Figure 2.4: Electrical scheme of the Modified Martin Oscillator. The microcontroller
(�C, upper right) switches between the unknown capacitors Cx�1 and Cx�2 (or any
desired number of unknown capacitors). The output of the circuit, which becomes
the ‘Measure’ input into the microcontroller, is a block signal with a period time
proportional to the capacitance value. The microcontroller generates a digital num-
ber representing the measured capacitance value of Cx�i.

A microcontroller is used to switch between the unknown capacitors Cx�1 and Cx�2
(or any desired number of unknown capacitors). The output of the circuit, which
becomes the ‘Measure’ input into the microcontroller, is a block signal with a period
time proportional to the capacitance value, according to

T � 4R(Co f f � Cx�i) (2.4)

in which Co f f is the offset capacitance that can not be made equal to zero.

To eliminate the unknown parameters R and Co f f , three sequential measurements
are done (switching on Cx�1, Cx�2 and none, respectively) which results in three mea-
sured periods Tx�1, Tx�2 and To f f . Now the capacitance ratio between Cx�1 and Cx�2 can
be determined from

Cx�1

Cx�2
�

Tx�1� To f f

Tx�2� To f f
(2.5)

If desired, one of the capacitors Cx�i can be replaced by a stable reference capacitor
Cre f . Thus, the absolute capacitance of an unknown capacitor can be calculated.

After doing these calculations, the microcontroller generates a digital number rep-
resenting the measured capacitance value of Cx�i or the capacitance ratio between
two Cx’s, dependent on the programmed algorithm.

Typical specifications of a MMO-based capacitance measurement system are listed
in table 2.5.
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��������� ���	� 
��� �����

����� 0 � � �25 ��
���	
��	� 100 �� ���������	
��	� � 104

�������� 5 �� tmeas � 100 ��
�	��
������ 100 ��� 2 �� �����

Table 2.5: Typical specifications of the Modified Martin Oscillator based capacitance
measurement system [8].

A property of the MMO is that the signal on the reference electrode (generally the
straightness reference bar) switches from minimum to maximum level—typically
�5 V or �10 V— triggered by the oscillator, where the frequency of the resulting
block signal is proportional to the capacitance value that is detected at that moment.
This is the reason that only one measurement electrode can be used at the same
time. For application in a straightness sensor using one single reference bar and at
least five measurement electrodes, this means that multiplexing has to be applied.

������� ���������� ���	������ ��� �	����� �� ���������� �������� ���������

When measuring positions by means of capacitive sensors, several parameters
which influence the quality of the measurement have to be taken into considera-
tion. These parameters concern the electrodes, the wiring, the environment and the
electronic circuitry. In the basic formulas for capacitive sensors (e.g. equations 2.1
and 2.3) these parameters are assumed to be ideal, which can be a too coarse sim-
plification. In figure 2.5 a graphical representation is given of the three groups of
error sources and attention points, as a result of literature research and experimen-
tal work [15]. The first two groups (electrodes and wiring / environment) can be
divided into mechanical and electrical parameters. The parameters will be briefly
discussed below, following the numbering as shown in figure 2.5. In [15] a more
detailed practical overview is given.

1. Mounting: Alignment errors depend on the sensing mode (∆x, ∆z or ∆�). The
electrode distance error ∆z has the largest influence.

2. Motion profile: The parasitic error motions of the moving object (e.g. ∆�x

while measuring ∆z) can cause errors which can be computed if the error
motions are known.

3. Dynamical effects: When applied in environments with strong vibrations, the
stiffness of the electrode structure and its mounting (e.g. a glue layer) are
of importance. In practice, tests showed problems above 1 kHz when using
double sided adhesive tape to attach a several cm2 electrode made of a piece
of epoxy-based printed circuit board (PCB).
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Figure 2.5: Inventory of possible problems and attention points when measuring
position using capacitive sensors. Three main error categories can be distinguished:
the errors concerning electrodes, wiring and electronics.

4. Material: The influence of manufacturing tolerances can be calculated, typi-
cal line width for etched PCB is 200 �m; surface roughness has a negligible
influence unless the roughness is near the order of magnitude of the electrode
distance; global form errors result in a relatively small error due to averaging.

5. Grounding: The ground circuit is very important, especially when high-
frequency electronic circuitry is applied; thick and stranded wires are pre-
ferred, ground loops have to be avoided. Shielding is necessary to avoid
cross-talk between sensing electrodes and to minimize the influence of en-
vironmental electromagnetic disturbances.

6. Field inhomogenities: The basic formulas for the capacitance values assume
a uniform field. Therefore, care must be taken to keep the field as uniform as
possible by means of a proper guarding around the measuring electrode.

7. Parasitic capacitance: Most measurement circuitry is designed in such a way
that it is more or less insensitive to the parasitic capacitance of the connect-
ing cables (see also point 11). However, within the electrode structure also
parasitic capacitances can occur, e.g. by unearthed metal objects near the elec-
trodes.

8. Crosstalk: In the case that measuring electrodes lie close to each other, it is



20 CHAPTER 2. MEASUREMENT OF STRAIGHTNESS

possible that surrounding electrodes disturb the measurement signal of an ac-
tive measurement electrode. This can be solved by means of a proper guard-
ing around the electrodes, which reduces the capacitance between two mea-
surement electrodes with up to a factor 100.

9. Medium: The capacitance depends on the relative dielectric permittivity �r,
which is in turn dependent on the air pressure, relative humidity and temper-
ature.

10. Force coupling: Especially in multi-electrode sensors, the wiring can cause
substantial forces on the sensor unit. Solutions can be thin wires laid in a
goose-neck shaped loop or wireless transmission of measurement signals.

11. Parasitic capacitance: Most measurement circuitry is designed in such a way
that it is more or less insensitive to the parasitic capacitance of the connecting
cables. However, care must be taken that this parasitic capacitance is not more
than 102 to 103 as large as the nominal capacitance.

12. Self inductance: At high frequencies, the self inductance of the wires normally
does not influence the measurement of the capacitance, but it can cause a
non-zero potential in the ground circuit, which decreases the measurement
accuracy.

13. Sensitivity / offset: The electronic circuitry has to be calibrated because the
component tolerances allow for a substantial variation in performance.

14. Bandwidth: Dependent on the type of electronic circuitry applied (see sec-
tion 2.1.1.2) there is a limit to the frequency of the detectable capacitance vari-
ations.

15. Electromagnetic interference: At high (switching) frequencies, care must be
taken to ensure that parts of the signal emitting surface do not act as antennas,
disturbing other sensitive electronic circuits at large distance.

16. Power supply: Especially in the case of charge/discharge electronics it is im-
portant that the power supply has a very low-impedance grounding to reduce
the sensitivity to high-frequency noise generated by the charge/discharge
switches.

17. Reference ground: It is recommended that the measurement signals have
their own reference ground, separated from the power supply ground, to be
less subject to high-frequency disturbances.

The research summarized above resulted in five special points of attention during
design and assembly of capacitive sensors:

1. Use a guarding system according to the ‘5d’-rule. All electrically conducting
elements near the electrodes have to be grounded.
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2. Keep the cable lengths as short as possible. Prevent vibration of wires.

3. Make the lay-out as symmetrical as possible, to eliminate the sensitivity for
parasitic motions.

4. Use a high quality floating power supply with a low-impedance grounding
circuit.

5. Avoid the use of electronic circuitry generating (high-frequency, high energy)
pulses. Especially in charge/discharge type electronics, care has to be taken
with regard to shielding.

����� ������	�
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A very straightforward method to obtain motion information from capacitive sen-
sors is detecting a current flowing from one capacitor plate while there is a constant
voltage on the other plate. The output current then is proportional to the relative
velocity of the plates. When charge rather than current is measured, position will
be output instead of velocity, as follows from equation 2.8. This will be explained
in more detail in section 2.1.2.2.

The main disadvantage of this measurement method is that its sensitivity decreases
with decreasing frequency, so that it is insensitive to static displacements. This is
the main reason that this current-detection method hardly is applied in position
sensing technology. Its advantages are, as mentioned already, its simplicity and also
its high bandwidth and high resolution, which are only limited by the performance
of the current detection device.

A promising new idea in the field of sensor technology is the combined use of
such a simple velocity sensor and a displacement sensor to obtain accurate dis-
placement information with a high bandwidth. This approach appears to be very
fruitful when applied to capacitive sensors because it cancels out the drawbacks of
both methods, while optimally combining the advantages [55]. This combination
will be described in further detail in this section.

The capacitive sensor based on the Modified Martin Oscillator, as described in
section 2.1.1.2, has a good accuracy but a low bandwidth (order of magnitude
1� 10 Hz). Actually, the term ‘output rate’ instead of ‘bandwidth’ is more cor-
rect in this case since it is a digital system, giving a measurement result at certain
intervals.

On the other hand, a high bandwidth is possible with a very simple analog ca-
pacitive velocity sensor (order of magnitude 5 Hz� 100 kHz or 0�1 Hz� 1�5 kHz,
dependent on the gain). Because of the underlying measurement principle—charge
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detection—the frequency response of this type of sensor will have a high-pass char-
acteristic. The output of such a velocity sensor may be integrated to give position
information.

The combination of these two methods, having a low-pass and high-pass charac-
teristic, results in

� either a low-cost position sensor with improved bandwidth (e.g. DC to 1 kHz
instead of DC to 10 Hz)

� or a low-cost velocity sensor with drift compensation (e.g. DC to 100 kHz in-
stead of 5 Hz to 100 kHz)

� or a dual sensor with both a position and a velocity output (e.g. DC to 1 kHz)

The latter option has an additional advantage when using state-space controllers
which use the velocity as an input signal. In many cases this kind of control sys-
tems simply take the derivative of an available position signal. However, when
this position signal contains (quantization) noise, the derived velocity signal will
contain substantially more noise than the real velocity. The magnitude of this kind
of disturbances for a quantized position signal can be calculated by

Æv � Æx � fs (2.6)

where Æv is the resulting quantization step in the velocity, Æx is the quantization
step in the position signal and fs is the sample frequency. This is explained in more
detail in section 4.4 on page 117. In general, when the controller requires a velocity
signal, it appears to be advantageous to measure velocity directly.
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The measurement principle of the capacitive velocity sensor will be explained here
further. The basic formula expressing the relation between the capacitance of a
two-plate capacitor and its geometrical properties was given in equation 2.1:

C �
�0�r � A

d(t)

in the case that � and A are constant and d is a time-varying distance, under the
assumption that the electric field is homogeneous. Together with

Q � C � V (2.7)

and

I �
�Q
�t

(2.8)
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this gives for the current I from the second plate (supposing a constant voltage
difference V between the capacitor plates):

I �
�

�t
�0�rAV

d(t)
� �

�0�rAV
d2(t)

� v(t) (2.9)

in which v(t) � �

�t d(t) is the motion velocity. Equation 2.9 implies that the output
current of a velocity sensor based on this principle will also be dependent on the
unknown squared distance d2(t). When the ratio between the amplitude u of the
motion and the nominal distance d0 is sufficiently small, this influence will be small,
as will be shown hereafter.

First, assume a sinusoidal time-dependent displacement of the measurement elec-
trode

x(t)� d0� u sin(�t) (2.10)

with u the displacement amplitude, so that the velocity will be

v(t)� u� cos(�t) (2.11)

which gives for the current I according to equation 2.9

I(t)�
�0�rAVu� cos(�t)
(d0� u sin(�t))2 (2.12)

Second, define a hypothetical current I � without the influence of the position de-
pendance:

I �(t)�
�0�rAVu� cos(�t)

d2
0

(2.13)

so that the relative difference between the actual and the ideal current becomes

I(t)
I �(t)

�
d2

0

(d0� u sin(�t))2 (2.14)

Third, define the quotient

f �
u
d0

(2.15)

to express the motion amplitude as a fraction of the nominal working distance.
Substituting this in equation 2.14 gives

I(t)
I �(t)

�
d2

0

(d0� sin(�t) f d0)2 (2.16)

or, expanded and simplified

I(t)
I �(t)

�
1

1� 2 f sin(�t)� f 2 sin2(�t)
(2.17)
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from which it is clear that the worst case occurs when

�t�
�

2
� 2k�� k � IN (2.18)

resulting in
I(t)
I �(t)

�
1

1� 2 f � f 2 (2.19)

In practice, the values for f will be small enough to neglect the quadratic term with
respect to (1� 2 f ), so that the simplified expression for f becomes

I(t)
I �(t)

�
1

1� 2 f
(2.20)

The relative error e is equal to

e � 1�
I(t)
I �(t)

�
2 f

1� 2 f
(2.21)

which simplifies even further, for small values of f , to

e � 2 f (2.22)

This means that e.g. for a ratio u�d0 � 0�001 the maximum relative error is about
0�2%.

Note that this error might be avoided by choosing measurement method 1 or 2 (∆�r

or ∆A, see the list on page 14) instead of the method described above, which uses ∆d
as an input variable. The latter, however, in general leads to a higher sensitivity, es-
pecially when the nominal electrode distance d0 is small compared to the electrode
width w.

������� ��� �	
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The combination of the position sensor and the velocity sensor—or xv-sensor4 for
short—enables us to use the high bandwidth of the velocity sensor (integrated to-
wards positions) while the static accuracy is provided by the slow position sensing
part. In daily life, this is more or less analogous to two-way loudspeakers, where
the frequency range in which a certain sound quality is required, has been split up
so that each speaker unit provides a certain part of it.

An illustration of this principle as applied in capacitive sensors is given in fig-
ure 2.6, where some simulated signals are shown. First, the real position (top, left)

4The name xv-sensor is chosen merely because of the two different underlying measurement prin-
ciples, which are based on x and v. In practice, when the v-measuring part applies a charge amplifier
instead of a current–to–voltage converter, v is integrated towards an additional x. The name ‘xv-sensor’
does not intend to suggest that also a velocity signal necessarily is present.
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and its derivative the velocity (top, right) are displayed. Second, the two actual
measurement signals are given: the position as it is measured by a position sensor
having a low-pass characteristic (middle, left) and the velocity as it is measured by
a velocity sensor having a high-pass characteristic (middle, right). Third, a position
signal is obtained from the latter velocity signal by means of integration, result-
ing in a position signal having a high-pass characteristic (bottom, right). Finally,
the measured position and the position integrated from the measured velocity are
summed up (bottom, left), giving an approximation of the original position signal.
In the ideal case this approximation will be perfect, in practice there may be some
deviation due to irregularities at the cross-over frequency.
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Figure 2.6: Simulated example of the combination of a position sensor having a low-
pass characteristic with a velocity sensor having a high-pass characteristic. The real
position signal has 1 and 20 rad/s components, the low- and high-pass character-
istics have been modeled as first order Butterworth filters with 10 rad/s cross-over
frequency. The lower left picture is the sum of the measured (low-pass) position
and the integrated (high-pass) velocity signal.
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A question that arises is why this approach is advantageous, since a direct high-
bandwidth position measurement is more straightforward and also will extract the
position information from ‘the moving electrons’ in a more pure way, without pos-
sible cross-over irregularities.

The answer to this question is that indeed theoretically the moving charge contains
all information about relative movement of the electrodes, given the initial position
as a boundary condition. However, in practice it is impossible to measure charge
or current without loss or noise. This results in a decreasing accuracy at decreasing
frequency, because the measured current is proportional to the velocity, and thus it
becomes impossible to detect static positions. In the past, many methods have been
developed to overcome this problem, resulting in a variety of capacitance detecting
circuits as described in section 2.1.1.2, making use of various methods like modula-
tion, oscillation, etc., to extract static position information from the two electrodes.
The development process of each of these circuits has had its own design goals, for
example maximum accuracy or maximum bandwidth. There is always a compro-
mise between bandwidth, accuracy and cost.

The underlying idea for the combined system described in this section is that the
combination of two low-cost units (for the measuring of capacitance) has advan-
tages above using only one expensive method.

Several problems have to be solved to make this combination. First the way to add
the two signals in the frequency domain has to be investigated. The analog method
first integrates the velocity signal resulting in a position signal with a high-pass
character, or directly uses the output of a charge amplifier. By using a frequency-
dependent weighting function this can be added to the low-pass position informa-
tion. When, as in figure 2.6, both ‘sensors’ have unity gain and their Bode plots are
complementary, this weighting function can be a unity gain as well. In practice, as
this will generally not be the case, some attention has to be paid to the cross-over
region weighting function.

A digital method might be more flexible. In a digital environment filters, delays
and arithmetic operations are easily adjustable. One special case is worth mention-
ing: a digital position sensor that gives one measurement every time interval tmeas,
combined with an analog velocity sensor. In that case the integrated velocity can
be used as position information, causing a certain drift because of the high-pass
behavior of the velocity sensor. At certain intervals now the signal of the slow po-
sition sensor can be used to eliminate that drift.

������� ����	
����� 	����� �� �� ����
��� ���

��������
� �����	

Experiments with a combined analog position-velocity sensor, also called xv-sensor
for short, show that excellent results can be achieved with relatively simple means.
For these experiments, two electrode plates have been designed. The first plate
contains the ‘receiving’ electrodes, which have a diameter of 15 mm and are sur-
rounded by a grounded shielding surface. The second plate contains the ‘sending’
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electrodes, which have to be larger than the receiving electrodes. The plates are
placed parallel to each other, at a nominal working distance of 250 �m. One pair
of sending/receiving electrodes is intended to be connected to a Modified Martin
Oscillator based measurement circuit. The other pair is connected to a constant
voltage source (50 V) and a current-to-voltage converter.

Furthermore, a test set-up has been built in order to move one of the two paral-
lel electrode plates in the direction perpendicular to the electrode surface, with a
mechanical bandwidth of about 1 kHz.

A Bode plot of the combined sensor is displayed in figure 2.7, the measured spec-
ifications of the velocity sensing part and the total combined sensor are given in
table 2.6 and 2.7, respectively. As a displacement sensor an eddy current sensor
(see section 2.1) has been used, low-pass filtered at 1 Hz. The reason that this (ana-
log) sensor has been used instead of the (digital) MMO based capacitive sensor is
that there were practical problems with regard to the implementation of this sensor
readout in the dSpace test environment. The xv-sensor’s signals have been com-
pared with the signal from a photonic sensor (see also section 2.1), which serves as
a reference sensor.
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Table 2.6: Measured specifications of the xv-sensor prototype’s velocity sensor part
having one electrode with a constant voltage (50 V) and another electrode con-
nected to a current-to-voltage converter.
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Table 2.7: Measured specifications of the combined xv-sensor prototype.

In figure 2.8 a comparison is shown of the integrated velocity output signal of the
capacitive velocity sensor (giving a position signal having a slow drift) and the
position output signal of the photonic sensor. The input is a 100 Hz mechanical
vibration with a small amplitude of about 2 �m. The phase difference is caused
by the low-pass filtering of the photonic sensor’s output. Without this filtering the
reference sensor’s signal contained even more noise.

The maximum absolute difference between the two signals is about 0�2 �m. This
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Figure 2.7: Bode diagrams (above: normal scale; below: expanded scale) of the
combined capacitive position–velocity sensor. Displayed is the transfer function
from the reference sensor (a fiber optic sensor, see section 2.1) to the combined
capacitive position–velocity sensor. Ideally this should give a flat response of 0 dB
and 0Æ over the whole frequency range. The maximum deviation observed is as
low as 0�3 dB over the whole frequency range of interest.
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comparison is done using the moving average of the photonic sensor output in
order to eliminate the noise component.

It is clear that the capacitive sensor’s signal is preferred, in particular for control
purposes, where the high-frequency noise can be a severe limitation for the system
performance.
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Figure 2.8: Graph showing the integrated velocity signal of the capacitive velocity
sensor and the position signal of the photonic sensor for a small 100 Hz vibration
input. The maximum absolute difference between the two signals is 0�2 �m, af-
ter low-pass filtering the photonic reference sensor output to remove most of the
noise. Note that there is a phase difference, caused by this necessary filtering of the
photonic reference sensor.

In figure 2.9 the position signal of the combined xv-sensor and a photonic sensor
are compared in the low frequency range. The input signal for both sensors is a
small position fluctuation containing two different frequencies, of which the high-
est one just lies in the critical overlap zone of the x- and the v-part. The maximum
difference appears to be smaller than 0�5 �m. Note the noise on the photonic sen-
sor’s signal. This noise probably is caused by the influence of ambient light and
irregular reflection in combination with the finite number of glass fibers. The rea-
son for this assumption is that in the near slope mode at a very short distance to
the reference object, where the sensitivity is higher at equal output levels, the noise
is considerably decreased.
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Figure 2.9: Comparison of the position signal of the xv-sensor and of a photonic
sensor for a small signal containing two different frequencies, of which the highest
one just lies in the critical overlap zone of the x- and the v-part. The maximum
difference is smaller than 0�5 �m. Note the noise on the photonic sensor’s signal,
having an amplitude of �0�5 �m.
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In practice, the x- and the v-part of a xv-sensor will have their own detector elec-
trodes. It is preferable to use a single straightness reference as a sending elec-
trode for both types of detector electrodes, to prevent complicated alignment pro-
cedures. However, the v-sensor requires a constant potential on the sending elec-
trode whereas the x-sensor based on the Modified Martin Oscillator (MMO) applies
a block signal on the sending electrode, having a frequency proportional to the ca-
pacitance value. This frequency typically is in the order of 50 kHz.

Several possibilities are proposed to realize a 5-DoF straightness sensor using five
position (x-) sensing elements and five velocity (v-) sensing elements, while avoid-
ing unwanted interference between the required reference signals:

1. Use of two parallel straightness reference bars, electrically isolated from each
other.

2. Use of the same straightness reference bar both for x- and v-measurement;
Transformation of the switching levels of the MMO from �10 � � �10 V to
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0 � � �20 V; the high switching frequency, typically 50 kHz, can be filtered out
for the low-bandwidth x-sensor giving a DC potential of 10 V.

3. Replace the capacitive x-measurement principle by another method, e.g. op-
tical, which is independent on the electrical potential of the reference elec-
trode’s surface.

When using method number 1, much attention has to be paid to the alignment of
the sensor elements and the two straightness reference bars. Method number 2 is
the most experimental of the three. Cross-talk and interference may be limiting
factors for successful application. Method number 3 is trivial and will not cause
problems. The three methods mentioned above are not investigated further exper-
imentally.
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This section will be finished giving a short overview of highlights concerning posi-
tion sensors. Table 2.8 shows several possible design goals, together with a sugges-
tion for a ‘best’ sensor choice.
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Table 2.8: Overview of different design goals leading to a preferred sensor type.

The most interesting trend in sensor technology is the increasing application of IC
fabrication techniques. This enables a substantial miniaturizing, together with the
additional advantage that all signal conditioning circuitry can be integrated in the
sensor package as well. Thus, the sensitivity for electromagnetic interference is
greatly reduced.
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In this section, attention will be paid to sensor technologies suitable for straightness
error measurement, i.e. measuring position deviations from a straightness reference
in five degrees of freedom.

Up to now, no commercial 5-DoF straightness sensors are available, except for one
system by Applied Precision Inc., based on laser interferometry. Its measurement
resolution is 0�2 ppm for the travel direction (x), sub-micrometer for the lateral
directions (y� z) and sub- �rad for the three angles (�x�y�z).

Obviously, any type of sensor capable of measuring a distance relative to a refer-
ence surface can be used in such a set-up that five measured distances give the
information about the desired five degrees of freedom, possibly after a coordinate
transformation. In that way, any of the sensors described in section 2.1 could be
applied. Here only one capacitive sensor and three optical straightness sensors will
be described, because of their small volume and/or special configurations.

����� ������	�
� �	����	���� ������

In the last years, extensive research has been done on the applicability of capac-
itance measurement in the field of positioning [24, 28]. On the one hand, new
and/or improved electronic circuitry has been developed [7, 23, 31, 41, 69, 70, 36].
On the other hand, different configurations have been designed to measure
straightness with one compact sensor unit [81, 8, 66, 50].

In this section, a capacitive position sensor is described that can measure all 5 de-
grees of freedom needed for straightness measurement simultaneously relative to
a straightness reference, using a very simple sensor structure [50].

In [66] the concept of a capacitive straightness sensor has been presented. Based
on that knowledge an L-shaped sensor unit has been designed. Figure 2.10 shows
a schematical representation. Each of the five circular electrodes is used to detect
the local distance between the sensor surface relative to the straightness reference.
From these measurements, the actual straightness errors have been calculated using
a coordinate transformation, which depends on the geometry of the sensor config-
uration.

The main advantage of this kind of capacitive sensors is their design flexibility. It
is relatively simple to realize an electrode structure tailored to the requirements.

The electrode patterns were etched in double sided printed circuit board and, to-
gether with the analog part of the electronics (see text below), mounted in a small
box of approximately 80� 60� 40 mm3. This has the advantage that only switch-
ing signals and the pulse width modulated output signal have to be transmitted
by the long connecting cable, which results in a lower noise level than in the case
that analog signals have to be transported through a long wire. The sensor unit has
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Figure 2.10: Left: Lay-out of the electrodes in the capacitive straightness sensor.
Each of the electrodes measures the distance to the reference surface, an aluminum
straightedge. A coordinate transform of the output signal vector gives the actual
coordinates. Right: Two prototypes of capacitive straightness sensors; the largest
one has all necessary measurement electronics integrated in the sensor unit (for this
photo, the cover has been removed).

been mounted on a linear stage with about 300 mm travel and straightness in the
order of 1 to 10 �m.

As a straightness reference, a hollow aluminum bar with rectangular cross section
has been used. Its absolute straightness is approximately 30 �m; its roughness is in
the micrometer range and does not have a measurable effect on the sensor accuracy
because of the spatial averaging effect. Short-term form stability is estimated to be
in the sub-micrometer range, due to the good thermal characteristics of aluminum.
The nominal distance between the sensor electrodes and the straightness reference
is 0�5 mm.

For detecting the actual capacitances, various electronic principles are known, as
summarized in section 2.1.1.2. In this first prototype the Modified Martin Oscillator
has been applied because of its ease of use, low cost and good accuracy. A dedicated
chip set was developed earlier [70, 36], consisting of two ASICs5: the so-called UTI
(Universal Transducer Interface) and a dedicated multiplexer chip called MUX. The
output of this system is digital; the capacitance value acts on an oscillator signal in
such a way that a block signal is generated of which the period is proportional to
the capacitance value. This block signal is fed into a microcontroller that detects
this period and sends the numerical capacitance values to a computer.

The electronic circuit can be split into two parts: the analog part with the oscillator
and switches can be integrated in the sensor unit and properly shielded, while the
microcontroller and communication part can be located elsewhere, because that
part is much less sensitive to electromagnetic disturbances.

The low-cost capacitance detection circuit, as described above, has a low measure-
ment frequency, due to the rather slow microcontroller and RS-232 serial communi-

5ASIC: Application Specific Integrated Circuit
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cation, but it is fast enough for calibration purposes. For feedback purposes a faster
measurement system is under development, with an aimed bandwidth in the order
of 1 kHz.

The highest resolution is achieved around a measurement time tmeas � 100 ms. For
shorter times the 1� f noise increases, for longer times the drift increases. Because of
the low measurement speed of the UTI this 5-DoF straightness sensor has been used
in quasi-static applications only. Its measured specifications are listed in table 2.9.
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Table 2.9: Measured specifications of a capacitive straightness sensor which detects
five degrees of freedom simultaneously.

The following additional remarks have to be made:

1. The large measurement range (� 1 mm for each of the electrodes) does not
require very precise alignment of the sensor unit, relative to the straightness
reference and the stage. However, the absolute non-linearity error will in-
crease when the nominal working distance increases, so that the nominal gap
preferably is as small as possible. In practice, this will result in an air gap in
the same order as the desired working range.

2. It is possible to increase the measurement frequency at the cost of lower res-
olution or less degrees of freedom, when the circuitry, as described above, is
applied. To avoid this compromise, currently new versions of the measure-
ment circuitry are under development at the TU Delft’s Electronics depart-
ment. The goal is to realize a measurement frequency in the kHz range, the
same resolution and the same number of degrees of freedom.

3. The measured straightness (actually: position) values are always relative to a
straightness reference. As long as form stability of the straightness reference
is guaranteed to be below a certain value �, absolute repeatability is possible
down to the order of magnitude of �, or the resolution of the sensor, whichever
is larger.
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The generation of a laser beam seems to be a simple way to realize a straightness
reference, because it describes a ‘straight line’ that can be directed along any desired
trajectory. Along the length of this trajectory the position of a moving object relative
to this beam can be detected using, for example, photodiodes. However, some
uncertainties affecting the straightness, described further in section 2.3.4, have to
be taken into account.

In [45] and [30], a straightness sensor has been described based on the use of three
parallel laser beams. A schematic representation of the measurement principle and
geometry is given in figure 2.11.

Figure 2.11: A straightness sensor based on three parallel laser beams. The three
parallel beams are derived from one incoming beam by means of three beam split-
ters (BS). Then the three beams are reflected by three retroreflectors (RR) located on
the moving target, so that they reach the three quadrant cell photodiodes (QPD).
Due to a dedicated triangular placement of the three retroreflectors, straightness
deviations of the moving part can be obtained in five degrees of freedom, all except
the x-direction [30]. As an example, in the lower figure the laser beams have been
sketched for a rotation around the y axis.

For the mounting of the optical components a special method has been developed
(patented by EPFL, Lausanne), which enables flexible aligning and attaching by
means of laser spot welding. In this method, the optical component is attached to
a tripod, which is in turn placed on the mounting surface. Then the component is
aligned by elastically deforming the tripod. When the position is adjusted (which
is detected by an optical measurement device), its position is ‘frozen’ by laser spot
welding the three feet of the tripod to the mounting surface.

The main drawback of this method is the parallellity of the three beams after they
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have been redirected by the beam splitters, which directly influences the accuracy
of the sensor. Moreover, the internal stresses increase the sensitivity of the tripod’s
position to thermal disturbances.

Misalignment of the retroreflectors or the quadrant cell photo diodes only causes
offsets or second-order effects.

The (small) divergention of the laser beam has no influence because the quadrant
cell photo diodes determine the y- and z-position of the point where the beam has
its mean intensity.

Using this three-beam laser straightness sensor, a resolution for deviations in the
y- and z-direction in the order of 0�1 �m has been achieved in a motion range of
600 mm. The resolution in the angular directions
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An alternative method presented here avoids the alignment of three beams by split-
ting the beams at the moving target rather than at the origin of the beam. This way,
the parallellity is limited only to the shape tolerances rather than the alignment tol-
erances of the optical components. High accuracy can be achieved, especially by
machining the appropriate parts together in one machining cycle. Moreover, the
necessary optical components are considerably less expensive, because instead of
three retroreflectors only one prism is needed, as is shown in the table below.
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In figure 2.12 a possible geometrical solution has been sketched. The three return-
ing beams together with the quadrant cell photodiodes give six signals for five
degrees of freedom position information, so that one signal is redundant and can
be used for verification purposes.

A possible disadvantage of this configuration is that the angle measurement de-
pends on the distance x between the moving part and the fixed part. For a sensor
of this type in an application requiring a certain angular range, a correction will be
necessary for the distance x. For zero point sensors it only means that the angular
sensitivity depends on x, which may be corrected as well.

A sensor of this type has been used with good results in a six degrees of freedom
piezo manipulator, as is described in section 4.3.
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Figure 2.12: Schematic representation of a 5-DoF straightness sensor using only one
laser beam without the need for careful alignment.
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The integrated photonic sensor as described in section 2.1 is very suitable for use
in a multi-DoF sensor, e.g. a sensor analog to the capacitive 5-DoF sensor that was
described in figure 2.10. Instead of the capacitive electrodes five photonic ICs can
be applied.

No special precautions are necessary with regard to the electrical shielding and ca-
bling, because all electronic circuitry is integrated in a shielded housing, together
with the sensing elements. For the same reason the connection to the controller is
very compact and straightforward: the only inputs needed are a 5 V power sup-
ply and a ground signal, the outputs are five measurement signals in the range of
0 � � �5 V that can be fed directly into the controller. The total component cost will
be in the order of 10 � � �100 guilders.
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1. Up to now, no commercial 5-DoF straightness sensors are available, except for
one system by Applied Precision Inc., based on laser interferometry.

2. Some experimental 5-DoF straightness sensors exist, but they are still in the
prototype phase.

3. Most of the experimental 5-DoF straightness sensors consist of combinations
of 1-DoF sensors.

4. Capacitive and optical sensors offer a large flexibility in realizing multi-DoF
position sensors.
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Throughout this thesis, the term ‘straightness reference’ will be used for any ob-
ject that can be used to relate straightness measurements to. In practice, straight-
ness references will be objects having suitable straightness tolerances. Of course, to
obtain absolute straightness information, it is necessary to know the shape of the
straightness reference with sufficient accuracy. That means, it must be traceable to
an (international) standard or to a perfect geometrical shape.

Assuming a perfect straightness sensor, different situations can occur, dependent
on the available information about the straightness reference. This is indicated in
table 2.10.
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Table 2.10: Overview of the information that a perfect sensor can obtain, given a
straightness reference having the properties as listed in the left column.

Straightness references can be divided in two categories: mechanical (including
straightedges, taut wires and liquid surfaces) and optical. The fundamental differ-
ence is that mechanical references consist of particles (atoms) that are arranged in a
more or less known way, while optical references make use of ‘free’ particles (pho-
tons) that are travelling in a more or less well-defined way. In the sections below,
each of these straightness references will be described in more detail.

����� ����	
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The simplest way to create a mechanical straightness reference is to take a rect-
angular bar and to support that in a stable and well-defined way. In principle,
any bar can be used, as long as it has at least one ‘flat’ surface and one ‘straight’
edge. In practice, it is preferred to have a prismatic bar with a certain guaranteed
straightness tolerance. Commercially available rectangular bars having a speci-
fied straightness tolerance are called straightedges. They can be bought in several
accuracy classes, for example according to the DIN norm table on page 4, or be
custom-made in any precision mechanical or optical workshop. Straightedges are
widely used in the ‘classical’ measurement practice, and they can also serve as a
target surface for various types of distance sensors.

To achieve the highest possible accuracy one might at first instance consider a kine-
matic support with knife edges and/or point contacts. However, sometimes a kine-
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matically overdetermined support or clamp may be more suitable. For example,
in the case of varying thermal or mechanical loading of the straightness reference
bar more contact points are desired to improve the contact stiffness, because the
stiffness of a kinematical ‘point contact’ is relatively low. Or in the case that high
stability is required, a support consisting of a row of knife edges can be applied,
which are individually adjustable to create a stable support that results in the best
possible flatness of the supported bar. In most cases, however, a kinematic support
will be used.

In the next paragraphs we will consider the most important aspects with regard
to straightness references, in order to achieve straightness down to the nanometer
level.

������� ����	
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First, consider the location of the support points of a mechanical straightness refer-
ence bar. They determine the shape as deflected due to the gravitational force. Four
classical situations are of importance [4]:

1. Airy point support: x � 0�2113 � l; provides parallel end surfaces, used for
long end gauges and line scales with the pattern in the top plane

2. Bessel point support: x � 0�2203 � l; results in minimum shortening in the
horizontal direction, used for line scales with the pattern in the neutral plane

3. Minimum bending: x� 0�2232 � l; overall bending is minimal, equal deflection
for middle point and end points

4. zero deflection in the middle point: x � 0�2386 � l; bending between the sup-
port points is minimal

in which x is the distance from the end of the bar to the support point and l is the
total length.

The point supports mentioned above are only valid for prismatic bars. They are
calculated based on the simple beam theory, which can result in considerable devi-
ations from the real shape.

By using the plane stress theory instead of the simple beam theory, more accurate
predictions can be made of the deflections of the bar and the optimum location of
the support points, because also the external dimensions of the bar are taken into
account [59]. In that case the displacements of the top surface of the bar are cal-
culated, instead of the displacements of the neutral line. A prismatic bar, having
support locations calculated according to the plane stress theory, can have about
35% smaller peak–to–peak gravitational deflection than the same bar, having sup-
port locations calculated according to the simple beam theory. This is illustrated
hereafter.
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Consider a rectangular, prismatic bar, supported by two knife edges [59]. Its di-
mensions are: length l � 685�5 mm, width t � 67�5 mm and height h � 137�7 mm.
The support lines are each on a distance b � l from the ends.

In figure 2.13 a comparison is shown between the deflection curves according to
the simple beam theory (dashed lines) and according to the the model using also the
plane stress theory (solid lines). Firstly, choosing the case of minimum bending, the
value b � 0�2232 has been applied (upper figure). The expected beam shape for
this value of b has been plotted for each of the two theories. While, based on the
simple beam theory, a peak–to–peak straightness error of about 38 nm is expected,
it appears to be about 48 nm, according to the more accurate plane stress theory.
Secondly, for the same case, the value b � 0�2285 has been applied (lower figure).
This value is the optimum value for minimum bending, according to the plane
stress theory. It appears that the peak–to–peak straightness error is about 30 nm.
This means that, by applying the augmented theory, an improvement of the peak–
to–peak straightness error of 48�30

48 � 100% � 37�5% can be achieved. The support
points are shifted towards the center of the bar by (0�2285� 0�2232) � 685�5 mm �

3�63 mm or 0�53%.

It should be noted here that the above values concern cross sections in the length
direction of the bar only. The gravitational sag z(x) is not dependent on the width
t of the bar, in these equations. When three-dimensional predictions are required,
analytical calculations will become so laborious that finite element analysis will be
the most preferable alternative.

Attempts also have been reported [17] to reduce the gravitational deflection by im-
mersing the straightness reference bar in a high-density liquid, C2H2Br4. However,
the hydrostatic pressure appeared to induce deformations in the same order as the
deformations due to gravity. Moreover, there were disturbing effects because of
fluid dynamics.
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Because the contact situation in the support points of the straightness reference
determines the stability and repeatability of the straightness reference’s position
and orientation, it is important to know about elastic or plastic deformations in the
contact zones.

According to the well known Hertz theory, as summarized in e.g. [32], for the con-
tact of a ball (index 1) on a flat surface (index 2) the radius r of the contact area is
given as

r � 3

�
3F

R
E

(2.23)

with
1
E
�

1� �
2
1

2E1
�

1� �
2
2

2E2
(2.24)
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Figure 2.13: A comparison between the deflection curves according to the simple
beam theory (dashed lines) and the model using also the shear theory and the plane
stress theory (solid lines). A bar with length l � 685�8 mm, height h � 137�7 mm
and width t � 67�5 mm is supported on two knife edges located at a distance b � l
from the ends. Because the sag profile is symmetrical, only the left half of the bar
has been displayed. The upper figure shows the calculated deflection curves using
b� 0�2232, which should be optimal according to the simple beam theory; the lower
figure shows the calculated deflection curves using b � 0�2285, which should be
optimal according to the plane stress theory. There is a considerable difference
between the predicted deflections (dashed and solid lines), and also between the
calculated optimum support locations (upper and lower figure)[59].
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and
1
R
�

1
r11
�

1
r12
�

1
r21
�

1
r22

(2.25)

In the case of a ball with radius R1 on a flat surface r11 � r12 � R1 and r21 � r22 ��

reducing equation 2.25 to
1
R
�

2
R1

� R �
1
2

R1 (2.26)

Now the average contact pressure is given by

pavg �
F
�r2 (2.27)

which gives, by solving for F and substituting 2.23,

F � 9�3 p3
avg

R2

E2 (2.28)

It appears that the maximum allowable average contact pressure in order to prevent
plastic deformation is [32]

pavg�critical � 1�1 � Rr (2.29)

in which Rr is the elastic limit.

Finally, substituting equation 2.29 in 2.28 gives

Fcritical � 9�3 R2

E2 p3
avg�critical � 12�3 R2

E2 Rr (2.30)

representing an upper limit for the applied contact force as a function of the re-
duced contact radius, the reduced modulus of elasticity and the elastic limit.

Numerical example
If a steel bar with E1 � 2�1 � 1011 N/m2 is supported by ceramic balls

with E2 � 3 � 1011 N/m2 and R2 � 3 mm, then E� 2�7 � 1011 (according to
equation 2.24) and R� 1�5 � 10�3 (according to equation 2.25), assuming
the Poisson constant � � 0�3. Further assume that the elastic limit for
steel is 4 � 108 N/m2, which is lower than the elastic limit for ceramic
materials.

Applying equation 2.30, this results in a maximum allowable contact
force Fcritical � 0�72 N while the elastic deformation radius r � 23 �m.
This means that already for small forces the steel bar is permanently
damaged on microscopic scale. This may lead to poor repeatability af-
ter removal and relocation of the kinematic support. A graph of the
maximum allowable load as a function of the ball radius R for this case
is given in figure 2.14.
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Figure 2.14: The maximum allowable force in a kinematic support point of a ce-
ramic ball on a flat steel surface, as a function of the ball radius R, using the values
of the numerical example mentioned on page 42.

In [62] a generalized approach is presented to analytically calculate the position er-
rors as a result of global forces on a kinematically supported bar. Because it is not
possible to derive these errors directly from the applied forces, another approach
has been made. First, the global forces and torques are translated to forces and
torques at the contact points by means of a matrix Mcg (c: contact points, g: global)
containing geometrical information. Then, from these contact forces the contact
deflections are calculated, using the theory of Hertz. Subsequently, the global er-
ror motions are calculated from the contact deflections by another transformation
matrix Mgc � MT

cg.

In practice, for carefully placed objects on kinematically correct support points, a
repeatability in the order of 10 � � �100 nm can be achieved [72].

������� ����	 
�	�

�
 �� 
�	������

 	���	���� �	


Not only the supporting points introduce stresses. Also thermal gradients caused
by local heat sources result in stress. Besides that, the initial stresses due to machin-
ing processes remain in the material unless special heat treatments are applied.

The modulus of elasticity E varies with temperature, an effect which is often disre-
garded. Hooke’s law � � E � � implies that in that case the strain � � ��E(T) will
depend on temperature as well. It follows that

� �
�

E
�

∆�
�
� �

∆E
E

(2.31)

The magnitude of this effect depends on the material. For steel alloys the rel-
ative temperature dependency of E (∆E�E) around 20ÆC varies from �65 to
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�700 ppm/ÆC. For aluminum and its alloys this rate is in the order of magnitude
of�500 ppm/ÆC [11].

In combination with the thermal and/or mechanical stresses in the bar, the variable
E(T) results in temperature dependent deformations. In the case of substantially
loaded elements or elements containing large stress concentrations, this ∆E(T) ef-
fect may not be negligible.
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For lengths up to several meters a taut wire is a possible straightness reference.
Its advantages are low cost, good availability of different kinds of wire of constant
(mass-produced) quality, predictable shape of the hanging wire and applicability
for several measurement methods. The main disadvantages are the sensitivity to
vibrations and the possibility of kinks in the wire.

Because this type of straightness reference is not applied further in this research,
no attention will be given to all its aspects. Only the vibration behavior will be
mentioned shortly here.
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The natural frequency f0 of a taut wire having length l, mass per meter length � and
tension force F is given by Mersenne’s law:

f0 �
1
2l

�
F
�

(2.32)

The amplitude of the vibrations obviously depends on the magnitude of the dis-
turbance. Furthermore the parameter EA�l—the axial stiffness of the wire—
determines the amplitude [34].

The natural frequency of the taut wire preferably has to be chosen higher than the
bandwidth of the applied sensor system. In that case the disturbing influence will
be small. However, this requirement limits the geometrical parameters as can be
concluded from equation 2.32. For a high natural frequency and given wire length
the specific mass must be as low as possible while the force has to be high. There-
fore, the optimal material for such a taut wire straightness reference has a high ratio
�y��, where �y is the yield stress of the material and � is the specific mass.

Because of the disturbing vibrations occurring after mechanical contact, a contact-
less measurement method has to be used, for example capacitive, optical or induc-
tive.
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Numerical example
Consider a steel wire having a yield stress of �y � 1 � 109 N/m2. E�

2 � 1011 N/m2 and d � 0�1 mm. Then A � 8 � 10�9 m2, l � 1 m, m � 6�3 �
10�5 kg, g � 10 m/s2, Ft�max � �y � A � 8 N.

This maximum tension force results in a first natural frequency

f0 �
1
2l

�
F
�
�

1
2 � 1

�
8

6�3 � 10�5 � 178 rad/s � 28 Hz (2.33)

which makes it not suitable for sub-micrometer straightness measure-
ment with high bandwidth.

Note that f0 does not depend on the diameter d, because both the
maximum force F and the mass per meter � are proportional to d2.
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Some publications mention application of liquid surfaces as straightness reference
for ranges in the order of 1 m. Actually, only the coordinates z, �x and �y can be
measured with respect to a liquid surface.

Several points ask attention:

� Evaporation; this causes a (very slow) drift in the measured signal.

� Thermal expansion; for liquids, in general this is one order of magnitude
larger than e.g. steel and aluminum.

� Vibrations; this limits the applicability to systems with a proper vibration
isolation.

� Meniscus effect; this affects the flatness of the surface, especially near the
walls of the container. The deviation can be reduced by choosing the right
combination of liquid and wall coating and by measuring away from the
walls.

� Earth surface curvature; this causes a deviation Æ � R(1� 1
2

�
4� x2

R2 ), where
x is the distance and R is the Earth radius, both in [m]; for example, x � 1 m
gives Æ � 20 nm.

Yamaguchi [78] compared different solutions and found out that a 7:1 mixture of
glycerol and water has a good combination of meniscus flatness and surface vibra-
tion damping.

However, except for the ease of alignment and the absence of deformations at sup-
port points, liquid surfaces do not have any advantages above mechanical straight-
edges.
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In many measurement applications, a laser beam serves as a straightness reference,
e.g. in quadrant cell photodiode (QPD) based sensors or laser interferometers (see
also section 2.1). Because of the apparent absence of mechanical disturbances it
might seem that a laser beam (or rather, the line connecting the weighted mid-
points of the cross-sectional intensity distribution along the beam) describes an
ideal straight line. In a perfect vacuum environment this is largely true, but un-
der normal laboratory conditions there are several disturbing influences. Most of
these disturbances are related to the refractive index n that is a function of temper-
ature, pressure, humidity and gas concentrations. Table 2.11 gives an overview of
environmental influences and their order of magnitude.
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Table 2.11: Variations in the refractive index n due to variations in environmental
parameters. The most important factors appear to be the temperature (gradients)
and the air pressure.

Besides the environmental disturbances mentioned in table 2.11, there are some
additional uncertainties:

1. A laser beam is no mathematical line but has a varying intensity over its cross
section. Therefore, the intensity distribution has to be taken into account. It
may be difficult to detect the true reference line, mostly the line connecting
the points of mean intensity. Moreover, it may be difficult to guarantee the
stability of the intensity distribution.

2. The position of a laser beam is not well defined mechanically with respect
to the mechanical environment. Hence it can be necessary to fix the position
of the beam by, for example, a pinhole/lens combination or an active control
system [72].

3. Optical detection equipment easily is influenced by ambient light unless the
detector is properly shielded, the light source is modulated or infrared or
ultraviolet light is used (provided that the ambient light contains no IR or UV
radiation).

4. To obtain straightness information (in five degrees of freedom) using light,
one needs three parallel beams, as described in section 2.2.2.1, making the



2.3. STRAIGHTNESS REFERENCES 47

mechanical alignment a potential error source. There are possibilities to avoid
or reduce this, as described in section 2.2.2.2.

Uchikoshi [72] reports an open-loop pointing stability of a laser beam in the or-
der of 10 nm/100 mm, under several precautions (vibration isolation, temperature
stabilized laser, tubing around the beam). It appears that air flow has a large in-
fluence on the position stability: a beam cover reduces the deflections (measured
at 200 mm distance) from 500 nm to 20 nm. The residual errors are mainly due to
thermal deformations inside the laser tube. - With the use of an experimental po-
sition stabilizer an accuracy of 2 � 10�8 rad has been achieved, which is equivalent
to 2 nm/100 mm. This stabilizer uses two quadrant cell photo diodes (QPD) and
piezo actuators driving mirrors to deflect the beam in such a way that its position
and orientation is constant in four degrees of freedom (y, z, �y and �z) relative to
the position and orientation of the QPDs.
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1. The most uncompromised straightness reference is a laser beam in vacuum,
although care has to be taken with regard to the pointing stability and the
intensity distribution in the beam’s cross section. In ambient air, the straight-
ness of a laser beam will be in the 100 nm range (at a stroke in the order of
100 mm), due to refractive index variations and the mechanical pointing sta-
bility of the laser tube. By carefully controlling the environmental parameters,
a straightness deviation in the order of 10 nm/m can be achieved [74]. Mea-
surement systems that allow the application of a laser beam as a straightness
reference are e.g. quadrant cell photodiode (QPD) based sensors or laser in-
terferometers.

2. The most practical straightness reference is a solid straightedge. The straight-
ness errors of a straightedge due to manufacturing inaccuracies can be in the
order of 0�01 � � �1 �m (at a stroke in the order of 100 mm). An advantage with
respect to a laser beam straightness reference is that the straightness errors
of a solid straightedge can be calibrated. Care must be taken with regard to
form stability, deformations due to temperature and temperature gradients.
A wide variety of sensors exists that can measure distance with respect to a
straightedge. In some cases (e.g. using certain types of optical sensors) addi-
tional requirements have to be set to the surface quality.
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In this section some methods will be summarized that are used to improve mea-
surement quality (accuracy, sensitivity, linearity etc.) or to make a certain measure-
ment method more suitable for a specific task.
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Measuring differentially is a very common method to reduce a sensor’s sensitivity
for environmental disturbances. It utilizes the situation that an input parameter—
c.q. the displacement to be measured—acts on two sensors simultaneously, with
equal magnitude but opposite sign. Since environmental disturbances acting on
the sensors mostly will have equal sign on both sensors, they will be canceled out.
Stochastic disturbances, however, will be summed up in such a way that the result-

ing standard deviation �tot �

�
�

2
1 � �

2
2 .

Another well-known effect of measuring differentially is that sensors with a large
but equal non-linearity (e.g. capacitive sensors with a hyperbolical relation between
position and capacitance) become more linear around the symmetry point. Besides
that, the sensitivity will be doubled.
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In tracking control systems and many other applications (e.g. an electromagneti-
cally compensated balance), the only purpose of a position sensor is measuring a
certain distance within a range that is in the same order as the sensor resolution. In
that case the requirements for such a sensor become quite different from the stan-
dard parameters.

While the requirements to the resolution and stability are not affected, the absolute
accuracy and the linearity become much less critical and may be reduced by more
than an order of magnitude. In order to achieve the highest possible resolution,
the sensitivity has to be as high as possible, in most cases by increasing the gain.
However, in practice there is a limit to the gain, dictated by the maximum tracking
error and the sensor’s output range.
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A well-known method to obtain information about the straightness of an object
in one degree of freedom is the so-called three point method, depicted schemat-
ically in figure 2.15 [4]. The vertical distance of each third point to the straight
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line through the two preceding points is a measure for the straightness. When for
a series of measurement points at a pitch s these distances are recorded, a set of
data will be obtained containing information about the straightness—actually, the
flatness along one line—of the object under test.

Figure 2.15: A measure for the straightness of an object can be obtained by measur-
ing the deviation of each third point relative to the imaginary straight line through
the two preceding points [4].

To do such measurements in a mechanical way, instruments are commercially avail-
able. They are provided with two fixed support points having a pitch s. Besides
that, they have a third support point, again at distance s, that is movable in the ver-
tical direction, i.e. perpendicular to the line through the first two support points.
After calibration (zeroing) on a flat reference surface, the straightness information
can be collected by reading the vertical deviations of the third point, while after
each measurement the whole instrument is moved a distance s.

From simple geometrical relations follows (see also figure 2.15):

di�2 ��ui � 2ui�1� ui�2 (2.34)

where u are the actual values of the object’s height, d is the measurement value and
s is the distance between the measurement points.

In general, one is not interested in values for d but in the straightness information
u. There is no directly visible relation between u and d, as is shown in figure 2.16,
although there is a unambiguous geometrical relation. To obtain the values for u
from the measured d, equation 2.34 is written as

ui�2 � �ui � 2ui�1� di�2 (2.35)

or
ui � �ui�2� 2ui�1� di (2.36)

When the unknown values ui�1 and ui�2 are assumed to be equal to zero, an ap-
proximation of u is obtained, as is depicted in figure 2.16.
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Figure 2.16: A set of simulated random values for the actual surface height values
u, together with the measured surface height values d. There is no directly visible
relation between the u and d. Also shown is the estimation (calculated values)
based on the measured values d. Except for the position and orientation of the
curve, the estimation exactly matches, assuming that there is no measurement error.

Due to these two unknown points, two parameters are undetermined in this ap-
proximation: an offset and a slope. However, these parameters only define the
position and orientation of the object under test relative to the world or any other
reference object. They do not have any influence on the straightness error values.

As a matter of fact, the straightness deviations are determined with respect to an
imaginary straight line, of which the position and orientation in space are un-
known. In general, this also will not be required.
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The mechanical straightness measurement method as sketched in the previous sec-
tion can be applied using capacitive sensor elements as well. Instead of the mechan-
ical contact points, capacitive distance measurements are used in that situation.

A problem that arises here, is that the two base points have no zero distance relative
to the object under test. Therefore, the accuracy of the straightness measurement
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(of the third point, relative to the first two) is not defined by the repeatability of the
mechanical support points, but depends on the accuracy of the distance measure-
ments.

When the horizontal displacement s is known sufficiently accurate, as well as the
distances ui en ui�1, then the same principle holds, with some minor adaptations
following from geometrical considerations.

The measurement at the first sensor element must be equal to the previous mea-
surement from the second sensor element:

ui � u�

i�1 (2.37)

and
ui�1 � u�

i�2 � �u�

i � 2u�

i�1� d�

i�2 (2.38)

where the accent addresses the corresponding values at the preceding measurement
cycle.
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When using sensor elements, measuring the relative distance to a straightness ref-
erence surface, instead of mechanical contact points, two instead of three measure-
ment locations can give sufficient information about straightness too. This is ex-
plained in [68] where this method has been used to measure the straightness of a
workpiece in a lathe. Two inductive sensors at relative distance s along the x-axis
are mounted on the tool holder, measuring the relative distance in the z-direction
between the tool holder and the workpiece, see figure 2.17.

When di is the detected relative distance at a measurement location i, u is the tool
motion profile and v is the workpiece surface profile (all measured in one degree of
freedom, e.g. the z-coordinate), then

d0�B� d0�A � v1

d1�A� d0�A � v1� u1

d1�B� d0�B � (v2� v1)� u1 (2.39)
d2�A� d0�A � v2� u2

d2�B� d0�B � (v3� v1)� u2

(etc�)

so that in general can be formulated for the distance values detected at measure-
ment point i:

di�1�B� d0�B � (vi� v1)� ui�1

di�A� d0�A � vi� ui (2.40)
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Figure 2.17: Illustration of the two point method. It uses two sensors to measure the
relative distance between the tool holder and the machined workpiece in a lathe.
The two equations obtained, each with two variables u and v, lead to determination
of the absolute tool motion as well as the workpiece profile.

From this follows that the straightness ui and vi is

ui � ui�1� di�1�B� di�A

vi � ui� di�A� d0�A (2.41)

Attractive in this method is that there is no absolute reference needed, because all
measurements are relative to an imaginary ideally straight line. The disadvantage
is that measurement errors add up, so that after a series of measurement points a
considerable absolute straightness error can occur. Moreover, the straightness pro-
file will be obtained only in discrete points at a certain interval, equal to the spacing
of the sensor elements. Furthermore, in the determination of ui the angle relative to
the travel direction is assumed to be constant regardless of the tool motion. Angle
deviations will lead to measurement errors proportional to these angle variations
and to the smoothness of the workpiece profile.
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Another technique, that can be seen as an extension to the three point measurement
method described above, is the continuous three point measurement method.

Unlike the two and three point methods described above, which only can be ap-
plied for evaluation or calibration purposes, it appears to be possible to obtain real-
time continuous straightness information using the three point Error Separation
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Technique. Using this technique resulted in substantially lower straightness errors
of a cylindrical workpiece in a diamond turning machine [75, 35, 71]. This tech-
nique still is not widely applied. No further research has been done on this topic
within the scope of this thesis.
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According to Estler [17] the maximum straightness accuracy will be achieved when
using a form stable mechanical straightedge in combination with a laser interfero-
meter as a measurement device. By means of averaging an effective measurement
resolution of 2�5 nm can be achieved. Together with a correction for the refractive
index of air this results in an absolute straightness accuracy in the order of 25 nm.

All straightness measurements are done with respect to a straightness reference. As
long as this reference’s shape does not change, this results in absolute repeatability.
Often this is sufficient, but in some cases one wants more information about the ab-
solute accuracy, i.e. one wants to calibrate the straightness reference. The problem
often is, especially when a high-quality form standard is applied, that it is difficult
to find a straightness reference having an even better straightness, preferably one
order of magnitude.

A solution for this problem is to use the straightedge’s own geometry by means
of reversal techniques, utilizing the principle of error separation. An overview of
several such techniques is given by Evans et al. [20].

The most basic method is sketched in figure 2.18. Assuming a repeatable movement
of the guidance, the straightness error S of the used straightness reference can be
calculated by reversing the straightness reference while doing two measurements
I1 and I2, thus separating the absolute straightness of the guidance motion M(x)
and the straightness deviation S(x) of the straightedge.

The indicator outputs I at position 1 and 2 are

I1(x)� M(x)� S(x) (2.42)

I2(x)� �M(x)� S(x) (2.43)

from which follows that

M(x)�
I1(x)� I2(x)

2
(2.44)

S(x)�
I1(x)� I2(x)

2
(2.45)

This would be an ideal way to obtain absolute straightness information, if the relo-
cation accuracy of the straightedge support were zero. However, this repeatability
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Figure 2.18: Straightedge reversal technique. By doing two measurements I1 and
I2, the influence of the (repeatable) guidance error motion M(x) can be separated
from the absolute straightness deviation S(x) of the straightedge.

error ∆x in practice is not zero, decreasing the efficiency of this reversal technique.
Now the equations 2.42 and 2.43 become

I1(x)� M(x)� S(x) (2.46)

I2(x)� �M(x)� S(x� ∆x) (2.47)

so that the absolute guidance motion M contains an error Æx

M(x)� Æx �
I1(x)� I2(x)

2
(2.48)

where

Æx �
S(x)� S(x� ∆x)

2
�
�∆x

2
d
dx

S(x) (2.49)

By introducing the smoothness as the first position derivative of S(x), the maximum
allowable measurement error Æx together with the maximum smoothness d

dx S(x)
determine the maximum allowable relocation error ∆x.

Another method is called the ‘three straightedge test’, described in [20]. As the
name suggests, it uses three different straightedges in three measurement cycli.
The advantage is that no repeatable guidance movement is necessary because the
guidance motion M is eliminated from the measurements by measuring differen-
tially. The difference with the straightedge reversal technique is that here in each
cycle two straightedges are compared with each other instead of measuring each
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Figure 2.19: Three straightedge technique. In three measurement cycli three
straightedge surfaces Si(x) are compared by means of the indicator Ii so that they
all become known, irrespective of the guidance motion error M(x), which does not
need to be known or even repeatable [20].
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straightedge relative to the guidance motion. An illustration of this method is given
in figure 2.19.

The disadvantage of the three straightedge test is that the sensitivity to relocation
errors becomes larger than using the method depicted in figure 2.18. The random
error due to these relocation changes is

�
3�2 � 1�22 times as large, compared to

methods using only two straightedges.

To reduce these random errors and the relocation errors, it is advantageous to
use two straightedges instead of three and measure differentially. Such a two-
straightedge method, which is independent on the repeatability of the mechanical
guidance, is described in [27]. An illustration is given in figure 2.20.

Figure 2.20: Two-straightedge test according to Hoffrogge [27]. To reduce random
errors and to minimize relocation errors it is advantageous to use the lowest pos-
sible number of straightedges and measurement cycli. Here, in two measurement
cycli, the straightedges 1 and 2 are compared, while number 1 is inverted in the
second run. This gives the absolute straightness of the two straightedges, irrespec-
tive of the repeatability of the guidance (which is an advantage with respect to the
method sketched in figure 2.18). The direction of movement is perpendicular to the
plane of drawing.

According to Uchikoshi [72] it is very difficult in practice to obtain a relocation
accuracy better than 10 nm due to surface imperfections. This means that for very
accurate straightedges (25 nm, as mentioned above) the accuracy improvement that
is to be expected using reversal techniques will be relatively small, because the un-
certainty in the support of the straightedges is in the same order as the straightness
errors.

For less accurate (order of magnitude �m) but dimensionally stable straightedges
these reversal techniques offer a possibility for relatively simple calibration. After
two or three measurement cycli the straightness profile of the used straightedge is
known, after which a lookup table can be made to achieve absolute straightness
accuracy down to the level of calibration accuracy (short-term) and straightedge
stability (long-term).
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In section 2.1 the principle of lateral displacement measurement utilizing a Wollas-
ton prism and two mirrors has been mentioned. This straightness measurement is
in first order insensitive to displacements and rotations of the moving prism, i.e.
when moving in x-direction while measuring z, the coordinates y, �x, �y and �z do
not influence the measured value of z.

However, the straightness measurement is sensitive to flatness deviations of the
reflector surfaces. In [29] it is shown that also this disturbing influence can be elim-
inated by means of a similar reversal technique. While the Wollaston prism moves
along the x-axis and straightness deviations of the z-axis are measured, the straight-
ness reflector is rotated 180Æ around the x-axis in the second measurement cycle. In
this way, nothing changes, except for the flatness deviations of the reflector which
change sign, so that they can be eliminated from the equations.

������� �
����	
� ������� �
���
	
� �������� ����
	����

1. Reversal techniques are useful for the calibration of straightness references.
The more accurate the straightness of the reference is, the less improvement
can be expected due to the limited relocation accuracy after reversing.

2. For the use in real-time feedback systems reversal techniques are not suitable,
because a crucial aspect of the working principle is that one of the measured
parameters physically changes sign.

����� ����	
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Anticipating on chapter 4 and 5, where systems using position error feedback will
be described, the principle of the metrology frame will be mentioned here briefly.

When measuring the position or straightness deviation of the moving object rela-
tive to a straightness reference, care has to be taken to ensure that the reference’s
straightness is not influenced by environmental conditions. In particular, mechan-
ical forces resulting from a change of environmental conditions should not deform
the straightedge.

This is achieved by making a physical separation between the mechanical parts that
are subject to internal or external forces and the mechanical parts that play a role
in position measurement. Internal forces can be e.g. the varying forces due to the
displacing mass of the carriage or the dynamical forces as a consequence of bearing
imperfections.

Thus, two paths appear in the motion system: a force path, which conducts the
occurring forces to the world, and a measurement path, which provides for a stable
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position reference. The mechanical parts forming the measurement path are called
the metrology frame.

The physical separation obviously can only be accomplished to a certain degree,
because there will always be a mechanical interconnection between the two paths.
In practice, mostly the world (i.e. a baseplate that is assumed to be undeformable)
is the connecting link.

Application of a metrology frame is only useful when the required inaccuracy is
smaller than the errors due to deformations of the mechanical guidance. Other-
wise the sensor system can measure relative to a part of the guidance, which is less
complicated and less expensive.
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1. When the deterministic errors are larger than the stochastic errors, it is ad-
vantageous to measure differentially to eliminate common-mode errors such
as temperature effects. However, stochastic errors will increase. Moreover,
the required number of sensor elements is twice as high and also some more
signal conditioning circuitry is needed.

2. It is always advantageous to apply a zero point measuring system whenever
possible. Because the range/resolution ratio of most sensors is constant, de-
creasing the measurement range generally leads to a higher resolution.

3. Two and three point methods may be useful as a kind of inherent calibration.
Only the continuous methods are suitable for real-time measuring in a feed-
back loop. The disadvantage is that a double or triple number of sensors is
needed, together with some computing power. In addition, there always is a
certain accumulation of measurement errors, that may result in drift.

4. Metrology frames are necessary in applications where considerable forces
occur, internal or external, to ensure that these forces do not influence the
closed-loop positioning accuracy.
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This chapter gives an overview of existing technologies for high precision straight
motion. Because the most crucial element of a straight motion system is the bearing
part, which separates the moving part from the fixed part, straight motion systems
can be characterized by the type of bearing that is applied.

The first three sections of this chapter describe bearing systems having mechanical
contact, the next sections describe contactless bearing systems.

��� ������	 
����	�

One of the most basic bearing types is the sliding bearing. As the name suggests,
the moving part is guided along a baseplate while being in sliding contact. This
sliding contact is dry friction, unless lubrication is applied. When the lubrication is
such that there is no contact any more between the moving part and the baseplate,
then the bearing is called hydrostatic or hydrodynamic. These bearing types are
described shortly in section 3.4. A special case occurs when the lubrication medium
is gaseous instead of liquid; then the bearing is called aerostatic or aerodynamic.
These bearing types are described shortly in section 3.5.

Sliding bearings are applied in a wide variety of machines and instruments, with a
corresponding wide range of specifications.

The most important properties of mechanical straight motion systems utilizing slid-
ing bearings are listed below [63].

� Material combinations

59



60 CHAPTER 3. BEARING SYSTEMS FOR STRAIGHT MOTION SYSTEMS

1. Cast iron on cast iron: inherent lubrication (graphite in iron), micrometer
accuracy possible if scraped, wear due to equal hardness of surfaces

2. Cast iron on steel: better wear resistance than cast iron on cast iron, high
stiffness

3. Bronze on steel: lubricant in pores released by heating, high speed ap-
plications, low precision

4. Polymers on virtually anything: minimal stick-slip, contamination sen-
sitive (embedded contamination particles in polymer cause wear)

5. Virtually anything on ceramics: more expensive, e.g. ruby bearings; ma-
chineable very flat, low internal stress build-up due to the brittle nature
of ceramics

� Velocity and acceleration: due to relatively high coefficients of friction most
applications are those where low or medium velocities and accelerations are
required, order of magnitude 0�25 m/s and 0�1 g, respectively.

� Motion range: unlimited by means of coupling of guidance elements.

� Loads: allowable loads can be high in the case of plain sliding bearings. For
kinematically designed bearings this is considerably less. Contact pressures
are less than 1 MPa in general, sometimes up to 10 Mpa.

� Accuracy: depends on the guidance type, order of magnitude micrometers.
By applying special materials and design choices (e.g. a light preload) sub-
micrometer positioning accuracy is possible in the travel direction.

� Repeatability: 0�1 � � �1 �m after running-in thoroughly. For heavily preloaded
systems: 2 �m.

� Resolution: limited by stick-slip. For PTFE the difference between static and
dynamic coefficient of friction (responsible for the stick-slip phenomena) is
less than 10%, which is the lowest known value.

� Preload: for precision guidances 5 � � �10% of the allowable load. For higher
required stiffness a higher preload is needed.

� Stiffness: can be very high, more than 108 N/m. Kinematical guidances have
lower stiffness due to point contacts.

� Vibration and shock resistance: very good, but considerably lower for kine-
matical guidances.

� Damping: low perpendicular to travel direction, low to medium in the travel
direction

� Friction: coefficients of friction are in the range of 0�03 (steel/PTFE) to 0�2
(steel/steel).
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� Sensitivity to environmental influences: transmissibility for external vibra-
tions depends on stiffness, mass and damping.

In order to reduce the influence of the bearing on the repeatability errors, the best
approach is to follow the kinematic design rules. However, this implies the use of
point contacts rather than surface contacts resulting in a lower stiffness.

In order to achieve maximum smoothness, it is preferred to have as large as possible
bearing pads, in contrast to the kinematical point contacts mentioned above. Thus,
in general, a compromise has to be found between maximum repeatability and
maximum smoothness.
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Probably the highest possible straightness accuracy for a sliding bearing has been
reported by Lindsey et al. [38]. They describe a linear slideway used for profile and
texture measurement in a range of 50 mm. Because the instrument is built nearly
entirely from materials having near-zero thermal expansion, the susceptibility to
thermal disturbances is very low. Under laboratory conditions (∆T � 0�1 K) a static
noise level of 20 pm and repeatability of 1�5 nm RMS over a traverse of 40 mm
(or 0�25 nm over 5 mm) have been achieved. These values all are measured in the
(vertical) z-direction.

The slideway consists of Zerodur parts with kinematically located bearing elements
in between. These bearing elements are described in a patent application by the
same author [37]. The underlying principle is that for very thin (several micro-
meters) polymer layers the difference between the static and dynamic coefficients
of friction decreases considerably, resulting in a much better repeatability and accu-
racy than is achieved when using bearing pads of bulk material. The bearing pads
of this linear motion system are spherical surfaces (made of steel with a porous
bronze layer) having a radius in the order of magnitude 50 � � �500 mm and being
coated with 2 � � �3 �m PTFE. The bearing pads are in contact with a Zerodur slide-
way. During the running in process also on this slideway a thin layer of PTFE is
formed. After stabilization of this process a very repeatable behavior has been ob-
served.

However, these excellent results only have been achieved in carefully maintained
laboratory conditions. This means:

� A quiet laboratory;

� Thermal stability of the room: ∆T � 0�1 K;

� Acoustic shielding: 80 mm thick wood and polystyrene foam;
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� Replacement of thermally sensitive aluminum parts of the Talystep1 measure-
ment stylus by fused silica2;

� No external load on the carriage, except for the static load of a specimen of
which the surface roughness and shape has to be measured.

When the carriage has to bear a certain payload or external forces are exerted on it,
the stiffness of the sliding bearing pads becomes important. This stiffness can be
approximated by Hertz’ theory as has been explained in section 2.3.1.2.

In general, this system remains an open-loop system, which means that it is very
difficult to guarantee the performance under unknown or strongly varying external
influences.

1Talystep is a trade mark of Rank Taylor Hobson Ltd.
2Coefficients of thermal expansion are approximately: Aluminum alloys 24 ppm/K; Invar36

2�2 ppm/K; fused silica 0�5 ppm/K; Zerodur 0�02 � � �0�1 ppm/K.
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The standard ball bearings are well-known already for a long time. They are com-
mercially available in a wide range of geometries and specifications. To a lesser
extent also linear ball bearings (LBBs) are available.

The straightness accuracy of linear ball bearings depends on the quality of the guid-
ance and the roundness of the balls. For high-quality LBBs the overall straightness
is in the order of 1 �m/cm, expressed as a function of the travel distance in the
motion direction.

Through the time many improvements have been made concerning materials, ball
roundness and diameter, maintenance and lifetime. However, for normal applica-
tions the total accuracy never will reach far in the submicrometer range. This is
caused by the inevitable material imperfections, contaminations, wear, small plas-
tic deformations etc. which result in position disturbances in the submicrometer
or even micrometer range. At larger velocity the rotating frequency of the bearing
balls is clearly visible in the measured position disturbances.
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One interesting development is described by Futami [21]. He divides the motion
range of a linear guidance based on a ball bearing in three regions:

1. Displacements smaller than 100 nm; the balls can be regarded as linear
springs.

2. Displacements between 100 nm and 100 �m; the balls act like non-linear
springs.

3. Displacements larger than 100 �m; the rolling contact results in a hysteresis
loop.

Implementing this model in the control system of a linear positioning system re-
sulted in a position resolution in the nanometer range. Only the direction of mo-
tion has been regarded in this experiment; no attention has been paid to the other
degrees of freedom. A similar approach might be possible there, although only the
first and the second displacement regions are of interest there.

The most important advantages of this approach are the high accuracy for low ve-
locities and the high (virtual) stiffness, both in the travel direction. The disadvan-
tages are the complex control scheme, the low damping and the high requirements
to the control bandwidth when higher velocities are desired.
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In a straight motion system using elastic elements, five degrees of freedom have to
be fixed by means of elastic elements in a statically determined way. Two examples
are

1. The use of five wire springs

2. The use of two plate springs, of which one has a flexure hinge in order to
prevent an overdetermined mechanism

as shown also in figure 3.1. Of course, many other combinations of wire springs
and plate springs are possible [16, 60].

Figure 3.1: Two examples of fixing five degrees of freedom of an object in a statically
determined way. In the left picture, the thick black lines represent wire springs,
which are stiff only in their axial direction. Other combinations of wire springs and
plate springs are possible.

When an object is supported by elastic elements, always a compromise has to be
found concerning the stiffnesses in the degrees of freedom that are of interest. For
example, a wire spring in the x-direction fixes movements in the x-direction; more
precisely, it has an axial stiffness kx of magnitude

kx �
EA
l

(3.1)

while the lateral stiffnesses ky�z are

ky � kz �
12EI

l3 (3.2)
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so that for a wire spring with a circular cross section, radius r, the ratio between
axial and lateral stiffness becomes

kx

ky�z
�

Al2

12I
�

�r2l2

3�r4 �
l2

3r2 (3.3)

Therefore, it is preferred to have r as small as possible and l as large as possible.
However, also the buckling properties are dependent on the dimensions l and r.
For the same wire spring the critical load Fcr for buckling is

Fcr �
4�2EI

l2 �

�3Er4

l2 (3.4)

It is clear that it is preferable to have a large r relative to l, while r has much more
influence than l. Dependent on the expected axial and radial loads, optimum di-
mensions in a specific situation can be found for wire springs using equations 3.3
and 3.4.

To reduce the buckling sensitivity, solutions like the one depicted in figure 3.2(b)
are known. Compared to a normal wire spring (a) the axial stiffness of spring (b)
is three times higher, the lateral stiffnesses are only 20% higher and the buckling
strength is nine times higher, assuming that the thick part of the spring covers 90%
of the length.
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When displacing one end laterally, without rotation at both ends, a wire spring will
introduce a parasitic displacement in its axial direction. This parasitic displacement
Æx amounts [16]

Æx � 0�6
z2

l
(3.5)

describing a paraboloid. A wire spring with stiffened middle part, as sketched in
figure 3.2(b), behaves more like a bar between ball hinges resulting in a parasitic
displacement

Æx � 0�5
z2

l
(3.6)

Figure 3.2: (a) Normal wire spring; (b) Wire spring element with increased buckling
stiffness, higher axial stiffness and slightly higher lateral stiffness.
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These parasitic displacements can be avoided by introducing an intermediate body
� in series with the object � to be displaced, see figure 3.3. When this interme-
diate body’s displacement is half of the displacement of the object and its parasitic
displacement has the opposite direction, the net parasitic displacement can be elim-
inated, except for manufacturing errors. An even better design is the configuration
analog to figure 3.3, but now having two intermediate bodies � placed symmetri-
cally besides the object �.

Figure 3.3: By introducing an intermediate body� in series with the object � to be
displaced, the net parasitic displacement can be eliminated to an extent depending
on part manufacturing errors.
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In elastic guidances, the hysteresis phenomena influences

� the damping; energy will be dissipated during vibration cycli.

� the force–displacement characteristic; this will become non-linear and am-
biguous, because the force–displacement curve will become a loop instead of
a line.

The hysteresis phenomena is influenced by

� stress; around or above the fatigue stress limit hysteresis rapidly increases. In
practice, this limit will be avoided in well-designed spring systems.

The hysteresis phenomena can be divided in two categories:

� internal material hysteresis; this effect is small compared to

� hysteresis in mounting parts, e.g. clamped plate spring ends.

Typical values for the hysteresis in well-designed plate spring systems are between
0�1 and 1% [16].
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Various mechanisms are known that approximate a straight motion. They can be
attractive when relatively short travel ranges are required, especially when elastic
hinges are applied [60].

The maximum straightness accuracy that can be achieved depends on the accu-
racy of the length of the bars and the geometrical accuracy of the hinges. For a
four-bar mechanism having a basic bar length �, a straightness accuracy better than
1�8 � 10�3

� � over a travel length of 1�15 � � has been reported [60]. In general, this
is not sufficient to work with sub-micrometer accuracy, because then the maximum
� has to be as low as 0�56 mm. To achieve better straightness, a smaller part of the
maximum travel lengths will have to be chosen, or the basic bar length has to be
chosen larger relative to the required travel length. On the other hand, the straight-
ness errors of such an elastic mechanism will be well predictable. Sub-micrometer
repeatability is not impossible, if the hysteresis is small and the external force vari-
ations are small as well.
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In the literature some interesting straight motion systems have been reported,
based on elastic deformations.

By consequently using the techniques mentioned above (statically determined
mechanisms, parasitics compensation) and by carefully assembling and adjusting
the spring lengths and distances, straight motion systems have been realized in
practice, having the following properties [60]:

� Motion range�7�5 mm

� Largest outer dimension approximately 0�5 m

� Lateral accuracy 10�4 m/m

� Angular accuracy 10�6 rad

Another straight motion system based on elastic deformations, designed for a to-
tally different purpose, is described in [58]. It consists of a central part that is guided
along a straight line by means of wire springs. Another preloaded elastic element is
connected to the moving part in such a way, that the total elastic energy of the entire
system essentially remains constant. By doing this, the stiffness in the travel direc-
tion can be made close to zero, while it remains stiff in the lateral directions. This
elastic straight motion system has been designed for the application in a seismic
vibration sensor, where the low stiffness in one direction was required to achieve
a low eigenfrequency, whereas the high stiffness in the other directions was neces-
sary to minimize the parasitic sensitivity for lateral vibrations.

The specifications of this low-stiffness linear motion system are:
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� Motion range�0�5 mm

� Largest outer dimension 50 mm

� Lowest eigenfrequency, axial 0�25 Hz

� Lowest eigenfrequency, lateral 650 Hz

Realization of a stiffness very close to zero in a certain degree of freedom results in a
‘free floating mass’ behavior in that degree of freedom. This is required in the case
of the vibration sensor mentioned above, but it can also be interesting to aim for
zero stiffness in actuators, although that looks contradictorily at first sight. More
attention will be paid to zero stiffness systems in chapter 5.
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The hydrostatic bearing is well-known and is used in many different applications.
No attention will be paid here to the details of their design, only their properties
that can make them interesting for high-accuracy applications will be mentioned
briefly.

The most important advantages of hydrostatic bearings are

� Simple geometry, low-cost manufacturing;

� High stiffness (preloaded systems);

� Good damping;

� No wear, because there is no direct contact;

� High position resolution possible; due to spatial averaging by the relatively
large bearing surface, the position mainly depends on pressure variations and
much less on roughness or flatness errors of the surface;

whereas its disadvantages are

� Continuous circulation of lubricant, necessary to maintain a bearing film;

� The thickness of the lubricant film is load-dependent.

As for the hydrodynamic bearings, they are mainly applied in rotating bearings that
operate continuously, at a more or less constant angular velocity. This is because
the pressure that results in a bearing force, is proportional to the relative velocity
of the bearing parts. In a linear bearing this relative velocity becomes zero at the
end point where the direction of movement changes sign. Thus there occurs a point
without bearing force, which could cause damage to the bearing surfaces. More-
over, a variable bearing force is not preferred in most positioning applications.

In section 4.4 the research on an extreme example of hydrodynamic bearings is
presented, using high-viscosity grease as a lubricating medium. This results in a
very high stiffness and damping and enables a position resolution in the nanometer
range due to a high degree of spatial averaging.

����� � ���	
 ��
������� �	�
���

Slocum et al. [64] present a hydrostatic bearing constructed of ceramic parts and
using water as a bearing fluid. By using a self-compensating design, very high
stiffness has been achieved, in the order of 2 � 109 N/m. The straightness errors are
smaller than the straightness and roughness errors of the guiding rail, due to the
spatial averaging effect of the fluid; the vertical position error is less than 0�5 �m
over a 100 mm range.
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Although the correct general name is ‘gas bearings’, often these bearings are called
‘air bearings’ because normal or dried air is most often used for lubrication. The
standard compressed air facilities for pneumatic tool purposes may not be suitable
for precision air bearings because mostly this compressed air contains too much
oil particles, forming an oil film on the bearing surfaces which leads to increasing
friction forces.
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Gas bearings are well-known construction elements for high-precision, low friction
applications. They exist in several shapes; rotating and plain. By the supply pres-
sure and the geometry of restrictions and air chambers the maximum load and the
stiffness are determined.

By applying a two-sided bearing the stiffness can be considerably increased, be-
cause a preload is possible. Under certain conditions it is also possible to achieve
zero or infinite (static) stiffness by means of internal compensation techniques. The
bandwidth of this stiffness is mainly determined by the internal dynamical proper-
ties of the pneumatic system.

The main advantages of gas bearings are:

� No mechanical contact, therefore no wear

� Very low friction, low damping

� Clean operation, except for possible oil particles in pressurized air

� High accuracy due to spatial averaging

while the main disadvantages are:

� High quality surface machining required

� Gas consumption

� Not suitable for vacuum applications

For very high accuracy another problem arises: due to the pressure ripple on the
gas supply always a certain position noise will be present. Values for the position
uncertainty are typically 50 nm.
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The most well-known example of aerodynamic bearings is the spiral groove bear-
ing, analogous to the hydrodynamic spiral groove bearing. This type of bearing
virtually only is applied in the rotating mode, because its performance is based on
the generation of pressure by a velocity difference. Also here the disadvantage is,
that at zero velocity there is no bearing force and thus there will be mechanical
contact.

Linear bearings always have a return point where the direction of movement
changes sign and where the velocity is zero, which makes them less suitable for
the application of aerodynamic bearings.
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A special type of aerodynamic bearing is the squeeze film bearing. Instead of a sup-
ply pressure or a velocity dependent pressure build-up in normal aerostatic or aero-
dynamic bearings, here the relative distance between the bearing surfaces is varied
sinusoidally with a high frequency in order to obtain a bearing pressure. In [53]
this is described as follows: “In a squeeze film bearing, high frequency transverse
oscillations of one of the bearing surfaces provides a pumping action. The oscilla-
tory squeeze motion results in a time averaged pressurization effect primarily due
to the compressibility of the gas film, and the degree of pressurization increases
monotonically with the amplitude of the oscillation relative to the average gap.”

Figure 3.4 gives an illustration of the working principle. The variation in the air
gap height, sinusoidal with time (curve 1), can be translated to variation of pressure
with time (curve 3), if a behavior of the air layer according to Boyle’s law (curve 2)
is assumed. The time average of the pressure (curve 3) is higher than the ambient
pressure P0, resulting in a net bearing force.

Due to the inertia of the suspended object and the high oscillating frequency, the
position of the suspended object will be virtually insensitive to the bearing vibra-
tions.

In [1] an experimental set-up is described for a rotating bearing utilizing squeeze
film air bearings. This set-up utilizes piezoelectric elements for the axial and radial
vibrations that are necessary for the bearing function. In order to minimize energy
consumption, the piezo elements have been excitated in their natural frequency.
Measured results of these experiments are displayed in table 3.1.
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Figure 3.4: Working principle of a squeeze film bearing. The variation in the air
gap height, sinusoidal with time (curve 1), can be translated to variation of pres-
sure with time (curve 3) when a behavior of the air layer according to Boyle’s law
(curve 2) is assumed. The time average of the pressure (curve 3) is higher than the
ambient pressure P0, resulting in a net bearing force [1].
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Table 3.1: Measured results from experiments with a rotating bearing utilizing
squeeze film bearings in the axial and radial direction [1].
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The state of the art in aerostatic bearings is represented in table 3.2 where the typical
specifications of a commercially available high-precision linear motion system are
listed. Under laboratory conditions slightly better values are possible.
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Table 3.2: Typical technical specifications of a commercially available (Anorad) lin-
ear motion system using air bearings.

From table 3.2 it can be seen that even the high-end straight motion systems will
not operate in the sub-micrometer range. This is due to the fact that the positioning
accuracy is directly related to the manufacturing accuracy achievable.
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The technology of magnetic bearings is relatively new. Only in the last years a
substantial development towards practical useability and commercial availability
has been reported. The main reason for this is that only in the last decennia the
control engineering theory and practical electronic circuitry have been developed
sufficiently far to enable the closed-loop control of magnetic circuits. The control
of electromagnetic bearings requires high accuracy and high bandwidth, for the
sensor system as well as for the actuator part. The name ‘active magnetic bearing’
is often used for this kind of systems, to distinguish them from ‘passive’ bearing
systems

Up to now, most effort has been put in the development of rotating magnetic bear-
ings, because the industrial demand for rotating motion is larger than for trans-
lating motion. Note that this is analogous to the developments in the field of ball
bearing technology and electromotors, where the development of rotating systems
has always been earlier than the development of translating systems.

In this thesis no attention will be paid to active rotating magnetic bearings. Only
linear and planar types of magnetic bearings will be briefly described. Auer [3] and
Molenaar [44] discuss linear magnetic bearings in detail.
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Electromagnetic propulsion has been known for a long time. Based on the techniques
used in rotating electromotors, linear motors have been devised utilizing for exam-
ple magnetic reluctance or inductance, or the stepping motor principle. However,
in most of these electromagnetic linear motors the bearing system is a linear ball
bearing or a linear aerostatic bearing. Electromagnetic actuator technology enables
the integration of these two functions (propulsion and bearing) in one element, as
will be described in section 3.6.2.

With increasing needs for high accuracy, zero wear (no particles allowed in clean
rooms) and contactless operation (e.g. in vacuum applications), the development
of accurate contactless electromagnetic bearings for linear motion systems becomes
more and more of interest.

The most simple linear electromagnetic bearing consists of a C- or E-shaped yoke
with a coil wound around it, exerting a force on a ferromagnetic plate that is free to
move perpendicularly to the bearing force. To improve the linearity of the current–
force relation, a better configuration appears when using two yokes with coils, one
on each side of the moving plate. Moreover, to improve the bandwidth of the con-
trolled bearing, a certain magnetic preload force has to be applied by means of a
bias current through both of the coils, or by means of permanent magnets [3].

The disadvantage of these C- or E-shaped electromagnetic actuators is that the mo-
tion range in the bearing direction is very small, in the order of 1 mm, while in
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the directions perpendicular to the bearing direction there is no force generation.
Therefore, applying only this type of actuator elements, it will not be possible to re-
alize a six-DoF controlled bearing system having a long motion range in one degree
of freedom.
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One fundamental improvement to the idea of six-DoF controlled electromagnetic
bearing system is the use of the magnetic bearing flux in the air gap for the propulsion
force as well. By placing current-carrying conductors in the air gap of the bearing
magnets, a Lorentz force can be generated for the propulsion perpendicular to the
bearing force. It appears that this Lorentz force virtually does not disturb the bear-
ing force.

The electromagnetic building block providing such a suspension and propulsion
force by using the same magnetic field, has been called Suspension and Propulsion
Unit or SPU [3].

The advantages of this SPU are:

� No mechanical contact, so the bearing is suitable for clean room applications.

� High resolution; there is no inherent limitation for the positioning resolution.
The applied sensors in the control system determine the eventual positional
accuracy [73].

The disadvantages are:

� The necessary preload results in a high power consumption and correspond-
ing heat dissipation.

� The Lorentz coils in the air gap need some space so that a relatively large
air gap is necessary. This can be solved by applying magnetically conductive
coils, e.g. iron wire.

� The Lorentz force is an order of magnitude smaller than the reluctance force.
As a result, the acceleration that can be achieved in the travel direction will
be relatively small, compared to common linear motors.

� Due to the C- or E-shaped yokes the stroke in the travel direction is limited by
the yoke dimension, because the flux has different sign at the pole surfaces.
This may be solved by means of commutation, to achieve a translation range
larger than the yoke dimension.

The geometry of the yokes and moving parts requires a moving part having a di-
mension at least equal to the sum of the required stroke and the electromagnet yoke
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dimension. For linear bearings this will not be a major problem. However, for pla-
nar bearings this design becomes quite space consuming, since in the case of three
support points also three platens are necessary, each having an area larger than the
product of the total range in x and y.

The problem of heat dissipation can effectively been solved by the application of
permanent magnets. These permanent magnets provide for a static flux result-
ing in an ‘offset force’ while the electromagnets only have to supply a control
force [61]. The bearing element presented there is called Non-Coplanar Suspen-
sion Unit (NCSU). The term ‘non-coplanar’ means that the permanent magnetic
part virtually does not interfere with the electromagnetic part. However, the disad-
vantage of the short stroke (perpendicular to the bearing force) remains.
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The next step in planar electromagnetic bearing design is the elimination of large
yoke surfaces by a novel geometry utilizing crossed flux guidance bars [44]. In
fact, this geometry consists of three NCSUs folded out three-dimensionally and
combined in an inventive way. This prototype suspension and propulsion system
has been called the Planar Active Magnetic Bearing (PAMB).

This new design enables a large planar stroke for a relatively light moving part,
together with the low energy consumption due to the application of permanent
magnets. The propulsion forces can also be generated by means of coils around the
moving yoke (Lorentz force), but another possibility is to wind the coils around the
stator parts, so that the moving part only consists of iron, carrying neither perma-
nent magnets nor coils [43].

A comparison between the three bearing types is given in table 3.3.
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Table 3.3: Comparison between the three electromagnetic bearing types as they
have been developed successively at the TU Delft. Values are typical values or
orders of magnitude. The reason for the low power dissipation in the coils of the
NCSU and the PAMB is the use of permanent magnets for generating an offset
force.

The remaining disadvantages in the PAMB design are the size (approximately three
times the stroke) and the Lorentz-type of propulsion force, which is an order of
magnitude smaller than is possible using reluctance-based forces. The propulsion
force can possibly be improved by means of techniques derived from linear reluc-
tance motors, but this still is subject of research.
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In conventional mechanical linear bearing systems, the most important sources of
straightness errors can be distinguished as follows:

1. Form errors of the guidance due to machining inaccuracy (initial error) or
wear (time-varying error)

2. Irregularities of the bearing (unroundness of bearing balls, hysteresis, air fluc-
tuations, etc.)

3. Deflections due to external forces and inertial forces of the load

4. Thermal deflections

5. Displacements due to external vibrations

One of the conclusions that can be drawn from chapter 3—summarizing the state
of the art in straight motion systems—is that purely mechanical systems encounter
rapidly increasing problems when the required accuracy approaches the sub-
micrometer region.

Therefor, in this chapter experiments are described on the possibilities of feedback
control techniques. The goal is to reduce the straightness errors of an open-loop
linear motion system with at least a factor ten, so that the eventual accuracy will be
in the sub-micrometer range.

77
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A general block scheme of open-loop straight motion systems is shown in figure 4.1.
On each of the mentioned blocks disturbing external influences may act. An illus-
tration of the possible error sources for positioning systems, with a rough indication
of their magnitude, is shown in figure 4.2.

By adding a feedback loop to the straight motion system, the influence of most of
the error sources listed above can be reduced [49]. In that case the problems in the
mechanical domain are converted to the electronic and the control engineering domain,
where there are more possibilities to solve them. This is expressed in figure 4.3,
referring to figure 4.1. Note that in these general block schemes the names outside
the boxes represent a specific experimental setup as described in section 4.2. How-
ever, leaving this out of consideration here, these block schemes apply for virtually
all types of positioning systems.

Figure 4.1: Block scheme of general (open-loop) straight motion systems. The thick
black lines represent the interactions between the elements. In this example a slid-
ing bearing is assumed, but any other bearing type is possible as well.

A practical implementation of a straight motion system as proposed in the block
scheme of figure 4.3 is shown in figure 4.4. To illustrate the principle, only two of
the five degrees of freedom are depicted in this schematic view.

A system that measures the actual straightness errors and generates a correcting
force or displacement, so that the positioned table follows a straightness reference,
will have the following effect on the various position errors that were listed above:

1. Form errors of the guidance due to machining and wear: these errors are
quasi-statically repeatable and can be eliminated by a correcting system based
on a look-up table and/or real-time control.

2. Position errors due to bearing irregularities (e.g. unroundness of bearing
balls, air bearing pressure fluctuations): these errors are dynamical and of-
ten dependent on the travel velocity. They can be reduced depending on the
dynamical properties of the mechanical structure and the performance of the
control system.
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Figure 4.2: Typical values for possible error sources in open-loop positioning sys-
tems. Feedback controlled systems are able to compensate for the most important
errors and can achieve a final accuracy in the sub-micrometer range.

3. Position errors due to external forces: these errors can be eliminated, within a
certain bandwidth.

4. Position errors due to thermal drift: these errors are quasi-static; they can be
eliminated by real-time control.

5. Position errors due to external vibrations: these errors can be reduced (as
described in this chapter) or prevented (as described in chapter 5).

The measurements are preferably carried out with respect to an unloaded mechan-
ical straightness reference (e.g. a straightedge). As can be derived from figure 4.4
the final straightness accuracy and stability of the table is limited by the quality of
the straightness reference. However, as long as form stability rather than absolute
straightness of the reference can be guaranteed, it is possible to achieve absolute (or
strongly improved) accuracy by calibrating the straightness reference with an exter-
nal instrument and making a lookup-table. Without this calibration, only absolute
repeatability can be achieved. Often this absolute repeatability also will be suffi-
cient, because there are not many applications in which absolute accuracy really is
required.

Summarizing, dependent on the needs in a certain application, three options are
available for the choice of a straightness reference:

No special precautions � Only short-term repeatability

Guaranteed form stability � Long-term absolute repeatability

Guaranteed form stability with additional calibration � Long-term absolute ac-
curacy
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Figure 4.3: Block scheme of a feedback controlled straight motion system. Thick
solid lines represent mechanical connections, thin lines mean electrical signals or
interactions. An additional table has been placed on top of the open-loop system
(figure 4.1) by means of an actuator system. In this general block scheme the de-
scriptions outside the boxes represent a specific experimental setup that will be
described in section 4.2.
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Figure 4.4: Schematic representation of a practical error feedback implementation
according to the block scheme of figure 4.3. For clarity, only two actuators are
drawn, although for straightness error feedback in five degrees of freedom, five
actuators will be required.

In table 2.10 on page 38 a similar, slightly more detailed list is given.

The only weak point in the system presented in figure 4.3 is the connection between
the table and the sensor, as this is the only part that is not controllable in the closed
loop. This is visible clearly in figure 4.4, where the distance between the table and
the sensor is quite exaggerated. In general there will be defined a certain point
or object on the positioning table (e.g. a tool tip or an optical point of focus) that
has to move along the desired straight line c.q. along the path prescribed by the
straightness reference. Therefore, care has to be taken concerning the dynamical
and thermal behavior of the mechanical parts between the actual sensing location
and this reference point on the positioned table.

����� � ����	
���	�� �	�� ����
 �� ������ ��������	��

In the case that only geometrical disturbances of the guidance are present, i.e. no
external forces have to be compensated for, the following important statement ap-
plies:

The amount of energy, necessary to make the suspended object follow
a perfect straight trajectory, will be close to zero, when an ideal error
feedback is realized. In that ideal case, the actuators only have to adjust
their own length—that is, accelerate part of their own mass—to prevent
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the suspended object from accelerating in undesired directions, while
maintaining a bearing force.

Even in the case that external forces are present, the energy consumption will be
virtually equal to zero because there is no net displacement in the direction of the
disturbing force—in the ideal case. But in practice this is not completely true, since
an actuator having a finite stiffness ka and bearing a load Fl will have an initial
deflection

Æinit �
Fl

ka
(4.1)

When an external force Fe is applied, an additional deflection

Æe �
Fe

ka
(4.2)

occurs which has to be eliminated by the actuator, resulting in an amount of work

W � Fe � Æe �
F2

e

ka
(4.3)

which means that the additional work W is equal to zero when the actuator stiffness
is infinite.

In the next sections, experimental set-ups will be described that have been built (a)
to demonstrate the feasibility of a position error feedback control for positioning
systems and (b) to aim at a positioning accuracy in the sub-micrometer range.
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In this section, an experimental straight motion system will be presented. The de-
velopment of this system consisted of two phases:

1. Design and realization of a straight motion system, applying the newly de-
veloped capacitive straightness sensor (see section 2.2.1), in order to show
the practical applicability of this sensor and to demonstrate the feasibility of
the straightness error feedback concept. Because of the low measurement fre-
quency of the capacitive sensor prototype, only quasi-static operation will be
possible. Most of this work has been carried out within the scope of a Mas-
ter’s thesis [49].

2. Anticipating on the development of similar capacitive straightness sensors
having a larger bandwidth, dynamical operation of the straight motion sys-
tem has been investigated using photonic sensors, in order to identify the
system’s parts that limit the dynamical positioning performance.
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The experimental straight motion system has been built according to the structure
of the system as shown in figure 4.3 [49]. A short description of the prototype’s
elements according to the block scheme elements in figure 4.3 is given in table 4.1,
a drawing of the complete system is shown in figure 4.5.
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Table 4.1: Listing of structural elements of the experimental feedback controlled
straight motion system.

An aluminum table is supported by five stacked piezoelectrical actuators to control
five degrees of freedom with respect to the movement of the carriage, being an alu-
minum frame. The actuators are connected to the table by means of wire springs
providing high stiffness (5 � 106 N/m) in actuating direction and a sufficiently weak
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coupling (1 � 104 N/m) in all other directions, because the piezo elements do not
allow lateral forces. By means of a sliding bearing (PTFE on steel) the carriage is
moved along a guidance consisting of two steel rods, resulting in open-loop straight-
ness errors in the order of magnitude of 10 �m.

Figure 4.5: 3D drawing of the experimental 5-DoF error feedback straight motion
system, showing large similarity to the schematical representation in figure 4.4.
Partly visible are the five cylindrical piezo actuators, enabling adjustment of the
table’s position relative to the frame in five degrees of freedom. Also visible are
some of the six wire springs, connecting the table to the actuators and the frame
by means of clamping blocks. For clarity, the table has been made semitransparent.
The two steel rods serve as a guidance for the five PTFE sliding pads, which are
not well visible in this drawing. Omitted in this drawing are the 5-DoF straightness
sensor (to be mounted under the table), the straightness reference (which should be
located between the two guidance rods) and the lead screw that drives the frame in
the x-direction.

As a straightness sensor, an experimental 5-DoF capacitive sensor has been used,
as described in [66] and summarized in section 2.2.1. The only difference between
this sensor and the sensor shown in figure 2.10 is the layout of the electrodes and
the corresponding algorithm to calculate the positions from the measured capaci-
tances. The sensor applied here has the advantage of a simple flat geometry, which
is easily adaptable to other configurations. Moreover, it can be used on any elec-
trically conducting bar serving as a straightness reference, as long as there is at
least one plane and one edge available. Also it has the advantage that the sensing
electrode area provides for a spatial averaging, so that surface roughness and other
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short-wavelength form errors of the straightness reference virtually do not affect
the quality of the measurement. The largest disadvantage is the low measurement
frequency, which is limited mainly by the digital part of the electronic circuitry.

Figure 4.6 shows the electrode layout of the applied sensor, which is manufactured
of double sided printed circuit board (PCB). Note that two different measurement
principles have been applied, as described also in figure 2.2. Three of the electrodes
1 through 3b measure the perpendicular distances between the electrode and the
reference bar, from which the z, �x and �y can be found. The electrodes 4 and 5
measure the overlapping area at the edge, from which y and �z can be derived.
The electrodes 3a and 3b are used to correct for the z-sensitivity of the electrodes
4 and 5. The use of two different measurement principles causes slightly different
specifications in the y- and z-related coordinates, as will appear in the next section.
The reason for choosing such a layout is that the whole electrode structure is in one
plane, which is very convenient from PCB manufacturing point of view.

The choice for this sensor, manufactured from PCB material, implies a.o. the fol-
lowing uncertainties:

1. Temperature changes will cause linear expansion and possibly warping of the
PCB plate. This error will be in the order of 1 �m (∆�� ��∆T� 50 [ppm/K] �

1�6[ mm] � 5[ K] � 0�4 �m).

2. PCB material deforms under the influence of relative humidity changes of
the ambient air. A typical value for the maximum water absorption in PCB
material is 0�09%.

3. Geometric errors due to manufacturing inaccuracy (which will be in the order
of 10 �m for standard PCB manufacturing methods); the effect of this kind of
errors has been discussed in [8].

In this experiment, the feasibility of the method is more important than the long-
term stability of the components. The disturbing influences mentioned above
might be minimized by choosing appropriate materials and by realizing a geometri-
cal accuracy that is less than about ten times the desired measurement accuracy [8].

To detect the capacitance variations in this sensor, a prototype of a Modified Martin
Oscillator-based measuring circuit has been used (see section 2.1.1.2). This results
in a range/resolution ratio of 104 at a measurement frequency in the order of 1 Hz
for 5 degrees of freedom.

After assembling the complete structure, it has to be properly aligned relative to
the straightness reference to ensure that the straightness deviations all lie within
the working range of the piezo actuators (being 25 �m). Since it is very difficult
in practice to obtain this alignment directly from the manufacturing accuracy, an
additional alignment facility has been added to the guidance. This alignment fa-
cility consists of five alignment screws that are placed in such a way that the guid-
ance’s position and orientation can be adjusted relative to the straightness reference
(which is kinematically attached to the world) in five degrees of freedom.
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Figure 4.6: Electrode layout of the straightness sensor used in this experimental
set-up. The left part of the picture shows the front view, the right part shows the
top view. The straightness reference is kinematically supported on the world, the
sensor unit moves with the table along the x-axis. There is an air gap of 0�5 mm
between the sensor surface and the reference surface. The sensor electrodes 1, 2, 3a
and 3b detect the height z and the angles �x and �y, the electrodes 4 and 5 detect
the lateral motion y and the angle �z. Note the different measurement principles,
varying distance versus varying overlapping area, as mentioned also in figure 2.2.

This alignment procedure is as follows:

1. Measure all five degrees of freedom by means of the straightness sensor at
two positions x1 and x2 along the guidance, giving two vectors �x1 and �x2;

2. Calculate the necessary displacements for each of the five alignment screws
s1 � � � s5 from

�s �M1�x1�M2�x2 (4.4)

in which Mi are matrices containing geometrical information about the loca-
tion of the alignment screws and the actuators;

3. To be able to monitor the adjustment of each screw, determine the effect that
each alignment screw has on the coordinates, while the table remains on the
last position x2, using the equation

�xs �Ms�s (4.5)

4. Adjust each of the alignment screws si according to equation 4.4, watching
the influence on the table coordinates as predicted by equation 4.5. A proper
algorithm can give the instructions to turn each of the adjustment screws until
a specified coordinate reaches a certain given value.
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By applying this procedure, each of the alignment screws has to be used only once.
The angles �y and �z cannot be aligned by means of the screws on the guidance.
Therefore, they have to be adjusted by aligning the sensor relative to the table,
or the table (including the sensor) relative to the actuators. Because there are no
special adjustment devices implemented for this alignment, this preferably should
be done before the final alignment of all other degrees of freedom, as it is described
above.

In the controller for quasi-static closed-loop operation, a proportional gain has been
applied to the position error, after which this control signal has been added to the
control signal value of the previous time step, thus creating a simple integrating
action. The value of the gain has been determined in such a way, that the controller
response on an arbitrary step disturbance cancels that disturbance. This has given
acceptable results for the experiments described in the next section. Due to the long
measurement time (2 seconds), not much attention has been paid to fine-tuning of
the controller.

����� �����	�
�
�� �������
 ����
�

In table 4.2 and figure 4.7 an overview is given of the different kinds of measure-
ments that are possible on the straight motion system under test. In these measure-
ments, the straightness sensor, the controller and an additional calibration sensor
are the major items. It will be clear that the additional calibration device can not
be used instead of the straightness sensor, because it will be able to measure in
only one or two degrees of freedom, e.g. in the case of a laser interferometer or an
autocollimator.
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Table 4.2: Overview of the resulting information when testing a feedback controlled
straight motion system by switching on or off the three mentioned components:
‘����’ is the tracking controller, ‘���’ is the 5D straightness sensor used by the
controller, ‘�	�’ means an external absolute position measurement system for cali-
bration purposes.

Figure 4.8 shows for all five degrees of freedom the open loop and the closed loop
straightness measurements of type A and E (see table 4.2 and figure 4.7) over a
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Figure 4.7: Illustration of the different kinds of measurements that are possible on
the straight motion system, using the 5D straightness sensor relative to a straight-
ness reference. The letters � through � refer to table 4.2. An external measurement
system may be applied as a calibration device (�, �) to obtain absolute error in-
formation in one or more degrees of freedom, in order to evaluate the ‘absolute’
quality of the straightness reference.

travel range of 40 mm. The travel velocity was about 10 mm/min or 1�5 � 10�4 m/s.
For y and z the setpoint values are subtracted from the measured values to dis-
play zero in the working point. It is clear that the quasi-static disturbances and
misalignments are reduced down to the sensor resolution.

The residual higher-frequency (relative to the measurement frequency) errors re-
main in the same order of magnitude, although the contribution of frequencies in
the order of magnitude of the measurement frequency has been increased. These
high-frequency position errors are caused by the simple control action in combi-
nation with the noise of the position sensor. Their magnitude might be reduced
by setting the proportional gain to a lower value, at the cost of an increasing time
constant.

The remaining errors in z are smaller than in y direction. This is due to the sensor
configuration, as described in [66], which results in a better sensitivity for z than for
y. Therefore, the resolution in �x and �y (calculated both from z-measurements)
is better than the resolution in �z (calculated from y-measurements). Further, the
resolution in �y is better than in�x because the angular sensitivity is directly related
to the mutual electrode distance, which is larger for �y.

It appears that drift and other quasi-static disturbances can be fully eliminated,
resulting in a static infinite stiffness (as long as the system is kept within its control
range). This is shown in figure 4.9 where a static load of 20 N has been applied for
some time. The remaining position uncertainty is in the same order of magnitude
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Figure 4.8: Straightness deviations in five degrees of freedom, measured by the
capacitive 5D-sensor, without (dotted line) and with (solid line) active control. The
travel range is 40 mm, the travel velocity is about 10 mm/min or 1�5 � 10�4 m/s. It
is clear that the quasi-static disturbances and misalignments are reduced down to
the sensor resolution. The residual higher-frequency (relative to the measurement
frequency) errors remain in the same order of magnitude.
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Figure 4.9: Response to a 20 N static disturbance, open loop (dotted line) and closed
loop (solid line). The peaks in the closed-loop signal are caused by the low mea-
surement frequency, about 1 Hz. After less than three samples the position has been
brought back to its original value. In this experiment, the sample time tsample� 1 s.

as the sensor resolution for all five degrees of freedom.

In table 4.3 a summary is given of the measured results with this quasi-static set-up.

From this first experimental set-up the following conclusions can be drawn:

1. Sub-micrometer straightness tracking and repeatability has been achieved
with mechanically simple parts and a 5 degrees-of-freedom position control.
The final accuracy is mainly determined by the resolution and stability of the
sensor and by the straightness and form stability of the straightness reference.

2. Capacitive sensors are very suitable for straightness measurements. Due to
the inherent spatial averaging by the electrode area, smoothness is guaran-
teed. Roughness and small surface defects of the electrodes and straightness
reference do not influence the performance.

3. With low-bandwidth active control as described in this section, the position
noise level remains in the same order of magnitude but the drift is eliminated.
By using faster measurement electronics and a more sophisticated controller
(probably a PID controller will be sufficient), also the higher-frequency posi-
tion errors can be reduced, up to a certain bandwidth.
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Table 4.3: Summary of measurement results for the quasi-statically operated
straight motion system using straightness error feedback. The short-term devia-
tions all are in the same order as the sensor resolution, from which can be con-
cluded that the sensor resolution is the performance limiting factor. The long-term
stability gives an impression of the magnitude of (mainly) the thermal expansion.

4. Near-infinite static stiffness has been realized; dynamical performance will be
mainly limited by sensor bandwidth and eigenfrequencies of the mechanical
parts.

����� ����	
� 	�����	��� �����

After showing that the idea of position error feedback is feasible in practice, modi-
fications have been applied to improve the system’s dynamic performance. These
measures include:

1. Replacement of the PTFE sliding bearing by a ball bearing to enable higher
travel velocity and to introduce certain disturbing displacements, sufficient
for performance evaluation purposes. An overview of the set-up is given in
figure 4.10.

2. Replacement of the wire springs which couple the table to the piezo actuators
by preloaded ball-on-flat contact points to increase the stiffness. This turned
out to be not very effective, because relatively high preload forces are required
for high stiffness, which may reduce the stroke of the piezo actuators.

3. Replacement of the experimental capacitive straightness sensor by fast (more
than 20 kHz bandwidth) photonic sensors, which measure the table position
relative to a plane mirror reference surface. Due to limited space only in the
y- and �z-direction sensors have been applied, which is sufficient for proving
the working principle.

4. Replacement of the simple quasi-static controller by a PID-controller.



92 CHAPTER 4. VARIOUS EXPERIMENTS ON STRAIGHT MOTION SYSTEMS

Figure 4.10: Photograph of the experimental set-up, after replacing the sliding bear-
ings by ball bearings. The stepping motor drives a lead screw, with which the frame
is moved in the x-direction. The straightness sensor system is not visible here, be-
cause it is mounted under the table.

������� ���	
 ����
� ���������

In the experimental straight motion system, stacked piezo actuators have been ap-
plied. One of the most important disadvantages of these piezo actuators, besides
the short stroke, is the relatively large amount of hysteresis they introduce. In
stacked piezo actuators, consisting of many thin layers of piezo electric material,
this effect is relatively large and can amount to 15% of the total stroke1. In fig-
ure 4.11 measurements are shown of the table displacement as a function of the
amplifier input voltage.

Note that this input voltage is not the same as the actual voltage over the piezo
actuator. The gain factor of the amplifier is equal to 16, so that the total output
range (�10 � � �150 V) is covered by a 0 � � �10 V input signal. Furthermore, there are
two dynamic effects that have to be considered.

Firstly, the amplifier’s maximum current has to be sufficiently large to supply the
1This percentage is valid using conventional piezo driving amplifiers, which have a voltage con-

trolled output. When charge rather than voltage is controlled, the hysteresis may decrease to less than
1%. This relatively new method is not considered further in this thesis.
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piezo actuator with the desired amount of charge—that is, to bring it to the desired
potential—within the required time. The impedance of the stacked piezo actuators
used is mainly capacitive, being approximately 2�5�F. Considering the maximum
current the amplifier used can deliver, 20 mA, the time needed to bring the piezo
actuator’s potential from�10 V to 150 V can be estimated by

C �
Q
V
�

�
Idt
V

(4.6)

which gives, assuming that I is constant:

C �
It
V
� t �

CV
I
�

2�5 � 10�6
� 160

20 � 10�3 � 20 ms (4.7)

resulting in an upper limit for the frequency, assuming a full-stroke, triangular-
shaped output signal:

fmax �
1

2 � 20 ms
� 25 Hz (4.8)

When a sinusoidal output signal is assumed, this frequency is even lower. The slew
rate is calculated to be 160 V

20 ms � 8000 V/s. With a maximum amplitude of 80 V, the
signal becomes

V(t)� 80 � sin(�t) (4.9)

so that
dV
dt
� 80 � � � cos(�t) (4.10)

which gives the maximum value for �:

80 � � � 8000� � � 100 rad/s� 16 Hz (4.11)

This is the maximum frequency at which the sinusoidal full stroke signal is fol-
lowed ‘exactly’, assuming that the amplifier does not introduce phase delay.

When not the current limitation of the amplifier, but the time constant of the piezo
actuator would be determining the bandwidth, it would mean that for the same
bandwidth �

� �
1

R � C
� R �

1
� � C

�

1
100 � 2�5 � 10�6 � 4 kΩ (4.12)

which is a very unlikely value for the resistance R, so that it can be concluded that
the bandwidth of the system will be mainly limited by the maximum current of the
amplifier.

Secondly, dynamic loads on the piezo elements may cause (high) disturbing volt-
ages due to the inverse piezoelectric effect. These voltages should not influence the
supplied current for the piezo actuator. In other words, the output impedance of
the amplifier has to be sufficiently high. On the other hand, this voltage might be
used as a measure for the force on the actuator.
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Figure 4.11: Effect of the hysteresis behavior of the stacked piezo actuators on the
table displacement. This graph shows the table position y when two parallel actua-
tors drive the 2 kg table in the y-direction. Input is the piezo amplifier input signal
(this is not the actual voltage at the actuator) , varied sinusoidally with different
frequencies. At f � 1 Hz, the curve approximates the statical hysteresis curve. At
higher frequencies, the influence of the piezo amplifier, the support point elasticity
and the table mass increases.
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There are two main methods to solve the hysteresis problem. The first is to add
an internal feedback loop in each piezo actuator, e.g. by applying an internal strain
gauge or a capacitive position sensor, in such a way that the output displacement
becomes linearly proportional with the input voltage. Actuators equipped with
such sensors and accompanying amplifiers are commercially available. The second
method is to model the hysteresis behavior and to include this model in the present
controller [19]. Neither one of these methods has been applied in this experimental
set-up.

The error made due to hysteresis in the open-loop system can not be translated di-
rectly into positioning uncertainty of the closed-loop system. Its effect can be re-
garded as a certain disturbing force that depends on the history of the actuator’s
movement. This history contains a.o. the direction of movement and the total dis-
placement in that direction. The maximum magnitude of the disturbing force de-
pends on the difference between the gains at the ends of the (full stroke) hysteresis
curve. Dependent on the disturbance sensitivity of the closed-loop system, the hys-
teresis can e.g. increase oscillations at the end of a stepwise setpoint change of the
position.

A measurement of the open-loop transfer function from the piezo amplifier input
voltage to the table position is given in figure 4.12.

������� ����	
� 	���
�� �� ��� 	�����
��� �����	

After determining the mechanical behavior by measuring the actuator transfer
function Hact, we can define requirements for the controller, dependent on the sen-
sor properties. The block scheme of the complete feedback system is given in fig-
ure 4.13.

Because the closed-loop system will act as a tracking system—the table has to fol-
low the straightness reference profile—the block scheme of the system has been
drawn in such a way that the disturbance signal is located at the left (instead of the
setpoint signal znom which will be zero or constant) and the table position is at the
right. This simplifies the calculation of the transfer functions, as will appear in the
next.

For an ideal tracking system, the actuator output zact has to be equal to the distur-
bance zdist.

When the open-loop transfer function from figure 4.13 is given by

HOL � HsensHcntrHact (4.13)

then the closed-loop transfer function will be

HCL �
zact

zdist
�

HOL

1� HOL
(4.14)
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Figure 4.12: Open-loop transfer functions HsensHact of the table driven in the y-
direction by two parallel piezo actuators. Input is the piezo amplifier input voltage,
output is the photonic sensor output corresponding to the table position in the y-
direction. Two different measurements are displayed here: one using the back slope
of the photonic sensors and an input amplitude of 3�5 V, and one using the front
slope of the photonic sensors and an input amplitude of 2�0 V. There is a scale factor
between the measured signals, because of the different sensitivity values of the
sensor modes. Also there is an apparent phase difference of 180 degrees between
the two measurements, caused by the different sign of the sensitivity in the front
slope and the back slope, respectively. The magnitude at the frequencies 1, 10, 50
and 100 Hz is related to the vertical width of the hysteresis curves in figure 4.11.
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Figure 4.13: Block scheme of the feedback controlled straight motion system. The
‘actuator’ block also contains the dynamics of the table and its mechanical connec-
tion to the actuators.

from which follows that for an ideal tracking system where zact � zdist:

HCL � 1� HOL�� (4.15)

This is not achievable in practice. But, fortunately, this also is not necessary, for in
practice there is a certain maximum allowable deviation � so that zact � zdist � �.
Now the closed-loop transfer function becomes

HCL �
zact

zdist
�

zdist� �

zdist
� 1�

�

zdist
(4.16)

so that the required open-loop transfer function becomes

HOL

1� HOL
� 1�

�

zdist
� HOL �

zdist

�

� 1 (4.17)

However, the maximum allowable deviation � is a too conservative requirement,
when realizing that the present error, zdist( f ), depends on the frequency. In general,
zdist( f ) tends to decrease with increasing frequencies. Thus, for higher frequencies
the maximum allowable relative tracking error is higher. When at high frequencies
the disturbance amplitude becomes lower than the specified maximum position
error, the allowable tracking error even will be more than 100%.

From the expected error spectrum and from the desired accuracy, � 1 �m in this
experimental set-up, the required open loop transfer function—i.e. a lower limit of
its value for each frequency—can be calculated using equation 4.17.

Subsequently, the required controller transfer function can be determined using
equation 4.13. This gives

Hcntr �
HOL

HsensHact
(4.18)

HsensHact follows from the measurements according to figure 4.12. The sensor trans-
fer function Hsens, because of the high bandwidth of the photonic sensors, may be
assumed to be flat in the frequency range of interest, so that Hsens simply is the



98 CHAPTER 4. VARIOUS EXPERIMENTS ON STRAIGHT MOTION SYSTEMS

sensitivity of the sensor. With this information, a lower limit for Hcntr can be deter-
mined.

However, in practice, it is difficult to determine the frequency-dependent distur-
bances zdist( f ). Moreover, there are some additional requirements to HOL concern-
ing stability. Therefore, in this experimental situation, control parameters have
been determined by applying the Ziegler-Nichols method, giving control para-
meters that provide stability and reasonable performance. For the y-direction, this
has resulted in a PID controller having the following parameters (valid for sensor
operation in the front slope):

P = 2�55
I = 816
D = 1�275 � 10�3

so that the controller transfer function becomes

Hcntr � 2�55�
816
s
� 1�275 � 10�3

� s (4.19)

and the cross-over frequencies for the integrating and differentiating action become

�i �
I
P � 320 rad/s � 51 Hz

and (4.20)
�d �

P
D � 2000 rad/s � 318 Hz

Using this controller, the measurements in the next section have been done.

For a system having six degrees of freedom, of which five have to be controlled
actively, the controller in general will be necessarily multivariable, because of the
mutual coupling between the input and output parameters. However, when the in-
put parameters (in this case the coordinates y, z, �x, �y and �z) can be expressed in
an orthogonal coordinate system, so that they become independent on each other, it
is possible to build a decoupled controller, consisting of only diagonal terms. This
is done in the following way.

The five sensor outputs represent the five coordinates, but they are coupled as a
result of the capacitive sensor’s geometry. Therefore, a transformation matrix has
to be build that translates the sensor outputs to orthogonal coordinates. These co-
ordinate signals can be input in five parallel SISO (Single Input, Single Output)
controllers. The five outputs of these controllers are multiplied by another trans-
formation matrix representing the geometric placement of the actuators. Thus a
control system is generated, consisting of five independent controllers, which is
much more easy to handle.

������� ����	
�� ������ ��
��
����

Using the modified straight motion test set-up, the following measurements have
been done to examine the dynamic behaviour:
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1. Open-loop frequency response of the electromechanical system consisting of
piezo amplifier, piezo actuator and table

2. Open-loop and closed-loop time response of the y-direction during motion in
the x-direction

3. Step response of the closed-loop system by applying a step to the setpoint in
the y-direction

These experiments will be described hereafter.

Open-loop frequency response

In figure 4.12 a measurement was shown of the frequency response of the elec-
tromechanical system consisting of piezo amplifier, piezo actuator and table. This
frequency response defines the transfer function Hact � Hsens (see also figure 4.13).

In this experiment the table has been driven by two parallel piezo actuators in the y-
direction. The input is the piezo amplifier input voltage, the output is the photonic
sensor output voltage corresponding to the table position in the y-direction. The
amplitude has to be interpreted in relation with the hysteresis behavior as depicted
in figure 4.11, i.e. with an uncertainty margin being related to the hysteresis band.

Open-loop and closed-loop time response

In figure 4.14 a typical time response in the y-direction is shown, for both the open-
loop and the closed-loop situation. In the x-direction a cyclic motion ( f � 1�8 Hz,
Æx� 10 mm) has been applied. Note that the time base is not synchronized because
the measurements have been done sequentially and the data has been merged af-
terwards.

In this figure it is visible that a reduction of the error motions is achieved roughly
down to the order of the sensor resolution, being approximately 0�5 �m for the
photonic sensor’s far slope (see section 2.1). Note the remaining vibration of about
8 Hz, which is already present in the open-loop signal; probably this is caused by
the unroundness of the ball bearing elements.

The remaining errors are well reproducible, since their main cause is the unround-
ness of the ball bearings. This means that their magnitude has a direct relation with
the position in the x-direction so that this error might be reduced even further by
means of learning control techniques.

Closed-loop step response

In the determination of the closed-loop step response the front slope of the pho-
tonic sensors has been used (see section 2.1) to achieve the best possible position
resolution, being about 10 nm. In this situation, where only a step on the setpoint is
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Figure 4.14: Typical time response in the y-direction during cyclic motion in the
x-direction ( f � 1�8 Hz, Æx � 10 mm), for both the open-loop and the closed-loop
situation; the time base is not synchronized. A reduction of the error motions is
achieved down to the order of the sensor resolution, being approximately 0�5 �m
for the photonic sensor’s back slope. Note the remaining vibration of about 8 Hz.
Probably this is caused by the (unmodeled) piezo hysteresis behavior in combina-
tion with the unroundness of the ball bearing elements. The remaining errors are
well reproducible so that they possibly can be reduced even further by means of
adaptive control techniques.
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generated, there is no risk of damaging the sensor tips that are at a distance of only
20 � � �40 �m.

In figure 4.15 the time response is shown for a 10 �m step in the y-direction. The
delay or dead zone that is visible in this graph is due to the limited sample time,
ts � 0�01 s, of the data collecting program.

From this figure it is clear that the time constant of the system can be estimated
to be in the order of 10 ms, corresponding to a bandwidth in the order of 10 to
100 Hz bandwidth. This is in accordance with the measured open-loop bandwidth
in figure 4.12.
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Figure 4.15: Typical step response of the closed-loop system. The delay or dead
zone is due to the sample time, ts � 0�01 s. The time constant of the system is in the
order of 10 ms. For this measurement the near slope of the photonic sensors has
been used, resulting in a position noise level as low as 10 nm, together with a large
sensitivity.
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Based on the same idea of straightness error compensation as described in the pre-
vious sections of this chapter, a six DoF piezo manipulator has been designed, built
and tested [25]. The goal of this project was to realize a motion system meeting the
following requirements:

Linear motion i.e. a long stroke in at least one direction

Inertial Sliding Motion principle, also known as ‘piezo stepping’

Low velocity in the order of 1 mm/s

Sub-micrometer position accuracy relative to a straightness reference

Low cost by using no ‘exotic’ materials, no very accurately machined parts, one
single motion principle and shared power supplies

����� ����	�
�� � ����

As a motion principle, the piezo inertial sliding effect has been adopted, abbrevi-
ated as ISM (Inertial Sliding Motion). The theoretical and physical background of
this phenomenon has been described thoroughly in [77]. Summarized very shortly,
motion is generated in the following way (see also figure 4.16):

1. An object to be translated is placed on top of—usually three—bearing ele-
ments;

2. These bearing elements each consist of a contact element, usually spherical,
connected to a shear mode2 piezo crystal;

3. By applying a ramp-shaped voltage on the piezo, it will deform proportion-
ally to the input and take the object with it due to (static) friction;

4. At the maximum voltage, the voltage drops to the minimum value with a
sufficiently high slew rate, thus causing the piezo to retract rapidly while the
object virtually does not move due to its inertia;

5. Step 3 and 4 are repeated, resulting in a linear motion of which the velocity
depends on the frequency and amplitude of the input signal.

2Depending on the polarization direction and the electrode geometry a piezo element can deform
expanding, shearing or bending as a result of a voltage change.
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Figure 4.16: Principle of piezo inertial sliding motion (ISM). For clarity the piezo
deformations and the position irregularities are exaggerated. (a,b) During the in-
creasing ramp signal the table is moved; (c) During the fast retraction the table does
not react much due to inertia; (d,e) Linear motion with virtually constant velocity
can be realized.

The most critical moment in this method of driving a table is the moment that the
piezo driving voltage changes sign. Under unfavorable circumstances the table
velocity can decrease or even change sign for a short period. The main parameters
that have influence on the velocity’s smoothness, discussed also in [77], are listed
below.

1. Material combination of the bearing surfaces

(a) the difference between static and dynamic coefficient of friction of the con-
tact surfaces preferably is as small as possible, because that facilitates the
‘release phase’ (point (b) in figure 4.16) at the return point of the piezo
element.

(b) the hardness of the bearing surface has to be high to reduce plastic defor-
mations that may hinder smooth motion.

(c) the stiffness of the contact region has to be high to improve the relative
motion during the ‘slip phase’ (phase (b�c) in figure 4.16).

(d) the wear resistance of the contact surfaces is related to the hardness.
Smooth motion will be hampered by surface damage.

2. Voltage characteristics of the piezo power supply

(a) the slew rate has to be sufficiently high in order to make the ‘slip phase’
as short as possible.
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(b) the bandwidth has to be in the kHz range, in order to provide for a ‘sharp
sawtooth’ to make the ‘release phase’ as short as possible.

Concerning the material choice, it appeared that very good results can be achieved
using a combination of a ruby (Al2O3) sphere on a TiCN coated steel surface [77].
Because this is rather expensive, in this project only steel has been used on different
uncoated surfaces like aluminum and glass, which gave satisfying results, although
the ‘design margin’ appears to be smaller.

The experimental set-up built according to the requirements mentioned above is
shown in figure 4.17 and 4.18. Note that the �z coordinate is operated by both the
bottom and the top stage. Therefore, an additional sensor element will be necessary.

The arrangement of this stacked three-layer set-up gives the most straightforward
access to all six degrees of freedom, while the motion range is considerable, as is
listed in table 4.4.

��� �����

x 	
�
�� �� �����	��� 
����
��

y 	
�
�� �� �����	��� 
����
��

z �� ��

�x ��Æ

�y ��Æ

�z ��	
�
��

Table 4.4: Motion range for the six degrees of freedom of the piezo manipulator.

When recalling the block scheme in figure 4.3, it appears that the design concept
of this piezo manipulator is identical with the concept of the experimental linear
motion system with straightness error feedback, presented in section 4.2. The most
remarkable practical differences are the absence of a carriage or frame, and the fact
that the bearing system is an integrated part of the actuators.

����� ����	�
�� � 
��� 
��� �������

As can be concluded from the description of figure 4.17, 15 piezo elements ([3�
2]� [3]� [3� 2]) will be needed to address all degrees of freedom. The required
power supplies each have to be capable of generating�200 V with a very high slew
rate, which makes them rather complicated and accordingly expensive. Although
the 15 elements can be reduced to 12 groups by combining the elements that do not
need to be driven independently, this still is a large number.

Therefore, alternatives were searched for. The most attractive idea was to use two
power amplifiers, each capable of driving all 15 piezo elements simultaneously.
Both amplifiers have a constant output of a sawtooth-shaped drive signal, but they
are opposite in sign in order to enable bidirectional motion. Now each of the piezo
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Figure 4.17: Schematical top and side view of the 6-DoF piezo manipulator. The
bottom stage is a platform driven by three ‘xy’ piezo pairs, enabling motion in x-, y-
and �z-direction. This platform supports the middle stage by clamping it between
three ‘z’ piezo elements that move this middle stage up and down. The top stage
is a half sphere supported by another three ‘xy’ piezo pairs oriented tangentially
around the sphere, providing for the rotations �x, �y and �z. For the motion in
the horizontal plane and the rotations, the preload is provided by gravity only.
The middle stage, which moves in the vertical direction, has an adjustable preload
spring (not shown here, see also figure 4.18).
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Figure 4.18: Photograph of the complete 6-DoF piezo manipulator, without sensor
(to be mounted on the top stage).

elements gets its own pair of switches to make a connection with one of the am-
plifier outputs or the ground. To simplify the switching scheme and to reduce the
requirements on the high-voltage switches, the switching point has been defined at
the zero crossing of the sawtooth slope. Thus, the minimum position increment is
one step, which limits the resolution. Nevertheless, when the period of the driving
signal is chosen sufficiently short, sub-micrometer position resolution is achievable.

����� �����	�
��� 	�����

For real-time measurement of the straightness deviations of the moving top table,
a prototype of the single beam laser straightness sensor has been used (see sec-
tion 2.2.2.2). For the controller, a very simple algorithm has been applied: the mea-
sured and desired position value are fed in a comparator and dependent on the
output the drive signal is made positive or negative, with maximum amplitude.
This causes the table’s position to ‘oscillate’ with an amplitude of about one step,
being approximately 75 nm, but this is not disturbing in practice.

Because of the poor (optical) shielding of the first prototype of the laser sensor,
the position noise was about �2 �m (peak to peak), which is too high to meet
the requirements. However, it was possible to achieve a closed-loop positioning
resolution in the order of the sensor resolution, the latter obviously being the per-
formance limiting factor. With improved sensor resolution the position resolution
will be improved accordingly, down to the level of the piezo step size.
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The velocity achievable strongly depends on the bearing surface’s material com-
bination. A spherical steel bearing pad on a flat spring steel plate appeared to
give well repeatable results. However, the steel-on-steel contact resulted in surface
damage, so that the long-term repeatability was poor. Therefore, a glass surface is
recommended. In figure 4.19 a typical open-loop position graph is shown. On the
secondary vertical axis, the deviation relative to a fitted first order polynomial is
shown.

0

10

20

30

40

50

60

70

80

90

100

2 3 4 5 6 7

time [s]

p
o

si
ti

o
n

 x
 [

µm
]

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

d
ev

ia
ti

o
n

 d
x 

[ µ
m

]
 f

ro
m

 b
es

t 
fi

t 
st

ra
ig

h
t 

lin
e

Figure 4.19: A typical measurement of the x-coordinate when the manipulator is
driven in the x-direction, without feedback control of the position. The amplitude
of the drive signal is 160 V, the frequency is 200 Hz. On the secondary vertical
axis (grey) the deviation relative to a fitted first order polynomial is shown. The
maximum deviation from the ideal straight line is less than 1 �m over a travel of
nearly 100 �m. This means that the step size repeatability is better than 1%.

An example of the result of the control system is given in the figures 4.20 and 4.21.
Figure 4.20 shows the open-loop measurement of the lateral position error in the
y-direction while moving with a low, constant velocity (approximately 10 �m/s) in
the x-direction. Clearly visible is the noise from the sensor, but also a non-constant,
parasitic velocity in the y-direction is present. Figure 4.21 shows the same measure-
ment, but now the feedback control of y and �z is active. The noise remains in the
same order of magnitude (since it is caused by the sensor), but the deviations that
are not originating from the sensor (e.g. the errors due to the unequality in the step
size of the different piezo actuators, or due to variations in the coefficient of fric-
tion) are effectively compensated for. Some relevant parameters are summarized in



108 CHAPTER 4. VARIOUS EXPERIMENTS ON STRAIGHT MOTION SYSTEMS

table 4.5.

Figure 4.20: Open-loop measurement of the y coordinate while moving with con-
stant velocity (approximately 10 �m/s) in the x-direction. Clearly visible is the
noise from the sensor, but also a non-constant velocity in the y-direction is present.

��������� ���	� 
��� �����

����� �����	���	 5� 3� 1 ��3 
��� ����
������ 	����� ��������� 200 � 
��������	�����
������ 	����� �������� 200 ��
������ ��� ������� 
���� �� ���		 	�����
���������� ��		 0�3 �� ���� �������
�� ���� 	��� 	��� x! y 250 ��
�� ���� �������� x! y 50 ��"	 #������ �������� 20 ��"	

Table 4.5: Some relevant parameters of the six-DoF piezo manipulator.

The following conclusions have been drawn from these experiments:

1. A modular manipulator has been realized having unlimited stroke in x, y and
�z, 10 mm in z and 45Æ in �x and �y. It can be applied for linear and planar
positioning purposes, e.g. in microscopy.

2. Simple bearing surfaces (e.g. steel on steel, steel on glass) are applicable only
for a limited range of preloads.

3. Because of the non-optimal material combination the maximum velocity is
limited to 50 �m/s.
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Figure 4.21: Closed-loop measurement of the y coordinate while moving with con-
stant velocity (approximately 10 �m/s) in the x-direction. The noise remains in the
same order of magnitude as in the case of the open-loop situation (since the noise
is caused by the sensor) but the deviations that are not originating from the sensor
are effectively compensated for.

4. Resolution of the feedback controlled system is in the order of the sensor
noise; it must be noted that for the first prototype of the laser sensor the
resolution was about �2 �m, which does not meet the requirements. After
completion of these experiments the resolution was improved with at least
one order of magnitude by means of better electrical and optical shielding.

5. When multiple piezo elements have to be driven, it is advantageous to share
the power supply by means of high-voltage switches.
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��� � �����	 
����� ���
 ��	 ��� ���������
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����� �	 �������

In some applications, for example high precision diamond turning or optical disc
master writing, there is a need for linear motion systems with very high straight-
ness accuracy at very low velocity, mostly less than 1 mm/s. A list of requirements
for a representative application is given in table 4.6.

��������� ���	� 
���

������ x 150 ��
��	
�� 
������ vx 10 � � �30 ���s
���	������� ��
	��� y 1 �����
���	������� ��
	��� z 250 ��
�	���	� 25 ��
������	��� ����� Fdist ��� �� 75 ��� 0�1 � � �0�5 �

�� ���� ky�z 2 � 108 ���
!�� ���� �������"����� 300 ��
#�����	� �������"����� 500 ��
$�
������� �%��&

Table 4.6: Requirements for a high-precision linear motion system, serving as a
guideline for the design of the high-viscosity sliding bearing discussed in this sec-
tion.

From chapter 3 it is clear that no existing bearing type or positioning system di-
rectly meets these specifications. Therefore a combined system has been devised,
consisting of a coarse stage and a fine stage. The goal is to make an optimum com-
bination, so that for example the long stroke/low accuracy of one system, together
with the short stroke/high accuracy of another system, results in a complete system
having long stroke and high accuracy.

One possible implementation is the use of a six-DoF short-stroke piezo manipula-
tor—for example, a system like the one presented in section 4.2—on top of a coarse
stage having high dynamic stiffness. Besides piezo actuators also electromagnetic
actuators might be useful, as will be noted further in this section.

The coarse stage, on which this section focuses, has to meet a number of require-
ments concerning accuracy and bandwidth to ensure that the top stage is capable
to eliminate the residual errors. These are:

1. High dynamic stiffness

2. Very smooth motion, no high frequency disturbances

3. Maximum straightness deviation 1 �m
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4. Travel velocity 0 � � �1 mm/s

To realize such a coarse stage, a very straightforward approach has been followed.
A simple steel sliding bearing has been used, while applying high viscosity grease as
a lubricant [67]. The most important advantages of grease in relation to the motion
of the stage are:

1. The viscous behavior of the grease lubrication provides a simple linear rela-
tion between the driving force Fx and the travel velocity vx.

2. High frequency deviations from the ideal momentary position and high fre-
quency straightness errors, that are normally caused by surface roughness
and vibrations of the bearing, are eliminated to a great extent by the grease
layer, due to the spatial averaging effect and the damping, respectively.

The most important advantages of grease in relation to the bearing of the stage are:

1. A low cost lubricant and bearing with a high damping ratio is achieved.

2. The bearing provides for high stiffness at high frequencies and near-zero stiff-
ness at very low frequencies.

3. Easy and low cost assembly of the bearing.

4. No special requirements are needed for the bearing surfaces.

The overall advantages of the bearing are:

1. Compact geometry

2. Low cost

3. Flexible design

The overall disadvantages of the bearing are:

1. The thickness of the grease layer, although being not very critical, must be
controlled within certain limits. A too thin grease layer will affect the smooth-
ness of motion due to roughness of the bearing surfaces and possible stick-
slip.

2. Grease is a non-Newtonian fluid. The apparent viscosity depends on the
shear rate and shear amplitude.

3. The viscosity of the grease depends on the temperature.
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The rheological behavior of greases in a lubricated bearing is a complex problem.
Grease is a non-Newtonian mixture of substances, having a viscosity being not con-
stant but depending on e.g. temperature and deformation velocity. When subject
to oscillatory shearing of a certain amplitude, the prismatic grease bearing exhibits
a non-linear relation between input force and output displacement. At low shear
rates (the shear rate is defined as the relative velocity between the bearing surfaces
divided by the gap height) the apparent viscosity is high, at high shear rates it is
lower. Besides that, the viscosity also depends on the shear amplitude.

A first-order approximation of the behavior of the grease bearing can be obtained
by regarding the system as a mass-damper system, having

mẍ� cẋ � Fx (4.21)

as the equation of motion in the x-direction. The damping constant c depends on
the viscosity and on the geometry of the bearing, according to

c �
A
h
� (4.22)

where A is the bearing surface, h the grease film thickness and � the dynamic vis-
cosity.

The three important questions that have to be answered are

1. What is the ratio between the driving force Fx and the travel velocity ẋ and
what is its maximum fluctuation?

2. What is the smoothness of the travel velocity ẋ?

3. What are the magnitude and smoothness of the lateral straightness errors?

����� �����	
��� ��� �����

������� ��� ��	
��� ������� ���� 
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A first test set-up has been built to investigate the open-loop behavior of the coarse
stage concerning the three main questions mentioned above. A principle sketch of
this set-up for the measurement in the x-direction is shown in figure 4.22. A steel
slider (coarse stage) has been placed against two steel bars, separated by a grease
film of approximately 20 �m thickness. The applied grease is called ‘Kilopoise
0001’ having a dynamic viscosity � � 0�25 kPoise � 25 Ns/m2. A nearly constant
force has been applied by means of a hanging mass and a pulley. In figure 4.23
the measured results are displayed. Note that no precautions have been taken to
keep the thickness of the grease layer constant. In these experiments only onetime
movements have been made.
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Care has to be taken with regard to the point where the driving (pulling) force acts,
to ensure that the resulting drive force is parallel to the guidance plates. This point
has to be on the working line of the resulting friction force, which can be derived
from the geometry of the grease layers.

Figure 4.22: Schematic set-up for measurement of the position and velocity of the
coarse stage in the x-direction. A steel slider (the coarse stage) has been placed on
an L-shaped baseplate, separated by a grease film of approximately 20 �m thick-
ness. A fairly constant force has been applied by means of a hanging mass and a
pulley. See also figure 4.26 for a front view of nearly the same set-up; there another
mirror is used and the pulley and mass are not shown.

From figure 4.23 it can be concluded that the relation between the applied force and
the average travel velocity, Fx�vx is fairly linear. When a least-squares first order
polynomial fit is made, the relation becomes:

vx � 47�6 � Fx (Fx in N, vx in �m/s) (4.23)

The difference between the measured value and the linearization of equation 4.23
is in the order of 10%; for the five last points the relative errors are �12%, �4%,
�0�4%,�0�1% and 2%, respectively. This might suggest a rather large non-linearity
at lower velocities. However, when the point (0,0) is excluded from the measure-
ments, the fit of the first order polynomial is considerably better. In this case the
linearized relation between force and velocity becomes:

vx � 51�1 � Fx � 15�3 (F in N, vx in �m/s) (4.24)

resulting in relative errors of only �0�3%, �0�2%, 0�6%, �0�9% and 0�3%, respec-
tively. The value of Fx where the graph crosses zero is

Fx�vx�0 � 0�30 [N] (4.25)

This leads to the conclusion that there is a certain elastic behavior, so that the first
portion of the pulling force is ‘stored’ in a displacement rather than a velocity. This
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vx = 47.6 Fx
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Figure 4.23: Measured average velocity vx as a function of the applied force Fx. The
relation between velocity and force is linear within 10%, including the point (0� 0),
and within 1%, excluding the point (0� 0) from fitting.
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phenomenon is also known under the name viscoelasticity3. This conclusion is fur-
ther confirmed by a later experiment where the force Fx has been changed stepwise
from 2�8 N to zero. The measurement results of this experiment are shown in fig-
ure 4.24.
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Figure 4.24: The effect of a step input on the travel velocity has been examined
by instantly removing the pulling force. The noise in the velocity is caused by the
quantization of the sampled x values, from which v has been calculated by numer-
ical differentiation. The ‘overshoot’ after removal of the pulling force is caused by
the viscoelastic behavior of the grease film.

In figure 4.24 is shown that the coarse stage’s velocity becomes negative for a short
period after removing the pulling force. This is in accordance with viscoelastic
theory. After removing the shear force component, there is a certain elastic recovery
of the deformation.

In reality, the curve that describes the relation between force and velocity probably
will not cross zero at the calculated point, but will bend towards the point (0� 0).

3The viscoelastic behavior can be modeled as the series connection of a damper (the viscous part)
and a spring (the elastic part). During motion, part of the input energy is stored in the spring, the rest of
the energy is dissipated in the damper.
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The travel velocity vx is expected to be constant (assuming the driving force is con-
stant) and smooth (because of the high damping). However, figure 4.24 shows a
considerable amount of noise in the velocity. The observed noise on the velocity
signal is not inherent to the physical process, but rather to the quantization noise
of the position signal, as can be seen in figure 4.25, due to which the first deriva-
tive, calculated numerically, becomes much more noisy than the real velocity is.
The mean value of the velocity is very constant: the maximum velocity deviation
over the period 2 � � �4 s is as low as �2 �m/s. This value has been derived from
the maximum slope of the position deviation from a fitted first order polynomial in
this region (not displayed).
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Figure 4.25: Graph showing the quantization effect observed when using a plane
mirror laser interferometer in combination with a PC card for the digital data pro-
cessing. The digital data acquisition causes a truncation of the measurement signal.

The laser interferometer used in these experiments has a standard resolution of
10 nm. When a plane mirror interferometer unit is used, the measured distance
has to be divided by 2, resulting in an effective resolution of 5 nm which is clearly
recognizable in figure 4.25. The signal from the laser interferometer is fed into a
PC by means of a special data acquisition card, resulting in a sampled signal with
selectable sample frequency, up to 100 kHz.

The coarse quantization step in the velocity, Æv, caused by differentiating such a
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discrete-time quantized signal, depends on the quantization step in the position,
Æx, and the sample frequency fs according to

Æv � Æx � fs (4.26)

assuming a situation that the measurement signal oscillates around the actual value
by one increment. For example, with a position resolution of 10 nm and a sam-
ple frequency of 1 kHz, the resolution for the numerically calculated velocity be-
comes 10 �m/s, being in the same order of magnitude of the actual velocity, 10 to
100 �m/s.

The noise in the calculated velocity can be reduced by low-pass filtering of the
measurement values, but in the case of a closed-loop controlled system this may
reduce the system’s bandwidth.

������� ��� �	
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To investigate the straightness errors in the y-direction, a set-up has been built as
shown schematically in figure 4.26. A Zerodur straightness reference mirror has
been placed on top of the coarse stage. The distance between the moving mirror
and the laser interferometer has been measured, giving the lateral displacement of
the mirror relative to the interferometer’s beam splitter. To obtain the y-coordinate
of the coarse stage, this measured displacement of course has to be corrected for the
misalignment of the mirror relative to the coarse stage. The flatness of the mirror is
specified to be better than ��8 or approximately 80 nm, which limits the absolute
accuracy.

Figure 4.26: Scheme of the straightness measurement set-up for the y-direction.
A Zerodur plane mirror has been placed on top of the coarse stage in order to
measure the displacements in the y-direction while moving in the x-direction. For
the measurement a plane mirror laser interferometer has been used.

Figure 4.27 gives an example of the short-term (10 s) behavior of the coarse stage
in the y-direction during motion. It appears that the deviations are very small, in
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the order of the resolution of the laser interferometer. The smallest possible output
step is 5 nm in the case of a plane mirror interferometer, but the resolution is larger,
around�10 nm due to (mainly) atmospheric influences.

Figure 4.28 shows a measurement during two minutes while moving in the x-
direction with a velocity vx � 75 �m/s. The measured data has been compared
to the best fitting first order polynomial, in order to eliminate alignment errors of
the mirror. The difference has been plotted. Also here the straightness errors are
only slightly larger than the resolution of the laser interferometer. Therefore only
an upper limit can be estimated for the straightness errors.
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Figure 4.27: Short-term straightness errors in the lateral y-direction during motion
in the x-direction. The velocity vx � 10 �m�s. The quantization error due to the lim-
ited resolution of the laser interferometer is clearly visible. The actual straightness
curve is expected to be much smoother due to the averaging effect of the grease
film, but because the straightness errors have the same or smaller order of magni-
tude as the sensor resolution, they are not distinguishable.
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In table 4.7 the most important measurement data have been summarized. It is clear
that excellent straightness and smoothness can be achieved using a high viscosity
lubricant.
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Figure 4.28: Measured straightness deviations in the lateral y-direction during
9 mm motion in the x-direction. The velocity vx �

9 mm
120 s � 75 �m/s. Displayed

is the deviation from a linear polynomial fit through the data in order to remove
the misalignment error. The measured straightness errors appear to be just slightly
larger than the resolution of the laser interferometer, but they could even be caused
by the flatness error of the mirror, which is specified to be less than ��8� 80 nm.

It has to be noted that these results may not be very repeatable because the grease
film thickness is only estimated and no precautions were taken to keep the film
thickness constant. However, the measurements give a fair impression of the order
of magnitude of the main parameters that can be expected when designing a grease
bearing based on these experiments.

����� �����	
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Although the open-loop results look promising, the deviations are still too large
to meet the requirements listed in table 4.6. Moreover, they are not well enough
predictable. Therefore a closed-loop system will be necessary. There are two basic
possibilities to realize this:

1. Use a fine stage on top of the coarse stage, for example a 5- or 6-DoF piezo
actuated table. This option has been mentioned already in the start of this
section. The specifications of the coarse stage meet the requirements listed on
page 110.
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��������� ���	� 
���

������� �	�
��� 4500 ��2

����� ��� ��������� � 20 ��
����	����� 
���� �x � 1 �
������ �������� vx 40 ���s
��������� Fx�vx 1 �
������������ ������ Æy �20 ��
�������� ����� Æy�x � 10 �� ��

Table 4.7: Summary of the measurement results obtained with the high viscosity
grease bearing in an open-loop situation.

2. Leave the concept of coarse/fine stage and apply actuator forces directly on
the coarse stage to achieve the required accuracy.

The first possibility results in a modular, well-predictable system, which is expected
to meet the requirements listed in table 4.6. This option will be left out of consider-
ation here.

Instead of that, a test set-up has been built according to figure 4.29, in order to eval-
uate the closed-loop bearing properties and its dynamical behavior in one degree
of freedom. The test set-up consists of a steel guidance that is mounted to the world
and a rectangular slider fitting around it in such a way that there remains a gap of
50 �m at all four sides which is filled with grease of high viscosity. This is done by
greasing the guidance plate with a layer slightly thicker than 50 �m, and providing
the slider with slightly beveled edges (approximately 1 : 10000). The dynamic vis-
cosity of the grease is � � 250 Poise � 25 kg/m�s at 25ÆC. The upper and the lower
part of the slider contain an electromagnet capable of generating a pulling force of
about 200 N, so that a bi-directional correction force in the z-direction is available.

On top of the slider a Zerodur plane mirror is placed in order to measure straight-
ness deviations in y resp. z by means of a laser interferometer.

On the front side of the slider a small frame has been mounted in such a way that a
mass on a rope via a pulley exerts a constant force through the center of gravity of
the slider.

Firstly, an experiment has been done to estimate the time constant of the actuator.
In figure 4.30 a series of measured (open-loop) step responses has been displayed.
The current through one the coils was switched on and off (corresponding with 1 A
and 0 A, respectively), while the height z was measured with a laser interferometer.
It is clearly visible that there is a certain elastic response after switching the current
on, having a small time constant. After a longer time a relatively constant velocity
vz � 60 nm/s is achieved due to the viscous shearing effect and the squeeze film ef-
fect. The same time constants dominate the behavior after switching off the current
again. This behavior agrees with the viscoelastic theory, as already mentioned in
section 4.4.2.1. The very low velocity, and corresponding low bandwidth, is caused
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Figure 4.29: Sketch of the test set-up to examine the bearing properties and the dy-
namical behavior of a high-viscosity sliding bearing. Two electromagnets provide
a bi-directional correction force in the z-direction. The guidance dimension is about
300� 100� 15 mm3.
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by the fact that in the z-direction the squeeze effect determines the behavior in-
stead of the shear effect. Because the force, required for squeezing a grease film, is
inversely proportional to h3, while the shearing force is inversely proportional to h,
the squeeze damping will be much higher dan the shear damping.

Figure 4.30: Typical time response of the slider in the vertical z-direction as a re-
sult of switching the coil current on and off (1 A resp. 0 A). A certain elastic re-
sponse is visible after switching the current on, having a small time constant. After
a longer time a relatively constant velocity vz � 60 nm/s is achieved due to the vis-
cous shearing effect and the squeeze film effect. The same time constants dominate
the behavior after switching off the current again.

In figure 4.31 a comparison has been made between the open-loop and the closed-
loop time response in the z-direction during slow movement, about 50 �m/s, in
the x-direction. In the closed-loop situation, the low-frequency position devia-
tions (� 1 Hz) appear to be eliminated. The high-frequency position deviations
are slightly amplified because of the simple controller design, but they remain in
the same order of magnitude. The reason that there is no large difference between
the two curves is that the open-loop signal already has very small errors, just above
the noise level of the sensor.

A possible configuration for a straight motion system, controlled in five degrees of
freedom, is given in figure 4.32. At least ten electromagnets are necessary for five
bi-directional forces, of which only six are shown in this cross section.

Given the dynamical behavior as represented in figure 4.30, it is clear that a sys-
tem like this test set-up, where the actuator forces directly affect the grease film
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Figure 4.31: Open-loop (lower graph) and closed-loop (upper graph) time response
in z-direction. In the closed-loop situation, the low-frequency position deviations
(� 1 Hz) appear to be eliminated; the high-frequency position deviations are not
reduced but even slightly amplified because of the simple controller design, but
they remain in the same order of magnitude.

thickness in the bearing, cannot have a high bandwidth. Therefore, it may only be
suitable for quasi-static systems.

For systems requiring a higher bandwidth, a fast fine stage is a better solution. By
stacking an accurate fine stage on top of the coarse stage, the low bandwidth of the
coarse stage does not influence the performance of the fine stage. The coarse stage
limits the maximum velocity in the direction of travel.

Summarizing the properties of the coarse stage utilizing a high viscosity grease
bearing, a list of advantages and disadvantages (in high-precision positioning) can
be formulated. They are given in table 4.8.
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Figure 4.32: Possible configuration for an active linear motion system using a grease
bearing to provide very high dynamic stiffness. The electromagnetic actuators pro-
vide low-frequency straightness error compensation in five degrees of freedom.
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Table 4.8: List of advantages and disadvantages for a coarse stage using high vis-
cosity grease.
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1. Open-loop straight motion systems are subject to straightness deviations due
to manufacturing errors, bearing irregularities, external forces and vibrations,
wear and thermal effects.

2. As a consequence of the increasing requirements on accuracy, feedback con-
trol becomes inevitable. The positioning performance of a closed-loop system
depends on mechanical properties to a considerably lesser extent.

3. Feedback controlled straight motion systems are able to eliminate at least the
quasi-static straightness errors.

4. The performance (in particular the accuracy and bandwidth) of feedback con-
trolled straight motion systems is mainly limited by the sensor resolution and
bandwidth and the internal dynamical behavior of the mechanical system.

5. Motion systems based on piezo inertial sliding motion (ISM) are suitable for
high-precision positioning applications in multiple degrees of freedom. The
choice of materials for the bearing surfaces is not very critical, although it can
limit the allowed preload and the maximum velocity, and it will influence
long-term repeatability due to wear.

6. High viscosity grease bearings are suitable for low-velocity, high-accuracy
applications. They can be used as a coarse stage for an additional fine-stage
having a high mechanical bandwidth. With the application of a dedicated
grease, they can be used in high vacuum applications as well.
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In precision straight motion system design an interesting trend is visible. Every
time a step forward is made towards higher accuracy, there will appear some other,
nearer or more remote barrier. This shifting of bottle-necks can be represented as
follows:

Mechanical straight motion systems: In general, in mechanical straight motion
systems the bottle-necks are the manufacturing accuracy, resulting in deter-
ministic errors, and the mechanical properties, concerning stochastic errors, e.g.
due to disturbance forces. These errors are in the micrometer range, several
micrometers up to several tens of micrometers. It appears to be very difficult
to realize motion with sub-micrometer straightness accuracy.

Feedback controlled straight motion systems: By adding a control loop to the me-
chanical system, the actual position can be maintained relative to a stable
straightness reference, as was described in chapter 4. Thus, the earlier prob-
lems in the mechanical domain are transformed into the electrical and control
engineering domain. The performance here is limited by the sensor resolution,
the quality of the straightness reference and the closed-loop bandwidth related to
the disturbance forces.
By using a sensor system of sufficient quality (i.e. a sensor having a measure-
ment accuracy below the required positioning accuracy, a bandwidth at least
ten times the desired mechanical bandwidth, etc.), one encounters the limit of
environmental disturbances, of which temperature and support vibrations are the
most important. Moreover, not only the support vibrations make demands
on control bandwidth, but also the vibrations that are generated internally
due to e.g. bearing irregularities, internal motors, etc.

127
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Vibration isolated straight motion systems: Because of these disturbing external
and internal vibrations, new actuators have to be developed which make the
straight motion system less sensitive to these vibrations. Up to now, most
effort has been made in the field of stiff actuators, high-bandwidth control
loops and accurate modeling.
A new approach, presented in this chapter, is based on making the actuator’s
inherent stiffness and damping equal to zero. This results in a mechanical de-
coupling of the supported object with respect to the ground—actually, with
respect to everything that is ‘under’ the actuator, in the block scheme shown
in figure 5.1—while maintaining most other properties. This approach wil ap-
pear to be advantageous to realize closed-loop controlled positioning systems
that are even more independent on mechanical parameters than the feedback
controlled positioning systems described in chapter 4. In this chapter, the
theory and practice of the new zero stiffness actuators will be described.
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Before describing the principle of zero stiffness, first some explanation will be given
about the reason why actuators having no stiffness are advantageous above the
high-stiffness actuators that are widely applied in a variety of positioning systems.
To understand this, first consider the block scheme that was already presented in
figure 4.3, which is shown here in figure 5.1 in a slightly modified way. The essential
difference is that the straightness reference is isolated from the world’s vibrations.

Actually, the system depicted here applies a metrology frame (the principle is men-
tioned earlier, in section 2.4.5), in order to separate the ‘force path’ and the ‘position
path’. When the straightness reference would be fixed to the world with a high
stiffness, then it would be practical to design a positioning system having a stiff-
ness (dynamic stiffness, c.q. control bandwidth) as high as possible. However, the
metrology frame principle places the straightness reference outside the force path,
so that there can not be a closed force path between the table and the straightness
reference. In order to make a virtual position coupling between the table and the
straightness reference, forces have to be exerted on the table. The reaction forces are
conducted via the force path to the world. This principle is illustrated schematically
in figure 5.2.

When a high position accuracy is required, which is mostly the case for this kind
of systems, mechanical disturbances from the world necessitate vibration isolation
of the positioning system. Environmental vibrations (which behave stochastically)
and internal vibrations caused by the bearing system (which are partly determinis-
tic and partly stochastic), will cause position errors of the table.
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Figure 5.1: Schematical representation of a closed-loop controlled positioning sys-
tem, in which the straightness reference is isolated from the world’s vibrations.
Because a stiff positioning system also conducts the vibrations of the world and the
bearing, it is advantageous to apply actuators having zero stiffness. In that case,
the forces of the actuator system are conducted to the world. At the same time, the
position of the table is not influenced by the position deviations of the frame, but
can be coupled with a virtual stiffness to the straightness reference.
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Figure 5.2: Schematical drawing of a positioning system, in accordance with the
block scheme in figure 5.1. The supported object is able to follow the straightness
reference at a constant distance, while being undisturbed by the vibrations of the
supporting world, because its actuator stiffness is equal to zero. N.B.: for clarity,
only two of the five sensors and one of the five controllers has been shown.
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The common way to reduce these errors, by control techniques as described in the
chapters 3 and 4, will not be sufficient any more if an accuracy in the nanometer
range is required. This is because it is very difficult to realize a practical control
system that is able to reduce stochastical external disturbances in the micrometer
range with a factor 1000, over a sufficiently large frequency range. In the case that
the system’s behavior is known very well, a repeatable reduction factor in the order
of 10 � � �50 is possible in practice. The only other way to get rid of the influence of
these disturbances is to prevent them from generating position errors by adequate
isolation of the parts that have to be positioned accurately.

In most of the current applications vibration isolation has been realized using low
stiffness (for example, by long springs or air pods) or vibration reduction using pas-
sive absorbers or active control theory. However, these systems often tend to be
bulky and expensive. Examples of passive and active vibration control systems
are summarized in e.g. [26] and [5]. Also in [46] and [47] some versions of elec-
tromagnetic vibration isolating systems are described where maximum vibration
reduction factors of 10 � � �100 have been achieved. The resulting position stability
is in the order of micrometers.

One important remark must be made. With very few exceptions, the passive and
active vibration isolation systems described in the literature are based on force gen-
erating devices (e.g. springs, electromagnets, and, to a smaller extent, pneumatic
suspensions) having a certain inherent stiffness which compromises the isolation
properties of the complete system.

The larger the inherent stiffness of these actuators is, the more control effort has to
be made (in terms of e.g. control bandwidth, knowledge of the physical model and
sensor resolution) to reduce vibrations from the outer world. A better approach is
to use force generating devices having zero stiffness (or almost zero stiffness). In that
case vibrations of the outer world are not (or virtually not) transmitted through the
bearing c.q. actuator system.

Zero (or almost zero) stiffness actuators can be distinguished by the following three
categories of applications:

1. Gravity compensation. The simplest application is the generation of a static
bearing force, which must be applied to an object to compensate for a static
gravity force F � mg, without adding stiffness or damping, to make the sup-
ported object virtually ‘free floating’.

2. Vibration isolation. Because an actuator unit having zero stiffness is inher-
ently insensitive to the relative distance between the supporting frame and
the supported object (within a certain range), vibration isolation is obtained.
Actually, this is the same as gravity compensation, with another purpose.

3. Vibration isolated positioning systems. This is an extension to vibration isola-
tion; here the vibration isolating properties are incorporated in the actuators
of a feedback controlled positioning system. An application example can be
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found in positioning systems in which an object (e.g. a manipulator table) has
to be positioned relative to a target (e.g. a lens), where neither the actuator
force nor any other disturbing force is allowed to act on the target. This is the
case in e.g. IC lithography machines.

The difference between the third category and the first two has important con-
sequences for the control system applied, as will become clear in section 5.4.3.4
and 5.4.3.5.

In order to integrate vibration isolating properties in positioning systems, the ap-
proach adopted in this thesis is to design actuators having essentially zero stiffness.
Thus, the feedback controlled positioning systems as described in chapter 4 can be-
come vibration isolated at the actuator level instead of the world/guidance level
(see the block scheme in figure 4.3 and 5.1).

To clarify the principle of zero stiffness, first consider figure 5.3, showing the el-
ementary transfer function of a second order spring-mass-damper system. As an
input, the disturbing displacement zw of the world is assumed, so that its equation
of motion becomes

mz̈m � c(żw� żm)� k(zw� zm) (5.1)

where k is the stiffness of the suspension and m the mass of the suspended object.

Figure 5.3: Elementary spring-mass-damper system with the transfer function for
disturbing displacements. To minimize the sensitivity for external vibrations, �0
has to approach zero. This means, either m has to approach infinity (which is im-
practical), or both the stiffness k and the damping c have to approach zero.

Equation 5.1 can be written as

mz̈m� cżm� kzm � cżw� kzw (5.2)

which gives, Laplace transformed:

(ms2
� cs� k)zm � (cs� k)zw (5.3)
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resulting in the transfer function describing the transmissibility of world vibrations
zw to the position zm of the supported mass

zm

zw
�

cs� k
ms2� cs� k

(5.4)

or
zm

zw
�

c
m s� k

m

s2� c
m s� k

m

(5.5)

In obtaining vibration isolation, the goal is to minimize the ratio �zm�
�zw� . Together with

equation 5.4 this gives

zm

zw
� 0 � s� m��� (c� 0� k� 0) (5.6)

This means that two ways are available to obtain optimum isolation:

1. m �� : although mathematically correct, this is not preferable in practice,
due to the limited load capacity of the bearing.

2. c� 0 and k � 0 : this method will be described further in this chapter.

In figure 5.3 the effect of the conditions c � 0 and k � 0 can be pointed out graph-
ically: With decreasing damping c the resonance peak will become sharper and
higher; besides that, the slope at the right of the resonance peak will turn from
�20 dB/dec (high c) to �40 dB/dec (low c). With decreasing stiffness k the reso-
nance peak will shift to the left, i.e. � decreases. Therefore, the vibration transmis-
sion will decrease for all frequencies at the right side of the resonance peak. When
the limit c � 0 and k � 0 is reached, the vibration transmission will be zero as well,
according to equation 5.4; this means that the mass can be considered as a free float-
ing object; the relative distance between the object and the world does not have any
influence on the accelerations of that object.

Realizing k� 0 is equivalent to constructing a position independent force. That means,
to create a force F 	� 0 with �F��z� 0 (in figure 5.3: z � zm � zw).

Summarizing:
To realize a position independent bearing force three conditions must be
fulfilled.

1. Force equilibrium: F � m 
 g. The bearing force must always be
equal to the weight of the suspended object, as is common in all
bearing systems. But for a position independent bearing force this
condition is not sufficient.
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2. Neutral equilibrium: �F��z � k � 0. The force equilibrium has
to be neutral, the stiffness of the bearing force must be zero in the
force equilibrium point. That means that the bearing force must be
independent to the position of the bearing element relative to the
supporting world.

3. Zero damping: �F�� ż � c � 0. The damping has to be zero as well
to prevent disturbing forces due to the velocity of the vibrating
support.

From now on, when using the naming ‘zero stiffness bearing’ or ‘zero stiffness ac-
tuator’ for vibration isolation, also zero damping is meant to be included, unless
otherwise specified. Furthermore, when referring to ‘position independent force’
also ‘velocity independent force’ is meant. In general, the damping effect will be
substantially less than the stiffness effect.
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As was mentioned before, many active systems for vibration isolation actually only
perform vibration reduction, because they are based on non-zero stiffness bearings
or actuators. In that case, the eventual performance will be limited by the quality of
the control loop and the knowledge of the mechanical model. In section 5.2 a the-
oretical study [33] is mentioned briefly, showing that controller requirements are
very high in order to achieve satisfying properties. To achieve better accuracy, it
will be necessary to overcome the inherent mechanical coupling with the environ-
ment.

There are several options to achieve an inherent zero stiffness bearing force relative
to a support (see also figure 5.4 through 5.9):

1. Combination of mechanical springs with positive and negative stiffness, il-
lustrated in figure 5.4. Disadvantages are the small assembly tolerances and
the limited bandwidth due to the internal resonant frequencies of the so-
called slinky modes of the springs (usually between 10 Hz and 100 Hz for plate
springs). Examples are given in [16], [18] and [56].

2. Plate spring combinations having linearly changing bending energy Eb with
a displacement z, so that the force Fz �

�Eb
�z is constant and the stiffness c �

�Fz
�z � 0. An example of curved triangular plate springs is given in figure 5.5.

3. Rolamite1–like rolling contact systems as displayed in figure 5.6. Virtually
any desired force–displacement relation can be achieved by geometrical vari-
ations of the metal band, the preload or of the guidance parts [76]. Actu-
ally, this can be regarded as an extension of the former principle dealing with
curved plate springs.

1Rolamite is a registered trade mark.
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4. Counterweight balancing as shown in figure 5.7. This method does not meet
the needs of most bearing systems and does not give vibration isolation, al-
though the suspended object is in a neutral equilibrium. In other words,
counterweight balancing is suitable for gravity compensation but not for vi-
bration isolation.

5. Lorentz actuator, also known as ‘voice coil actuator’. The Lorentz force is de-
fined as �FL �

�
C Id�l� �B, where C is the current-carrying conductor, d�l is the

length of a small part of the conductor and �B is the magnetic flux density at
the location of d�l. When B is constant for all elements d�l, as is approximately
the case in most voice coil actuators, this can be written as FL � B � l � I so that
�F��z � 02, provided that �B��z � 03, see figure 5.8. Unlike the principles
mentioned above, this one is contactless and therefore the internal eigenfre-
quencies will not affect the quality of the vibration isolation. However, for
larger bearing forces, energy dissipation and thus thermal problems become
substantial. Still this option can be interesting for some applications, as will
be described in section 5.3.

6. Permanent magnet bearing unit, as depicted schematically in figure 5.9. This
option uses compensation of positive and negative stiffness and is also con-
tactless. A new construction element based on this principle will be described
in section 5.4. The design of a linear motion system using such a zero stiffness
permanent magnetic bearing element will be described in section 5.5.

7. Electrostatic bearing unit, analogous to the permanent magnetic bearing unit
mentioned above. Instead of repulsing and attracting magnets, repulsing and
attracting electrostatically charged objects might be applied, resulting in an
analogous behavior. This variant will be left out of consideration in this chap-
ter; its practical implementation will show large similarity to the permanent
magnetic case, although the generated forces will be considerably smaller.

2In practice, there is a side effect due tot he presence of ferromagnetic yoke parts. Besides the Lorentz
force a reluctance force will be generated, which is proportional to I2

d2 , where I is the current through the
coil and d is the distance between the coil and the yoke.

3In practice, there is the additional requirement that the generated current I is independent on the
voltage V because in the voice coil an induced voltage will be generated proportional to the velocity
�z��t. This implies the use of powerful and stable current amplifiers with a clear claim on a high
output impedance.
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Figure 5.4: Combination of springs with positive and negative stiffness. F is the
force delivered by the springs. Left pictures: all springs are unloaded. Right pic-
tures: the preload of the vertical spring 1 determines the net bearing force F. The
preload of the horizontal springs 2 causes a negative stiffness in the vertical di-
rection. This negative stiffness must be tuned to match the positive stiffness of
spring 1. In the two lower graphs the corresponding force–displacement relation
is shown for the springs 1 and 2 with a dashed line, and for the total force with a
solid line.
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Figure 5.5: As a result of the displacement z the curved plate springs will deform,
but with a constant bending radius. Due to their triangular shape the stored bend-
ing energy Eb will vary linearly with the displacement z. This causes the force
Fz �

�Eb
�z to be constant, so that the stiffness kz �

�Fz
�z � 0. Left: cross section; right:

3D view.

Figure 5.6: Rolamite rolling contact system. By choosing the geometry of the metal
bands, the magnitude of the preload force or the shape of the guiding parts (the
latter shown only in the side view), virtually every force–displacement character-
istic can be achieved. This principle uses the elastic energy stored in the triangular
springs.
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Figure 5.7: Counterweight balancing. The weight of the mass, m, is balanced by
a counterweight so that a neutral equilibrium exists for the vertical position z of
the mass. However, there is no isolation for vibrations from the supporting world,
although counterweight balancing can be regarded as a way of gravity compensa-
tion.

Figure 5.8: Lorentz or voice coil actuator. The Lorentz force FL � B � l � I, where B
is the magnetic flux density in [T], l is the length of the windings in the air gap in
[m], and I is the current through the windings in [A]. The force is independent on
z as long as �B

�z � 0. This actuator is contactless and does not introduce additional
eigenfrequencies, except for its own rigid-body eigenfrequencies. However, when
suspending loads statically, heat dissipation can become a problem.
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Figure 5.9: Zero stiffness permanent magnetic bearing. An upward force with posi-
tive stiffness is exerted on the middle —suspended— magnet by the lower magnet
having opposite polarity. The upper magnet (1) or the upper iron plate (2) pro-
vide an attracting force on the suspended magnet, upward as well, with negative
stiffness. In a certain point the net stiffness will be zero.
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As was announced already above, this section will only shortly describe the consid-
erations in using an actuator without zero stiffness behavior, where a control system
is applied to suppress the unwanted properties and enforce the desired behavior,
i.e. a position independent force.

In [33] a mainly theoretical study is described on the stiffness compensation of re-
luctance actuators. A basic reluctance actuator is shown in figure 5.10. It consists of
an iron E-shaped core with a coil wound around the middle yoke part and another
iron yoke part placed opposite to it with a small (sub-mm) air gap. The goal of this
research was to investigate the possibility of using such a reluctance actuator as a
zero stiffness actuator.

Figure 5.10: Sketch of a basic reluctance actuator. It consists of an iron E-shaped
core with a coil wound around the middle yoke part and another I-shaped iron
yoke part placed opposite to it with a small (about 1 mm) air gap.

The advantage of reluctance actuators above e.g. Lorentz actuators (that already
have zero stiffness characteristics) is their energy efficiency, expressed as the ratio
between maximum force and coil volume in [N/m3].

The disadvantage of reluctance actuators in zero stiffness applications is their inher-
ent negative stiffness. The fact is that the relation between the attracting reluctance
force Fr and the air gap or distance d is strongly non-linear. This will make non-
linear control algorithms necessary, unless a coarse linearization is applied. But
this would limit the performance too much.

Assuming no stray flux, the reluctance force is given in [3] by

Fr �

�0
�r�air

n2 I2A

( 2d
�r�air

�
�iron
�r�iron

)2
(5.7)
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in which n is the number of turns of the coil, I the current through it, A the pole
surface, �0 and �r are the magnetic permeability of vacuum and the relative mag-
netic permeability of the medium (iron or air), respectively, d is the air gap and �iron
the length of the flux path through the iron yoke.

Because �r�iron� �r�air this may be simplified to

Fr �
�0�r�airn2 I2A

4d2 (5.8)

from which it is clear that the reluctance force Fr is inversely proportional to the air
gap d squared. This is a highly non-linear characteristic.

At first sight it does not seem a big problem to embed such an actuator in a control
loop, such that the non-linear behaviour is cancelled and the desired closed-loop
behaviour (c.q. zero stiffness or a position independent force) is achieved.

However, in practice this is not simple. Firstly, the control algorithm leads to
complicated equations which necessitate the use of fast Digital Signal Processors
(DSP’s). Secondly, the parameters that are neglected to simplify the model equa-
tions (such as stray flux, non-parallellity of the yokes etc.) still have influence on
the final performance of the closed-loop actuator system.

When it is assumed that the negative stiffness of a certain reluctance actuator is
in the order of magnitude 103 � � �104 N/m and the desired stiffness is as low as
10 � � �100 N/m, then the original actuator characteristics have to be reduced with
roughly a factor 100. That means that the model parameters have to be known
with less than 1% uncertainty. This appears to be difficult to achieve in practice.
Advanced control techniques might be a solution for this problem, but this is not
investigated within the scope of this thesis.
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By replacing the actuators in figure 5.1 by actuators having zero stiffness the prob-
lems due to external vibrations of the support and velocity induced guidance errors
will be eliminated. In the ideal case a force controlled system results that is fully
decoupled from environmental position disturbances. Actually, the actuators form
a vibration isolation system, although they are able to exert control forces on the
table.

To examine the possibilities of zero-stiffness actuators in a feedback controlled po-
sitioning system, a 6-DoF Lorentz stage has been built and tested. The choice for
Lorentz actuators is motivated already in section 5.1.2. The heat dissipation when
a static force has to be delivered, which is an unfavorable property of Lorentz actu-
ators, has to be kept as small as possible by choosing a low table mass. For proving
the feasibility of the vibration isolating principle this will not be a major problem.

The experimental six-DoF Lorentz manipulator has to meet the following specifi-
cations:

1. Vibration reduction of at least 40 dB at all frequencies

2. Purely passive damping above 100 Hz

3. Position stability in the order of the sensor resolution, i.e. 0�1 �m

4. ‘Moving magnet’ configuration, no cables attached to the table

5. Stroke�0�5 mm in x, y and z, 10 mrad in �x�y�z

All experimental results in this section are taken from [6].

The experimental stage consists of six Lorentz actuators (voice coils) of which the
magnet and yoke parts are connected to the suspended table so that it can float
contactless, without connecting wires. Figure 5.11, 5.12 and 5.13 give an overview
of the experimental set-up. For the horizontal actuators NdFeB magnets have been
used with dimensions �9�75� 2 mm. The vertical actuators each use three of these
magnets, because they have to provide for a control force and a bearing force.

The coils are made using 0�45 mm diameter copper wire. The vertical coil holders
have 170 windings, the horizontal ones 80, which results in a coil resistance of 0�67
and 0�30 Ω, respectively, and an inductivity of 233 and 26�7 �H, respectively.

Each Lorentz actuator has its own axial position sensor (an eddy current sensor),
placed on the ground plate and measuring the distance to the table contactless.

The six sensor signals represent six local positions of the suspended table. A co-
ordinate transform has been applied to translate these signals into six orthogonal
coordinates (x,y,z,�x,�y,�z). This makes it possible to design a controller consisting
of six independent controllers, one for each coordinate, instead of applying much
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Figure 5.11: Schematical and simplified scheme of the six-DoF Lorentz manipula-
tor. Only one actuator is shown; in reality, the table is supported by six actuators,
three in the vertical plane and three in the horizontal plane. The table position is
measured relative to the world (ground plate) while the actuators are mounted on
an intermediate frame (base plate) that is moveable relative to the ground plate by
means of a shaking mechanism, for testing purposes.

more complex multivariable control techniques. In [6] a more detailed description
of the system is given.

Due to the constant Lorentz force a perfect ‘passive’ vibration isolation is expected.
However, in practice there are two effects that cause a small non-zero effect:

1. The magnetic field is not perfectly homogeneous, so that a position-
dependent force deviation occurs;

2. Besides the Lorentz force, there appears a reluctance force between the coil
(acting like a magnet) and the ferromagnetic yoke. This reluctance force
causes a small negative stiffness that is dependent on the current through
the coil, analogous to equation 5.8.

For these two reasons, the vibration isolation for lower frequencies will be slightly
less effective. To overcome these non-idealities, active control will be necessary in
the lower frequency range.

In figure 5.14 the block scheme of the closed-loop controlled system is shown, for
one degree of freedom. The actuator model has been composed of two parts: a part
depending on the input current and a part depending on the position of the table
relative to the baseplate. The transfer function of the actuator can be written as

xm(s)� G1(s)xdist(s)� G2(s)i(s) (5.9)

in which xm is the position of the suspended mass relative to the imaginary, rigid
and immovable world, and xdist is the position of the baseplate with respect to the
world. From simple mechanical considerations it follows that the transfer function
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Figure 5.12: Overview of the test set-up for the six degrees of freedom Lorentz
stage. Clearly visible are the six cylindrical yoke parts holding the magnets, moun-
ted on the star-shaped, freely floating table. Three vertical actuators provide forces
in z, �x and �y, three horizontal actuators act in the x� y� �z plane. Three sensor
holders for the horizontal position sensors are visible, the three vertical sensors,
located under the baseplate, are not visible. The baseplate is hinged, so that vibra-
tions relative to the lower ground plate can be introduced by means of a lever (top
right) and a small motor equipped with a cam shaft (not shown).
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Figure 5.13: Photograph of the test set-up for the six degrees of freedom Lorentz
stage. Top view. Note that the difference between the ground plate and the base
plate is not very well visible.

Figure 5.14: Block scheme of the closed-loop controlled system, for one degree of
freedom. The actuator, shown in more detail in the lower figure, delivers a force
that depends not only on the current i, but also on the relative position xdist between
the baseplate and the table.
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G1(s) will look like

G1(s)�
�

2
1

s2� �2
1

where �1 �

�
k
m

(5.10)

But the actuator stiffness k is a function of both x � xm � xdist and i. Therefore, the
expressions relating the actuator stiffness k to the position and the current have to
be examined.

In figure 5.15 a sketch is given of the actual and linearized curves of the force as a
function of position and current.

Figure 5.15: Schematic representation of the measured Lorentz actuator force as a
function of position and current. The dashed curves represent the actual force–
displacement curves for three different currents. The solid lines show the lineariza-
tion for the position x, the dashed straight lines depict the linearization of the solid
lines for the current i. In this graph, the values for x, i and F are only indicative, in
order to give an idea of the order of magnitude.

It appears that in the working range the force–position relation can be linearized
without large errors. When in figure 5.15 this linearization is executed, the stiffness
k becomes a function of only the current i:

k(x� i)� k�(i)� k0
i
i0

(5.11)

which gives for the force

F(x� i)� (F0� k0x)
i
i0

(5.12)
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The point x0 where the force is zero, is defined as

x0 �
F0

k0
(5.13)

which is independent on i. When this point x0 is sufficiently far to the right of the
working area, the linearized forces can be approximated by parallels to F �(i � i0),
which leads to the linear function F��

F(x� i)� F��(x� i)� F0
i
i0
� k0x (5.14)

eventually resulting in the equation of motion

mẍ� �mg� F0
i
i0
� k0x or ms2x(s)�

F0

i0
i(s)� k0x(s) (5.15)

Since x� xm� xdist and the effect of xdist already is taken into account in the transfer
function G1(s), this can be written as

xm(ms2
� k0)� i

F0

i0
(5.16)

which finally gives G2(s)

G2(s)�
xm

i
�

k0x0
mi0

s2 �
k0
m

� gi
�

2
2

s2� �2
2

(5.17)

with

gi �
x0

i0
and �2 �

�
k0

m
� �1 (5.18)

so that the actuator transfer function can be written as

xm � G1(s)(xdist� gii) (5.19)

which is shown in the block scheme in figure 5.14. From measurements it can be
concluded that the (parasitic) stiffness of the actuators is 420 N/m (vertical, all three
actuators) and 1100 N/m (all horizontal actuators), respectively.

����� ����	�

�	 ����� ��	 ��� ������ ��	���� ������
���	

The transfer function of the system has been measured using a spectrum analyzer.
First, a preliminary controller has to be found that stabilizes the system in order to
make it possible to measure the system’s open-loop transfer function. The perfor-
mance of this preliminary controller is not important, as it does not influence the
measured transfer function.
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After identifying the relevant parameters of the system, a choice can be made for
the controller. This implies a tradeoff between steady-state error rejection, band-
width and robustness.

With standard loop shaping techniques the required values of the PID controller
have been determined. Starting from the open-loop transfer function, the following
criteria have to be met:

1. Increasing gain at decreasing frequency, to ensure zero steady-state error.

2. Sufficiently large gain margin (at�180Æ) and phase margin (at the 0 dB cross-
ing point) to guarantee stability and robustness.

3. Rapidly decreasing gain at high frequencies to decrease the sensitivity to mea-
surement noise.

4. 0 dB crossing point at the desired bandwidth.

This has led to the implementation of six independent PID controllers meeting
the requirements concerning stability, bandwidth and robustness. The closed-loop
transfer function of the controlled system in the vertical direction is shown in fig-
ure 5.16 as an example.

����� ����	
�� 
��	�� �� �� ������� ��
��� �����	���


The most important parameter in evaluating the performance of the manipulator is
the achieved vibration reduction. Figure 5.17 shows the achieved transmissibility
of vibrations, which can be considered as the ratio beween the vibration amplitude
of the baseplate and the vibration amplitude of the suspended table. Both distances
might be measured relative to the ground plate, which is assumed to be rigid and
stable. However, in the experimental set-up, another approach has been followed.
The disturbance rejection function can also be derived from signals that are avail-
able in the controller during closed-loop operation.

The disturbance rejection function D(s) is defined as

D(s)�
xm

xdist
(5.20)

Because xm � G(s)(xdist� gii) and i � gagsgeK(s)xm, equation 5.20 can be written as

D(s)�
xm

xdist
�

G(s)
1� gtG(s)K(s)

(5.21)

in which gt � gagigsge. Because the sensor, including the conditioning electronics,
has a bandwidth of approximately 670 Hz, its transfer function has been assumed
to be equal to gsge (consisting of two gain factors, representing the sensor part and
the electronics part), in the frequency region of interest.
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Figure 5.16: Measured closed-loop transfer function for the vertical coordinate (z)
of the six-DoF Lorentz manipulator. Input is the current through the three vertical
coils, output is the vertical table position, while the base plate is rigidly connected
to the ground plate. The bandwidth of this system appears to be about 30 Hz. In
order to achieve a good vibration isolation, the bandwidth has to be large compared
to the eigenfrequency, which is related to the parasitic stiffness of the actuators.
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The actual measurement of the disturbance rejection function has been done by
determining the frequency response function between uout and uin. From figure 5.14
it can be seen that

uin � gsgexm (5.22)

and
uout �

1
gagi

xdist (5.23)

Now the disturbance rejection function D(s) can be written as

D(s)�
xm

xdist
�

uin

gtuout
(5.24)

The two measured signals—the sensor input signal and the scaled power amplifier
output—now are connected to a spectrum analyzer, which is able to measure the
transfer function which represents the disturbance rejection function.

At low frequencies (� 1 Hz) the vibration reduction appears to be more than 35 dB.
For high frequencies (� 200 Hz) the passive isolation provides a reduction of more
than 60 dB. In the middle region, the passive isolation is less and also the con-
troller’s bandwidth can not be made wide enough (i.e. the gain can not be increased
far enough) to achieve 40 dB reduction at the mid-frequency range, for stability rea-
sons. Note that the figure only shows the vertical coordinate, but it is illustrative
for the other degrees of freedom as well.

The disturbance rejection function does not completely meet the required specifi-
cations; this has several reasons:

1. The non-zero stiffness of the Lorentz actuators, because of a non homoge-
neous magnetic field in the actuator. This may be solved by fine-tuning the
magnetic circuit of the actuators.

2. The non-zero stiffness of the Lorentz actuators, caused by the parasitic reluc-
tance force.

3. The ground plate is assumed to be rigid and stable, but in practice this may
be less ideal.

Other results achieved are listed in table 5.1. From these results it can be concluded
that not all requirements, as listed on page 142, are met. The reason that the position
errors are still about 0�8 �m, with corresponding angular errors, is the use of other
sensors (for practical reasons), which had a resolution of only 0�5 �m.

The lowest eigenfrequency of 5 Hz seems relatively high for a vibration isolation
system, but it has to be read in combination with the table mass, which is as low as
0�425 kg. From these values the effective stiffness k f can be calculated:

� �

�
k f

mtable
� k f � mtable � �

2
� 0�425 � (2� � 5)2

� 4�2 � 102 N/m (5.25)
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Note that this lowest eigenfrequency is the frequency related to the disturbance
rejection. Therefore, the passive eigenfrequency of the system has to be as low as
possible. The bandwidth of the closed-loop controlled system has to be as high as
possible, in order to realize a small tracking error between the suspended table and
the immovable world. In a real positioning application, the ‘immovable world’
might be replaced by the reference object to be followed. In that case, the suspended
table will have a high (virtual) stiffness towards the reference object and a very low
stiffness towards the supporting frame or vibrating world into which the reaction
forces of the actuator are led.

Figure 5.17: Disturbance rejection function of the six degrees of freedom Lorentz
stage, showing the ratio between the vibration amplitude of the baseplate and the
vibration amplitude of the suspended table. This graph only shows the vertical
(z-)direction but it is illustrative for all six degrees of freedom.

From the experimental 6-DoF Lorentz manipulator the following conclusions can
be drawn:

1. Lorentz actuators principally are suitable for passive vibration isolation,
when the maximum delivered force and the power dissipation are not lim-
iting its application. For a table of 425 g a lowest eigenfrequency of 5 Hz has
been achieved. This is relatively low, taken into consideration the low mass
of the table. The eigenfrequency can be decreased even more by fine-tuning
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Table 5.1: Measured results of the six-DoF Lorentz manipulator.

of the magnetic circuit in the Lorentz actuators, in order to decrease their stiff-
ness.

2. The vibration reduction for frequencies below 1 Hz is at least 40 dB, above
200 Hz even more than 60 dB is achieved. In between there is a controller-
induced resonance peak at 30 Hz where the reduction is 25 dB.

3. The moving magnet configuration can lift its own weight (4�17 N) and a pay-
load of about 2 N. Larger loads are possible with larger magnets and coils.

4. Heat dissipation is 1 W per actuator for bearing the table mass. The generated
heat can be transferred to the table by radiation or convection and—for larger
amounts of heat—cause thermal deflections or even affect the properties of
the permanent magnets. If these problems become critical, forced coil cooling
must be applied.

5. The manipulator is relatively easy to control, using six independent PID con-
trollers. Optimal control strategies may improve the system’s performance,
i.e. decrease the vibration transmissibility.
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Although the Lorentz actuator set-up, described in the previous section, gives good
results, its main disadvantage is the power dissipation. This disadvantage makes it
difficult to apply it more generally. To generate a constant (bearing) force a constant
current I through the coil is needed which results in a power consumption P �
I2R. There are several techniques to optimize the behaviour of Lorentz actuators
towards maximum force, minimum heat, etc. [57].

Especially in precision positioning applications, heat sources have to be avoided as
much as possible. Therefore a force generating element (i.e. a bearing element) is
desired which does not require energy to maintain a static force.

In this section, the theory and practice of permanent magnet configurations as zero
stiffness bearing elements will be described. To understand the possibilities and
impossibilities, first the most relevant properties of permanent magnet materials
will be enumerated, after which (in section 5.4.2) some theory will be treated with
respect to positioning with permanent magnets.
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The most comprehensive way to characterize permanent magnets is by means of
the so-called BH-diagram. In this diagram the relation between the magnetic field
strength H [A/m] and the magnetic induction or flux density B [T] is stored [54].

After the first magnetization, in which the field strength H is increased from zero
to a certain maximum and then decreased again to zero, there remains a certain
induction B. This BH�0 is called Br, the remanent induction. From this moment the
magnet is ready to be used.

When a sufficiently large demagnetizing—negative—field strength H is applied,
the induction B will decrease from Br to zero, following the BH-curve in its second
quadrant. This HB�0 is called Hc, the coercitive field strength. When H increases
again towards zero, B also increases, but now follows a line having the slope equal
to the slope at Br.

This leads to an important property of permanent magnets: if the BH-curve in
the second quadrant is non-linear, a certain demagnetization will occur when the
magnet is exposed to external magnetic fields.

In practice, in a magnetic circuit an equilibrium point—the working point—will be
found for the B and H, depending on the magnetic reluctance. For static configura-
tions (e.g. in Lorentz actuators) it is favorable to choose the magnet dimensions in
such a way that the working point lies there where the product B � H, representing
the total stored magnetic energy, is at a maximum. In that case, the required magnet
volume will be minimal.
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Although since a long time materials with magnetic properties are known—already
in the first centuries of this era they were applied in compasses—only in the last few
decennia permanent magnetic materials have been developed that are useful as en-
gineering elements. Only around 1930 magnets became strong enough to lift their
own weight when attracting each other. From then, different alloys were developed
continuously, e.g. ceramic magnets (Bariumferrite, Strontiumferrite, etc.), or mag-
nets containing iron (Fe) and elements like cobalt (Co), nickel (Ni) and aluminum
(Al), showing a rapid increase in magnetic energy, as is depicted in figure 5.18.

Figure 5.18: This rather old picture shows the development of permanent magnetic
materials. Since about 1930 it is possible for permanent magnets to lift their own
weight by attraction. From 1983, with the development of rare earth alloys, it is also
possible to lift a magnet’s own weight by repulsion without demagnetization. The
modern magnet energy product of NdFeB magnets can be as high as 400 kJ/m3,
which is slightly less than would be expected, based on extrapolation of the fitted
exponential growth curve.

A new breakthrough came around 1980 with the commercial availability of the
so-called rare earth alloy permanent magnets. The most important types are
Samarium-Cobalt (SmCo5 or Sm2Co17, commonly abbreviated in the industry as
SmCo) and Neodymium-Iron-Boron (Nd2Fe14B, commonly abbreviated as NdFeB).
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They both have some remarkable characteristics:

� Br is about 1 � � �1�47 T, which is the highest of all commercially available per-
manent magnet materials.

� The BH-curve’s second quadrant shows a nearly linear shape, meaning that
there is virtually no demagnetization with varying applied magnetic field
strengths.

There are also some differences between SmCo and NdFeB magnets:

� temperature resistance: typical Curie temperatures are 800ÆC and 350ÆC, the
maximum operating temperatures are 250ÆC and 150ÆC for SmCo and NdFeB,
respectively.

� NdFeB magnets are less expensive than SmCo magnets (the main elements
Nd and Fe are abundant)

� NdFeB magnets are mechanically stronger than SmCo magnets, although
they are more brittle.

� NdFeB magnet’s specific mass is about 13% less compared to SmCo magnets

Some relevant numbers have been listed in table 5.2.
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Br � 0�82 � � �0�95 0�9 � � �1�15 0�6 � � �0�8 1�1 � � �1�44 0�4 � � �0�68
Hc ���� 565 � � �692 692 � � �820 414 � � �485 844 � � �955 318 � � �460
(B � H)max ����3 130 � � �175 160 � � �260 56 � � �120 240 � � �400 38 � � �80
���	
���
 Br %�Æ� �0�05 �0�03 �0�1
Tc

Æ� 800 800 800 350 350
� 		��Æ� � 2
�������� ��������� ���

��������� ���
 ��� � � � � �

������������ ��� �� �� � � �

Table 5.2: Some typical properties of SmCo and NdFeB permanent magnets.

Due to their linear relation between H and B, these rare earth metal magnets are
virtually not demagnetized when magnetic fields are applied on them, up to the
maximum coercitive field strength Hc. This also means that two of these magnets
repelling each other cannot demagnetize each other. This property greatly facili-
tates the assembly of magnetic circuits and it also substantially enlarges the design
possibilities. Thanks to these magnetic properties many new permanent magnetic
configurations, like the ones designed in this chapter, have become possible.
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An important property of NdFeB magnets is their sensitivity to temperature and
corrosion. The temperature effect is reversible, provided that (a) the working point
remains on the linear part of the BH–curve, which becomes smaller at higher tem-
peratures, and (b) the Curie temperature is not exceeded. The temperature coef-
ficient of the remanent induction Br is typically �0�13%�ÆC. The corrosion effect
is irreversible. Without additional measures the material degradation causes the
remanent induction to decrease.

It is recommended not to apply NdFeB magnets in the following environments [40]:

1. In acidic, alkaline or organic solvents, unless the magnet is sealed hermeti-
cally.

2. In water or oil, unless hermetically sealed, or a limited life is acceptable.

3. In electrically conductive liquids such as electrolyte containing water.

4. In hydrogen containing atmospheres, especially at elevated temperatures.

5. In environments containing corrosive gases such as Cl, NH3 or NOx.

6. In the path of radio-active rays.

Coating the NdFeB magnets with a metal layer (Ni, Zn, Al, Ti etc.) or with a resin
film effectively prevents corrosion. Apart from that, the decay of remanent induc-
tion depends on the difference between the operation temperature and the Curie
temperature of the magnet material. An illustration: a NdFeB magnet, exposed to
a temperature of 130� 5ÆC and a relative humidity of 90� 5% during 1000 hours
(6 weeks), lost less than 5% of its maximum flux.

����� ����	
���	 
�����

In 1842 Earnshaw published his famous article ‘On the nature of the molecular
forces which regulate the constitution of the luminiferous ether’ in the Transactions
of the Cambridge Society of Philosophy [14]. Very briefly summarized this proves:

For a pole placed in a static field of force it is impossible to have a posi-
tion of stable equilibrium when an inverse square law relates force and
distance.

Because magnetic fields do have an inverse square law relating force and distance,
this implies that purely passive permanent magnetic bearings never can be stable.
A summary of the theory can be found in appendix A.
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Nearly a century later this matter regained attention and interest, around the time
that the development of new permanent magnet materials started to accelerate. In
1939 Braunbek worked out the practical consequences of Earnshaw’s theorem [9],
concluding a.o.:

Stable levitation is impossible in electrostatic or magnetostatic fields
when all the present materials have �r � 1 or � � 1, but possible if ma-
terials of �r � 1 or � � 1 are introduced. From this, it follows that (a)
stable levitation in static electric fields is impossible because materials
with � � 1 do not exist and (b) that only with the help of diamagnetic
materials (�r � 1) or superconductors (�r � 0) stable permanent mag-
netic levitation can be realized.

However, not everybody knew about Earnshaw’s theorem. When around 1940 per-
manent magnetic materials improved so far that repulsion became possible with
much less demagnetization, this led to several enthusiastic but incorrect proposals,
formulated in patents, of which the most important and representative are summa-
rized in table 5.3 [22].

Besides the impossibilities there are, fortunately, also several possibilities to achieve
suspension4 by means of electromagnetic fields. The principal methods can be de-
scribed by the following classifications [22]:

1. Levitation by magnetic attraction or repulsion forces using magnets of fixed
strength and ferromagnetic materials. Earnshaw’s theorem excludes the pos-
sibility of stable levitation.

2. Electromagnetic levitation by attraction or repulsion forces with active control
of the current through the coil.

3. Electromagnetic levitation by repulsion forces due to eddy currents induced
in the levitated object.

4. Electromagnetic levitation utilizing the force acting on a current-carrying lin-
ear conductor in a magnetic field.

5. Magnetic levitation by repulsion forces using diamagnetic materials.

6. Magnetic levitation by repulsion forces using superconductors.

7. Electric levitation by attraction forces with active control of the electrode po-
tential.

The first mentioned item is of particular interest, because it concerns passive sys-
tems. The word stable is crucial. After all, when vibration isolation is desired, not a

4Some authors make a difference between suspension for hanging objects and levitation for objects
supported from below.
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Table 5.3: Overview of some representative patents that contradict Earnshaw’s the-
orem and therefore are impossible to realize.
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stable but a neutral equilibrium has to be achieved, that means, just between stable
and unstable. The situation of neutral equilibrium in all degrees of freedom is not excluded
by Earnshaw’s theorem.

This fact provides a theoretical basis to develop permanent magnetic bearing ele-
ments that have zero stiffness in at least one degree of freedom.

����� ����	
�� � ����� ��������� ������
� ���� ��
�����

�	������

In this section we will describe a new permanent magnetic bearing element hav-
ing zero stiffness5. Firstly, the principle is explained based on a theoretic example
and finite element analysis, successively paying attention to bearing force, stiffness,
damping, stability and control properties. Subsequently, a practical test set-up with
its measured performance will be presented.

������� ���	
�� �	��

For simplicity, first consider a permanent magnetic configuration consisting of a
fixed support magnet exerting an upward repulsing force on a floating magnet and
another fixed magnet above that floating magnet resulting in an upward attracting
force, as is depicted in figure 5.19. Note that the upper magnet can be replaced by
an iron plate, resulting in essentially the same behavior, although the actual force
and stiffness will be different.

Based on the principle sketched in figure 5.19, a radially symmetrical set-up has
been designed to calculate the bearing force by means of a finite element analysis
(FEA)6. Figure 5.20 shows the model with one quarter cut out to show the cross
section and the flux density pattern.

These calculations of the vertical force have been carried out for several values
of the height z of the middle element in the air gap, so that a force–displacement
graph can be plotted [52]. In figure 5.21 this graph shows that indeed there is a
point where the gradient of the force–displacement curve is zero. This point will be
called working point from now on, having zwp as a vertical coordinate.

The force–displacement characteristics of the bearing element, as depicted in fig-
ure 5.21, can be influenced in three basic ways:

1. Adjustment of the air gap (upper, lower or both). This can be of importance
for drift control and quasi-static disturbing displacements. In figure 5.22 the
typical behavior is shown when the upper and lower gap are varied symmet-
rically.

5Dutch patent, international patent pending [51].
6In this thesis, electromagnetical finite element calculations have been done using Maxwell 2D

and/or 3D Field Simulator software, which is a product of Ansoft Corporation, Pittsburgh, PA, USA.
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Figure 5.19: Principle of the zero–stiffness bearing unit using permanent magnets.
The attractive force (above) and repulsive force (below) create negative and positive
stiffness, respectively, and cause the total stiffness to be zero in a working point. In
(2) the upper magnet has been replaced by an iron plate, resulting in essentially the
same behavior.

Figure 5.20: Model of a practical configuration, based on the principle sketch (2)
of figure 5.19, used for a finite element analysis. One quarter has been cut out to
show the cross section and the flux density pattern. The nominal upper and lower
air gaps both are 2 mm.
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Figure 5.21: When the attracting and repulsing forces of the permanent magnets
are added up, the total force curve shows a minimum where the first derivative—
the stiffness—is zero. The values in this figure are obtained from a Finite Element
Analysis using the model shown in figure 5.20. At z � 2 mm, the moving part is
just centered between the two fixed parts. The height of the working point zw p,
where the stiffness kz is equal to zero, is slightly lower than 2 mm.
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2. Modification of the magnetic field. In practice, it is very difficult to predict
the consequences of any possible field variation at any possible height. This
prediction is necessary to build a model for a control loop.

3. Addition of an external force. For this option, the Lorentz force appears to be
the most suitable alternative because it is contactless and it adds only force,
no stiffness.
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Figure 5.22: Typical behavior of a zero stiffness bearing element when the upper
and lower air gap are varied symmetrically (N.B.: in the legend the value of one
air gap is displayed). With smaller air gap the bearing force in the working point
increases and the slopes become steeper. This means that the range in which the
stiffness has acceptable small values will be smaller.

From figure 5.22 it appears that the location of the working point, zwp, varies with
the gap height. In figure 5.23 the calculated position zwp and corresponding bearing
force Fwp in the working point are shown. It appears that the working point loca-
tion as well as the bearing force in the working point can be linearized with good
approximation. Therefore, the implementation of an air gap adjustment facility will
not cause severe problems in the controller.
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Figure 5.23: This graph shows two effects of an air gap variation, derived from
figure 5.22. In the simulation the upper and lower air gap are increased simulta-
neously, relative to the nominal middle position. Firstly, the force in the working
point will decrease with enlarging air gaps. Secondly, the location of the working
point relative to the center will shift upward with enlarging air gaps. The relation
between the air gap height and the position zwp appears to be linear with good
approximation. The bearing force as a function of zwp can be linearized as well,
although a third order polynomial fit gives slightly better results. Therefore, the
implementation of an air gap adjustment facility will not cause severe problems in
the controller.
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By applying a polynomial curve fit7 through the measured force–displacement
curve we can approximate its derivative, the stiffness. It appears that the stiffness,
approximated by a third order polynomial over the whole range of the height z, can
be linearized by good approximation in a small region (�5 �m) around the working
point zwp. This stiffness is positive (�F��z � 0) for z � zwp, negative (�F��z � 0)
for z � zwp and crosses zero at z� zwp. That means that for downward movements
there is a stabilizing upward force and for upward movements there is a destabi-
lizing force, in the upward direction as well. In the working point zwp the force
equilibrium is neutral and marginally stable.

Some additional remarks have to be made concerning the radial stiffness, which has
been left out of consideration so far. Earnshaw’s theorem (appendix A) states a.o.
that

kx� ky� kz � 0 (5.26)

For radially symmetric permanent magnet configurations having axial stiffness
kax � kz, the radial stiffness krad � kx � ky follows that

krad � �
1
2

kax (5.27)

This last equation implies that when an object is suspended axially by a perma-
nent magnet bearing under zero stiffness conditions as described above, the radial
stiffness will be zero as well.

However, this rule does not hold in the presence of soft magnetic material. To
understand this, consider the following situation: A permanent magnetic bearing
consisting of two repulsing magnets, one fixed to the world and the other one sus-
pended above it (part A of figure 5.24). The axial stiffness is positive, the radial
stiffness is negative and will be half of the axial stiffness in magnitude, according
to the above rule. Now, connect another magnet to the world, located above the sus-
pended magnet and attracting it. The resulting force (fig. 5.24 D) will be upwards
while generally there will exist a point where the axial stiffness is zero. In this point
the radial stiffness should be zero as well, according to equation 5.27. This can be
understood by the fact that two attracting magnets having negative axial stiffness
will have a positive radial stiffness resulting in a centering force (fig. 5.24 B).

But when we replace the upper attracting magnet by a ferromagnetic (e.g. iron)
plate, things become different. The ferromagnetic plate results in a net attracting
force as well, now generated by the field of the suspended magnet only. This at-
tracting force has a negative stiffness in the axial direction, but no radial stiffness,
provided that the plate is wide enough (fig. 5.24 C). There will be a net negative ra-
dial stiffness in the point where the axial stiffness is zero (fig. 5.24 E), which contra-
dicts equation 5.27. This effect is confirmed by the theory discussed in appendix A.

7In this case a fourth order polynomial gives good results. The deviation from the measured points
is in the same order as the expected uncertainty in the FEA results.
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The conclusion of this imaginary experiment is that equation 5.27 is valid for mag-
net configurations only, without the presence of ferromagnetic material.

Figure 5.24: Comparison of the lateral stiffness for bearings with rotational symme-
try. In both cases (D) and (E) there is a point where the vertical stiffness is zero, but
lateral zero stiffness in the working point is only possible when no ferromagnetic
parts are present.

In appendix A, also one section is dedicated to the rotational stiffness around the x-,
y- and z-axes, which have been left out of consideration in Earnshaw’s theorem.
These stiffnesses, however, are important when designing a suspension element
that has to operate in six degrees of freedom.

������� ����	
�

The internal damping of the permanent magnetic bearing element can only be
caused by eddy currents and air friction, the latter in the case that the moving part
of the axial bearing element according to figure 5.19 is guided by air bearings, see
section 5.4.4.
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With regard to the eddy currents, there are three reasons that allow us to assume that
their influence will be small in this type of bearing element:

Firstly, the magnitude of the eddy current damping force is proportional to the
square of the magnetic field variation, (ÆB)2. The eddy current power loss can be
approximated by [48]

P �
1
2�

(� � ÆB)2L3A (5.28)

in which � is the specific resistance in Ωm, � is the vibration frequency in rad/s,
L is the air gap in m, ÆB is the variation of the flux density in T through the eddy
current area, A, in m2. The flux density variations ÆB depend on the geometry and
are

ÆB �
3 � Æz � h3

8L4 Br (5.29)

where Æz is the vibration amplitude in m, h the magnet thickness in m and Br the
remanent induction of the magnet in T.

For small position deviations around the working point the force virtually does
not change, and because the force is directly related to the magnetic field strength
this field will not change as well. However, this is not completely true in the case
of a configuration like in figure 5.19(2). Although the total force does not change,
the upper and lower components of that force do, so that eddy currents will be
generated in the ferromagnetic parts (i.e. the upper iron plate). Because the specific
electrical resistance of NdFeB is high, the eddy current loss within the magnets will
be very small.

Secondly, the magnitude of the eddy current damping force is proportional to the
square of the vibration frequency. Fortunately, the vibration amplitude decreases
with increasing frequency under normal laboratory conditions.

Thirdly, in order to prevent the generation of eddy currents irrespective of above
considerations, radial slits may be applied in the appropriate parts, reducing the
eddy currents with one or two orders of magnitude.

In the description of the practical test setup in section 5.4.4 a quantitative estimation
will be made for the upper limit of the influence of the eddy currents.

The damping caused by air bearings will depend on the relative velocity between the
suspended magnet and the support. The shear stress between air layers is given by
the dynamical viscosity � of air and the velocity profile through the layer thickness
h:

� � �
�v
�h

(5.30)

which can be simplified, under the assumption of a linear velocity profile, to

� � �
v
h

(5.31)
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with which the damping force Fd becomes

Fd � �A �
�vA

h
(5.32)

when A is the bearing area. Now, the damping coefficient c can be expressed as

c �
Fd

v
�

�A
h
� (5.33)

In section 5.4.4.2 it will be shown that for the practical test set-up the maximum
damping coefficient and the maximum damping force will be relatively small.

������� ����	
	�� �� ���
	��

The stability of the bearing element is related to the stiffness. Positive stiffness
means stability, negative stiffness means instability. In section 5.4.3.2 it has been
shown that the stiffness in the working point causes a neutral and marginally stable
equilibrium.

This stability situation can be visualized by a ball, rolling on a curved path in the
presence of gravity. In this analogon the horizontal movement of the ball corre-
sponds to the z coordinate of the magnetic bearing element. In figure 5.25 this is
depicted for three situations:

1. The weight of the supported object slightly exceeds the minimum bearing
force: m � g � Fwp. Then there exist two intersections of the line F � mg with
the bearing force curve, of which one (A) is stable and the other (B) is unstable.

2. The weight of the supported object exactly matches the minimum bearing
force: m � g � Fwp. Then the points (A) and (B) coincide in a neutral equilib-
rium.

3. The weight of the supported object is less than the minimum bearing force: m �

g � Fwp. Then there is no force equilibrium possible, the object will accelerate
upwards.

In this analogon the additional active controller used for bearing force adjustment
can be considered as a rotating and/or translating mechanism providing neutral
equilibrium for the rolling ball, that is, (A)=(B). However, a neutral equilibrium
is only possible in the point of inflection of the curved path, so the goal of the
controller is to manipulate the curve in such a way that for a changing mass or an
external disturbing force (resulting in horizontal ‘forces’ in this analogon) the ball
is supported again in a new point of inflection.

To achieve sufficient vibration isolation, the supported object has to be kept as close
as possible in the working point. There are two principal possibilities to realize this:
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Figure 5.25: Analogon for the stability in the working point. The horizontal ball
movement corresponds to the displacement z. 1. bearing force is smaller than
weight� stability in A, instability in B; 2. bearing force equals weight� neutral
equilibrium only in the working point; 3. bearing force is larger than weight �
instability.

1. Make the support follow the supported object. Drift will be a problem be-
cause the supporting force will increase both below and above the working
point, so that the suspended object always will tend to move upwards. There-
fore, the application of exclusively this method will not be sufficient for the
stabilization of the bearing element, although it may be of use in systems
which do not allow small position deviations from the working point.

2. Exert a control force on the supported object using one of these three methods
(which are already mentioned before):

(a) Adjustment of the air gap

(b) Modification of the magnetic field

(c) Addition of an external force

The latter three possibilities may create an additional virtual stiffness. From this
point of view, method 1 is preferable. However, a zero stiffness bearing using this
method will be unstable, because every positive or negative deviation from the
working point results in an upward force causing the suspended object to drift in
the upward direction without a possibility to get it back down. This problem can
be solved only by choosing the operation point slightly below the optimal work-
ing point so that a small positive stiffness is created. The required distance from
the working point depends on the expected maximum disturbance force (on the
suspended object) or displacement (of the support).

If method 2 were used, a compromise has to be found between position accuracy
and net virtual stiffness. When a very fast and accurate controller is implemented
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that keeps the suspended object tightly in the working point, also a large (virtual)
stiffness is introduced between the support and the suspended object, thus effec-
tively destroying the inherent vibration isolation capabilities. On the other hand,
when the controller bandwidth is too low, drift will cause position deviations from
the working point resulting in a certain (real) stiffness proportional to the position
deviation. Actually, there must be found an optimum choice for the contributions
of the virtual stiffness (caused by position feedback of the controller) and real stiff-
ness (caused by position deviations from the working point).

Therefore, the optimum strategy to stabilize this zero stiffness bearing is to maxi-
mize the proportional acceleration feedback while making the proportional position
feedback as low as possible (and just as high as needed), combined with a damp-
ing just large enough to prevent the bearing from large amplitudes. In table 5.4 the
parameters are listed which may be used to realize this.

�������� ��	�
��� �

�	������ ���

I(z) P(z) D(z)
I(ż) P(ż) D(ż)

I(z̈) P(z̈) D(z̈)
� � �

������� ���	
��� ������� ����
� ������� ���

Table 5.4: Effect of possible feedback parameters in combination with standard PID
controllers on the closed-loop behaviour of the zero stiffness magnetic bearing.

From table 5.4 it can be concluded that a velocity sensor as described in section 2.1.2
would be suitable when used with a large D, small P and I for the v-signal and a
small P for the x-signal. Of course, these requirements for the best possible vi-
bration isolation properties have to be matched with control criteria dealing with
closed-loop stability.

Assuming that for the force correction an external force will be used (such as the
Lorentz force, which is very suitable for this task), the following model can be de-
rived to serve as a starting point for the controller design.

Because the bearing system will behave like a (non-linear) mass-spring-damper
system, the first approximation for the equation of motion is

mz̈� c(ż� żw)� k(z� zw) � Fext (5.34)

in which z is the absolute height relative to the imaginary immovable reference
world and zw is the height of the vibrating world to which the bearing is attached.

The parameter m is known or can be measured. The parameter c can be estimated
from the damping considerations in section 5.4.4.2. This will have a small value,
but it may be not negligible. In the following simulations, however, the damping
coefficient has been assumed to be equal to zero.
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Subsequently, the relation between position and bearing force has to be determined
from measurements or simulations to give an estimate for the stiffness. A fourth
order polynomial appears to give a good approximation for the force curve, so the
stiffness will be approximated by a third order polynomial. From measurements it
is observed that in a small region around the working point (several micrometers)
this relation between position and stiffness can be linearized8 with an uncertainty
of less than 100 ppm. The stiffness k now becomes

k � � � (z� zw) (5.35)

where � is a constant with dimension N/m2.

The equation of motion now becomes

mz̈� c(ż� żw)� �(z� zw)2
� Fext (5.36)

which is non-linear. This equation can be transformed to a Simulink9 block scheme
which is shown in figure 5.26. Here, the inputs 1 and 2 are the external force (e.g. a
Lorentz force for control) and a disturbing displacement of the world, respectively.
Output 1 is the relative height z� zw measured by an air gap sensor, output 2 the
absolute position z with respect to the immovable reference world and output 3 the
absolute acceleration z̈.

Around the modeled block scheme of the zero stiffness bearing element given in
figure 5.26, a controller has been designed, as is shown in figure 5.27. The bearing
element is represented here by a block named ZSMB, for Zero Stiffness Magnetic
Bearing. The controller consists of four parts:

� The inputs for the model are generated internally. Firstly, the block named
‘Floor vibrations’ generates low-pass filtered (second order, at 10 Hz) white
noise with an amplitude of 10 �m. Secondly, the setpoints for the position
and acceleration (named ‘z’ and ‘acc’, respectively) both are zero in this case,
but they could be the outputs of another model. Thirdly, there are two blocks
named ‘Measurement noise’. They create a white noise signal representing
random noise on the measured position and the acceleration, which can be
used to test the controller’s stability.

� The block named ‘Controller’ contains the control parameters. It will be
shown in figure 5.28.

� The block named ‘ZSMB’ contains the model of the Zero Stiffness Magnetic
Bearing, which was shown in figure 5.26.

8Approximating the force curve with a second order polynomial will give a linear (first order)
stiffness–position relation directly, but then the location of the working point will be calculated less
accurately.

9Matlab and Simulink are trade marks of The MathWorks, Inc.
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Figure 5.26: Simulink block scheme of the bearing element’s equation of motion in
the z-direction (assumed there is no damping). The inputs 1 and 2 are the disturb-
ing displacement zw of the world and the external force F (e.g. a Lorentz force for
control), respectively. Output 1 is the relative height z� zw as it is measured by
an air gap sensor, output 2 is the absolute height z with respect to the immovable
reference world and output 3 is the absolute acceleration z̈.

� The outputs of the model (vectors containing a signal value for each time
step), which are stored in the Matlab workspace, where they can be processed
further. The variables are: ‘time’ (the time vector), ‘vibr’ (the floor vibra-
tion signal), ‘pos real’ (the real position relative to an imaginary, immovable
world), ‘pos rel’ (the measured position relative to the vibrating support),
‘acc’ (the absolute acceleration) and ‘acc meas’ (the measured acceleration,
which is equal to the absolute acceleration plus some measurement noise).

Besides these elements there are some emergency stops to facilitate the iterative
simulation process towards a satisfying controller.

Using this controller, simulations have been carried out to obtain information about
the closed-loop behavior. By means of the position dependent proportional gain,
the real stiffness of the bearing element has been eliminated (or, in practice, will
be substantially reduced). Therefore, the suspended object of the bearing element
behaves like a free mass. By adding a PD controller, in the closed-loop situation the
object will behave like a simple mass–spring–damper system. Thus, the necessary
proportional gain can be calculated, in order to make the open-loop transfer func-
tion (in a Bode plot this transfer function will be a straight line having a�40 dB/dec
slope) cross the 0 dB line at �bw, the desired bandwidth. After that, a lead-lag filter
has to be added in order to add a certain amount of damping (in the Bode plot:
change the slope at 0 dB from �40 to �20 dB/dec and increase the phase).

In this simulation, a (very low) desired bandwidth of 0�1 Hz has been assumed.



172 CHAPTER 5. ZERO STIFFNESS ACTUATORS IN STRAIGHT MOTION SYSTEMS

+
+

sum4

Floor
vibrations

>=

Relational
Operator 2

STOP

Emergency
Stop 2

STOP

Emergency
Stop 1

>=

Relational
Operator 1

Measurement
noise 1

2

Constant1

1e-4

Constant2

pos_real

to ws 2

vibr
to ws 1

0
x setpoint

0

a setpoint Controller

ZSMB

Zero Stiffness
Magnetic Bearing

Fcontr
to ws 7time

to ws 3
12:34

Digital Clock

pos_rel
to ws 4

acc
to ws 5

+
+

sum5

acc_meas

to ws 6Measurement
noise 2

Figure 5.27: Simulink block scheme of the entire controller structure for the z-
direction of the zero stiffness bearing element. The two main parts are the ZSMB
block, containing the model of the Zero Stiffness Magnetic Bearing, and the con-
troller block which is shown in figure 5.28.
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Figure 5.28: Simulink block scheme of the controller, used in the model shown in
figure 5.27. The gain factor ‘Adaptive K pos’ multiplied by the measured position
results in a proportional gain (equivalent to a stiffness) which eliminates the real
stiffness of the bearing element. The PD-controller is a lead–lag filter that is applied
to create a sufficiently large phase margin around the 0 dB crossing point in the
open-loop transfer function. Using this type of control, the suspended object can
be regarded as a simple mass–spring–damper system, having a natural frequency
which can be made equal to any desired value.
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With the help of the following Matlab script, the parameters for the PD controller
are calculated.
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In figure 5.29 the positions are shown, as a result of the simulation using these cal-
culated values. It is clearly visible that only the low-frequency position deviations
are transmitted through the bearing. The cross-over frequency, determining this
behavior, can be chosen arbitrarily. However, for decreasing cross-over frequencies
the amplitude will increase, so that a compromise has to be found between isolation
frequency range and absolute amplitude. Therefore, a bearing or actuator system
like this will not achieve a much better performance than conventional vibration
isolation systems.

Mainly based on this approach, the controller for the experimental zero stiffness
linear bearing has been modeled. This is described in section 5.5.2. In the next
section 5.4.3.5, it will be shown that there is another way to control such systems,
which is more suitable to motion systems.
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Figure 5.29: Simulated position output of the controller for the z-direction. Dis-
played are the vibration of the world, zw, (noisy) and the absolute position relative
to an imaginary, immovable world, z (slowly varying). Only low-frequency posi-
tion deviations of the support are followed.
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In controlling a positioning system containing zero stiffness actuators, it is impor-
tant to consider the position reference used and the intended use of the actuator.
This has been mentioned earlier in section 5.1.1, in the category list on page 131.
The difference between systems that only have vibration isolation as a goal, and
systems that have to position an object by means of vibration isolating actuators,
has been visualized in figure 5.30.

In this figure, the upper part represents a sketch of the positioning system, The
middle part shows the block scheme of a system that is used merely for vibration
isolation, which means that there is no position signal relative to an external refer-
ence. The lower part shows the block scheme for a positioning system, where the
position of the supported object relative to the supporting world as well as relative
to a position reference is available. First, consider the system for vibration isolation
only, which is marked with (1) in figure 5.30.

In a vibration isolation system, two parameters have to be optimized: Firstly, the
desired setpoint tracking (zm = constant) can be written as

zam

zsp
� 1 (5.37)

Besides that, it is desired that the vibrations of the world, zw, do not affect the
absolute position of the supported object, zm:

zm

zw
� 0 (5.38)

It is easily seen that equation 5.38 only can be fulfilled for each zw when zm � 0. This
implies that the desired setpoint tracking in equation 5.37 can not be realized for
real values of zsp. Therefore, a compromise will have to be found between absolute
position and isolation. This agrees with intuition, which says that for a decreasing
stiffness of the supporting system (necessary for improved vibration isolation) the
amplitude of the supported object will increase. It is not possible to decrease that
amplitude without affecting the vibration isolating performance.

However, it is very well possible to decrease the amplitude relative to an external
reference. To understand this, consider the vibration isolated positioning system
(marked with (2) in figure 5.30). Here, the two desired properties are:

zre f � zm

zsp
� 1 (5.39)

for optimal setpoint tracking, and

zsp� zre f � zm

zw
� 0 (5.40)
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Figure 5.30: This figure shows the difference between systems which merely have
vibration isolation as a goal (marked with 1), and systems that perform a certain
positioning task by means of vibration isolated actuators (marked with 2). The
first category does not have a reference signal, only the relative position between
the supported object and the supporting world, zm � zw, is present. As a result, a
compromise has to be found between quality of isolation and position amplitude.
In the second case, the positioning task (zm has to follow zre f ) can be separated from
the vibration isolating task.
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for optimal vibration isolation. From equation 5.39 follows that the setpoint zsp �

zre f � zm. This does not contradict with equation 5.40, which substitutes to

zre f � zm � zre f � zm

zw
�

0
zw
� 0 �zw (5.41)

This means that in this case the isolation is optimal when the tracking is optimal.
Now, the suspended object can be positioned relative to the reference object, while
the vibrations from the supporting world virtually do not affect the positioning
accuracy.
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Based on the ideas and theory described in the previous sections, an experimental
set-up has been built to investigate the behavior of a zero-stiffness bearing element
in practice [48]. A sketch of the practical set-up is given in figure 5.31, a photo-
graph is shown in figure 5.32. Vertical motion (i.e. the z-direction) has been studied
around the zero stiffness working point. For simplicity, only one degree of free-
dom has been considered. Radial stability is provided by four air bearing pads.
Although this is not the optimum solution in a kinematical sense, it is geomet-
rically simple and sufficient for this purpose. Furthermore, angular stability has
been achieved by locating the center of gravity below the point where the bearing
force acts.

������� ����	
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The bearing force of the experimental 1-DoF bearing element as a function of the
air gap height has been measured using a force sensor. The results are displayed in
figure 5.33. The irregularities of the curve must be due to mechanical properties of
the force sensor fixture, the inaccuracy in the position measurement and the influ-
ence of the air bearings, because there is no reason to assume that the actual force
curve is not smooth. The force on the vertical axis is the rest force after choosing
the suspended load in such a way that it nearly compensates for the bearing force
in the working point, which is about 40 N.

The first derivative of this measured force is the stiffness, of which the most in-
teresting part (around the working point) is shown in figure 5.34. This curve is a
fitted first order polynomial through the numerically calculated stiffness data in
this small area. From this graph it is clear that a stiffness kz � 1 N/m is achieved in
a region of about 1 �m. This corresponds to an eigenfrequency as low as 0�5 rad/s.
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Figure 5.31: Schematical cross section of the experimental test set-up that is used to
investigate the practical behavior of a zero–stiffness bearing element in the vertical
(z-)direction. The load is chosen such that the bearing force just is in equilibrium
with the weight. The Lorentz actuator is used during feedback control, exerting a
force on the suspended object without adding stiffness.

������� ����	
�

First, consider the damping due to air friction in the lateral bearings. In the test set-
up, having four circular air bearings of 40 mm diameter and a nominal air gap of
30 �m this gives for the damping coefficient (see also section 5.4.3.3):

c �
�A
h
�

2 � 10�5
� �(�40 � 10�3)2

30 � 10�6 � 3�4 � 10�3 Ns/m� (5.42)

If there is a relative displacement z present with amplitude ẑ and frequency �,

z(t)� ẑ � sin(�t) (5.43)

then the corresponding relative velocity v � ż(t) will be

ż(t)� ẑ � � � cos(�t) (5.44)

so that the maximum damping force Fd�max becomes

Fd�max � c � v � 3�4 � 10�3
� ẑ � �� (5.45)

From equation 5.45 it is clear that even for rather extreme vibrations of, say, 10 �m
amplitude at 600 rad/s, this maximum force will be very small, in the order of
10�5 N.
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Figure 5.32: Photograph of the experimental zero stiffness bearing test set-up, seen
from below. Visible are two of the four air bearings, the lower magnet (see also
figure 5.31) which is attached to the frame, and the suspended part that is a frame
containing a second magnet (not visible here). Four rods are attached to the sus-
pended part, carrying a platen (not visible here) on which the load can be placed,
in order to make an equilibrium with the bearing force.
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Figure 5.33: The measured vertical bearing force Fz of the one-DoF zero stiffness
bearing element. The irregularities are induced by the measurement inaccuracy;
the actual force curve should be very smooth. The measured force is the rest force
after making the suspended weight approximately equal to the bearing force. The
actual bearing force is about 40 N.
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Figure 5.34: Linear approximation of the stiffness of the one-DoF zero stiffness bear-
ing element, derived from the measured bearing force shown in figure 5.33.
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Second, consider the damping as a consequence of eddy currents induced in the
upper iron plate of the test set-up.

The flux density variations depend on the geometry and can be approximated by

ÆB �
3 � Æz � h3

8L4 Br (5.46)

where Æz is the vibration amplitude in m, h the magnet thickness in m, L the air
gap in m and Br the remanent induction of the magnet in T. When Æz is in the order
of magnitude 10�5 m and h and L are in the order of magnitude 10�2 m, ÆB will be
about 10�3 T.

The eddy current power loss now can be approximated by [48]

P �
1
2�

(� � ÆB)2L3A (5.47)

in which � is the specific resistance in Ωm, � is the vibration frequency in rad/s, ÆB
the variations in the flux density in T through the eddy current area A in m2.

Assuming vibrations in the order of 1 Hz, an estimated eddy current area A of
order 10�4 m2 and � � 1 � 10�7 Ωm, the eddy current power loss will become about
5 � 10�10 W. Because

P � F � v � (c � v) � v� c �
P
v2 �

P
ż2 (5.48)

the damping constant c � 10�2 Ns/m. This damping constant is an order of mag-
nitude larger than the damping constant due to air friction, but even here the max-
imum disturbance force as a result of eddy currents will be very low, in the order
of 10�4 N.

������� ����	�


In this test set-up only the position information has been used as an input for the
stabilizing controller. Figure 5.35 shows a block scheme of the test set-up structure.

In order to design a control system for this experimental set-up, first a model of
the zero stiffness bearing has to be built. For each of the blocks in the scheme of
figure 5.35 the transfer function will be estimated.

Zero stiffness bearing

With regard to the stiffness, a simplification has been made to keep the model linear.
A constant stiffness kz � 1 N/m has been assumed, being approximately equal to
the effective stiffness at z � zwp� 1 �m.

With regard to the damping, based on the estimations as described in section 5.4.4.2,
c � 0�03 has been assumed for the damping coefficient.
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Figure 5.35: Block scheme of the structure of the one-DoF zero stiffness bearing
element. In this test set-up only the position z has been used as a controller input.

Together with the mass m � 4 kg this gives an estimated transfer function HZSMB
for the zero stiffness magnetic bearing element in the z-direction:

HZSMB �
z(s)

Fdist(s)
�

1
4s2� 0�03s� 1

(5.49)

which results in a second order behaviour (open-loop), with a resonant frequency
of about 0�5 rad/s.

Lorentz actuator

Because the Lorentz actuator’s electrical time constant � � L
R � 1�7 ms, the band-

width �b �
1
�
� 93 Hz is sufficiently high for not disturbing the dynamics of the

mechanical system. Therefore, the transfer function has been approximated by

Hactuator�
FL

Vact
� 0�8 [N/V] (5.50)

Position sensor

As a position sensor an eddy current sensor has been used with a flat response
up to 20 kHz. Its sensitivity is 11�2 V/mm. To reduce high-frequency noise, the
sensor output has been filtered using a low-pass filter with a cross-over frequency
of 100 Hz (resulting in a time constant � � 1

2��100 Hz � 1�6 � 10�3). This gives for the
sensor transfer function Hsensor:

Hsensor �
11�2 � 103

1� 1�6 � 10�3s
(5.51)

PID controller

The controller has to be designed in such a way that the closed-loop system meets
the following requirements:



5.4. A NEW PERMANENT MAGNETIC BEARING ELEMENT 185

� Stiffness less than 1 N/m

� Position deviation �z� zwp� � 1 �m

� The transmission of noise to the output position has to be minimized

Note that this experimental set-up is an example of a vibration isolating system
according to figure 5.30. The goal is to achieve a low stiffness, while trying to keep
the supported object close to the optimum working point.

After some calculations, the transfer function for the controller is set to

Hcontroller � 3�6 � 10�6 s� 0�11
s� 6�58

(5.52)

which stabilizes the zero stiffness bearing by adding a (virtual) stiffness and damp-
ing. The problem in this experimental set-up (where only position feedback has
been applied) is that the control action is too weak to keep the maximum position
error within 1 �m. Increasing the gain to achieve the 1 �m position error limit in-
creases the eigenfrequency to 10 Hz, which is too high to meet the requirements.
From this it can be concluded that position feedback only is not sufficient to control
the zero stiffness bearing element. Therefore, an acceleration feedback and possi-
ble also velocity feedback will be necessary. Because a velocity feedback introduces
virtual damping and an acceleration feedback introduces virtual mass, the latter is
preferable (see also table 5.4 on page 169).

������� ������	 
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From the investigation of this experimental 1-DoF zero stiffness bearing the follow-
ing conclusions can be drawn:

1. Zero stiffness in bearing elements is feasible using permanent magnets. The
measured test results are in accordance with the theory and the simulations.
The test set-up showed a bearing force around 40 N in the working point and
a stiffness kz � �4 N/m for Æz � �5 �m. This is comparable to pneumatical
vibration isolation systems.

2. The main advantage of using magnets in a bearing element is that the bearing
has no mechanical contact and that there are no disturbing internal eigenfre-
quencies. The additional advantage of using permanent magnets is that there
is no external power supply required, and that there is no heat-generating
dissipation of energy, except for possible eddy current losses.

3. The achieved zero stiffness working point is marginally stable. Therefore, a
controller is needed to keep the bearing element in its working point.
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4. In practice, the position feedback cannot be made arbitrarily small because
it is related to the magnitude of the disturbing forces that have to be com-
pensated for. This causes a too high virtual stiffness. Therefore, acceleration
feedback might be considered to create also a virtual mass (which results in
smaller amplitudes and a lower eigenfrequency). Possibly also a certain ve-
locity feedback will be desird in order to realize a virtual damping. Eventu-
ally, a compromise has to be found between sufficient vibration isolation and
allowable disturbance amplitude.
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After realizing zero stiffness in permanent magnetic bearings in one degree of free-
dom, the next step is to extend the motion range of the bearing in one dimension.
This would enable a long range displacement in one degree of freedom (e.g. the x-
direction) while maintaining the vibration isolation properties in most of the other
degrees of freedom.

In this section, first the theoretical modeling of these linear bearing elements will
be discussed. After that, the design and test will be presented of an experimental
straight motion system that has zero stiffness in both the travel direction (x) and
the vertical direction (z).
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The radially symmetrical set-up as depicted in figure 5.9 can also be considered as
being a cross section of a linear bearing, where the upper and lower parts connected
to the world have infinite length and the middle, floating, part has a length in the
same order of magnitude as its width.

It will be plausible that there will be a zero stiffness working point in this configu-
ration as well. However, there is at least one significant difference.

When recalling figure 5.24 and appendix A, comparing the configurations with and
without ferromagnetic material, it is clear that in this linear case always kx � 0,
provided that the upper and lower magnet arrays are sufficiently long. That means
that, because kx � ky� kz � 0, here ky � �kz. For this setup, when the geometry is
optimized for zero stiffness in the vertical direction (kz � 0), there will be a negative
or zero stiffness in the lateral, horizontal, direction (ky � 0). When in the magnet
configuration only materials having �r � 1 are applied, then ky � 0. The more
ferromagnetic material (having �r � 1) is applied, the more negative ky will be.

However, an iron yoke is desired to minimize stray fields and to shield the bearing
element from disturbing external electromagnetic influences. To minimize the lat-
eral stiffness effect mentioned above, it is recommended that the suspended magnet
‘sees’ as little iron as possible. Therefore, to reduce lateral stiffness, it is better that
also the upper part is provided with a magnet array, although for the generation of
the attracting part of the vertical force an iron yoke would have been sufficient.

Based on these considerations and using magnet dimensions that are standard
available, the experimental model as described in section 5.5.2 has been designed.

A possible method to improve the vibration isolation properties also in the lateral
y-direction, is to change the geometry in such a way that the lateral stiffness ky

becomes equal to zero in the same point where the vertical bearing stiffness kz is
zero. This is illustrated in figure 5.36. Using a FEA model, as displayed there, as
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an example, the force–displacement characteristic has been calculated in a certain
vertical (z) range and a certain horizontal (y) range simultaneously, resulting in a
matrix of values for Fy(y� z) and Fz(y� z). After that, the minimum value for every
Fz can be approximated at y � 0 by fitting a sixth order polynomial through the
data. Subsequently, at the calculated height zwp the corresponding Fy(y� z � zwp)
can be approximated by interpolating the known values for Fy(y� z). After that,
the distance between the lower two magnets is increased symmetrically, so that
the lateral stiffness will become less negative (although the vertical stiffness will
change as well). Then the FEA procedure is repeated to get other sets of Fy�z(y� z).
This iterative process will lead to a value for the magnet distance for which the
vertical working point coincides with the point where the lateral stiffness is equal
to zero.

Figure 5.36: Example of a linear permanent magnet configuration (cross section),
used in an FEA in order to investigate whether it is possible to make ky equal to
zero in the working point where kz � 0. The center magnet moves in y (left/right)
and z (up/down), while the forces Fy and Fz are calculated. The horizontal distance
between the lower two magnets, d, is increased from 4 mm to 6, 8, 10 and 12 mm,
as shown in figures 5.37 and 5.38. The air gap above and below the center magnet
in its central position is 2 mm in this picture.

The results of these calculations can be found in figures 5.37 and 5.38. Except for
the obvious outliers and inaccuracies, caused by the limited accuracy of the FEA,
the figures give a good impression of the behavior of the linear bearing element.
Indeed it appears that with an increasing gap between the lower magnets the lat-
eral stiffness in the working point changes from negative to positive. Compare for
instance the graphs for d � 4 mm and d� 8 mm in figure 5.38.

These results seem to contradict the theory as discussed in appendix A about lateral
stiffness and �r �� 1. Based on this theory the lateral stiffness ky is expected to be
negative when both kz and kx are equal to zero and when there is high-�r material
near the force generating magnets. A possible explanation is that in this configura-
tion the ferromagnetic parts have sufficient distance to the suspended permanent
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Figure 5.37: Values for the vertical bearing force Fz(y� z), obtained from the FEA.
The values for d refer to the horizontal distance between the lower two magnets, as
depicted in figure 5.36. The scales are identical; the forces are displayed in N per
meter length perpendicular to the cross-section. For each d there appears to be a
point zwp at y � 0 where dFz

dz � 0.
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Figure 5.38: Values for the lateral force Fy(y� z), obtained from the FEA. The values
for d refer to the horizontal distance between the lower two magnets, as depicted in
figure 5.36. The scales are identical; the forces are displayed in N per meter length
perpendicular to the cross-section. It appears that for d� 6 mm the lateral stiffness
becomes equal to zero while z � zwp.
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magnet, so that their influence on the stiffness will be small.
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Based on the principle of permanent magnetic zero stiffness as described in sec-
tion 5.4 and the considerations in section 5.5, a linear version of this bearing element
has been designed. In this section, an outline of this design will be presented. Un-
fortunately, due to lack of time, the straight motion system designed in this section
has not been completely realized. Therefore, experimental data is not available, ex-
cept for the permanent magnetic bearing unit, which has been built and tested. At
the Laboratory for Micro Engineering, research activities and experiments on this
subject are continued.

A sketch of the bearing principle is given in figure 5.39. The guidance base consists
of four linear magnet arrays kept together by an iron yoke. The moving part of
the bearing element contains an aluminum frame and two magnets. All magnets
are 30� 8�5� 2 mm3 NdFeB magnets. In figure 5.40 a cross-sectional view of the
experimental set-up is given. An overview sketch of the bearing system is shown
in figure 5.41.

Figure 5.39: Principle sketch of a permanent magnet configuration for application
in a linear bearing system. Similar to the configuration as sketched in figure 5.9,
there is a working point where the vertical stiffness, kz, is equal to zero, while a net
vertical force is generated. However, in this linear configuration such a working
point exists for every x. Because, when the guiding magnet arrays are sufficiently
long, no force is generated in the x-direction, the horizontal stiffness kx is equal
to zero. In the y-direction the stiffness depends on the presence of a possible iron
yoke (which is not shown here, but in most cases this will be desired for magnetic
shielding purposes). When all materials near the bearing element have �r � 1, also
the lateral stiffness, ky, will be equal to zero.

Based on a finite element analysis it is estimated that the lateral stiffness (in the
y-direction) is negative but rather small, in the order of �103 N/m. To overcome
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Figure 5.40: Cross section through the yz-plane of the experimental linear zero stiff-
ness magnetic bearing. The bearing element is located in the center. At the sides,
twelve yokes (of which six are visible in this cross section) have been added to gen-
erate Lorentz forces needed for propulsion and control in all six degrees of freedom.
These yokes, together with the balance mass, have been located in such a way that
all resulting force vectors go through the center of gravity. The necessary sensor
system has been omitted in this figure. In order to realize a vibration isolated po-
sitioning system according to figure 5.30, the sensors should measure the position
relative to a straightness reference that has no position coupling to the world. This
aspect is left out of consideration here.
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Figure 5.41: Overview sketch of the linear zero stiffness magnetic bearing system.
Clearly visible are the magnet arrays and the coil arrays in the x-direction and some
of the C-shaped Lorentz actuator yokes attached to the moving table.
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this negative stiffness, active control will be necessary. To avoid the generation of a
virtual stiffness coupling by the actuators needed for this active control, a Lorentz
type of actuator is the most suitable, as is already discussed in the previous sections.
Because the bearing element has no inherent stability in any degree of freedom (all
stiffnesses are equal to zero or slightly negative), a 6-DoF control has to be applied.

To enable unlimited travel range in the x-direction all control force generating el-
ements (Lorentz actuators) have to be designed in such a way, that either an arbi-
trarily large number of coils can be linked (as is the case for the y- and z-actuators),
or commutation is possible. Commutation will only be necessary in the x-direction,
when a travel range larger than the coil pitch is desired. This is explained further
in figure 5.42.

Figure 5.42: Schematic drawing of the coils and yoke parts for the generation of a
Lorentz force. A. Front view and side view of an actuator generating a force in the
z-direction. By choosing the yoke width equal to the coil width, the force will be
constant and independent on x. In this configuration, an arbitrarily large number of
coils can be used to create any desired travel length in the x-direction. An identical
configuration (but rotated 90 degrees around the x-axis) is used for the y-direction.
B. Front view and side view of an actuator generating a force in the x-direction.
Because the force generating parts of the coils are perpendicular to the direction
of travel, it is necessary to switch the direction of the current through the coils
dependent on the x-position (i.e. to apply commutation), in order to prevent the
generated force from changing sign. Moreover, the additional second yoke must
be shifted half of the coil pitch in order to give a constant resultant force, as is
illustrated in the lower graph.

As a sensor system, a single-beam laser straightness sensor has been chosen, which
has been presented in section 2.2.2.2. Together with an optional measurement sys-
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tem for the x-direction, this leads to a 6-DoF controlled linear motion system that is
virtually isolated from external vibrations.
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In section 5.4.3.4 the theoretical modeling of a zero stiffness permanent magnetic
bearing has been discussed. Based on the model structure derived there, a model
for this experimental linear version has been made. The goal is to build a model
that predicts the parasitic forces and stiffnesses, in order to be able to compensate
for these undesired effects in the final controller.

The eventual closed-loop positioning system has two important properties: the
tracking performance and the disturbance sensitivity. The first one has to be as high
as possible, the second one has to be as low as possible. The disturbance sensitivity
can be minimized by minimizing the effective stiffness. This is realized by means of
feedforward corrections in the actual controller, which are described hereafter. The
part of the controller dealing with tracking performance is left out of consideration
here.

First, the bearing forces of the linear bearing element have been measured. In fig-
ure 5.43 a sketch of the measurement set-up for the y-direction is given. The force in
the z-direction has been measured in a similar way. The figures 5.44 and 5.45 show
the outcome of the measurements of the force in the (vertical) z- and (transversal)
y-direction of the central bearing element, from which the stiffness ky and kz in the
working point can be derived.

Figure 5.43: Schematical test set-up for measuring the force, generated by the linear
bearing element, in the transversal y-direction. The force in the z-direction has been
measured in an analogous way.

Due to the relatively long stroke in the x-direction, the stiffness kx can be assumed
to be zero, at least near the center of the linear guidance. At the point where kz � 0
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it appears that ky � �8�2 � 103 N/m. This is in accordance with the expectations,
because there is ferromagnetic material (�� 1) present in the magnetic circuit of
the bearing element.

30

32

34

36

38

40

42

44

46

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

z [mm]

F
z 

[N
]

-4

-3

-2

-1

0

1

2

3

4

k z
 [N

/m
m

]

Force Fz
Stiffness kz

kz

Fz

Figure 5.44: The measured force Fz and the stiffness kz of the linear zero stiffness
bearing element, as presented in the figures 5.40 and 5.41, in the z-direction, with y
centered.

Figure 5.46 gives an overview of the entire compensator system block scheme as
it is modeled in Simulink. To the left are three groups of four inputs, representing
the current from each quadrant of the three QPDs that form the detector part of the
single laser beam straightness sensor (see section 2.2.2.2). They are labeled green,
red and blue, respectively, while the four quadrants in turn are labeled red, green,
blue and yellow. The output of the individual quadrants of each QPD results in a
local (x� y) pair, representing the location of the laser spot’s mean intensity. These
(x� y) pairs are converted to orthogonal coordinates y, z, �x, �y and �z, represent-
ing the location and orientation of the moving table’s center of gravity, in- order
to construct a feedforward compensator that consists of five independent elements
instead of one multivariable structure. To the right are the five outputs for each of
the five degrees of freedom that have to be addressed. After these outputs, another
transformation matrix (not shown in figure 5.46) has to be placed, which converts
the control signals to the actual driving signals for each of the actuators. The con-
troller for the x-direction, the direction of propulsion, has been left out of consid-
eration here, because it is less interesting from zero stiffness bearing point of view.
The reason that the x-signal still is present in the calculations is that the measured
signals for the rotations �y and �z depend on x. Hereafter the main parts of the
compensator system will be described.

The five parallel conmpensator blocks for each of the five degrees of freedom will
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Figure 5.45: The measured force of the linear zero stiffness bearing element, as
presented in the figures 5.40 and 5.41, in the y-direction, at z � zwp. The value of
zwp was determined from figure 5.44. The graph shows that the lateral stiffness is
nearly linear, ky � �7 � 103 N/m.

be shortly described here (except the controller for the x-coordinate, which is less
interesting from zero stiffness bearing point of view). An overview of the five block
schemes is given in figure 5.49. To clarify the derivation of the influence of the
angular deviations, in figure 5.48 some sketches are drawn.

Cntr y: The compensator for the y-direction has been designed in such a way that
the negative stiffness ky is eliminated by a positive stiffness. Therefore, the
compensating force equals

Fy(y)� �ky � y (5.53)

Cntr z: The block for the z-direction consists of a ‘feedforward compensator’,
which provides a correction force of magnitude

Fz(z)� �� � z2 (5.54)

so that the non-linear behavior of the bearing element in the z-direction is
eliminated in first order.

Cntr Rx: A rotation around the x-axis does not result in a moment, but only in a
parasitic force that works in the z-direction. This force can be approximated
in first order by

Fz(�x) � 2 � �(z� zwp)2
�

�b2

2
��

2
x (5.55)
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Figure 5.46: Overview of the entire block scheme of the feedforward compensation,
necessary for the position controller to minimize the vibration transmission. To the
left are three groups of four inputs, representing the quadrants of the three QPDs
that form the detector part of the single laser beam straightness sensor. To the
right are the five outputs for each of the five degrees of freedom that have to be
addressed.
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Figure 5.47: The coordinate transform, part of figure 5.46, that converts the outputs
of the QPDs to the actual coordinates of the moving table. Note that in the block
schemes the name ‘Ri’ has been used instead of �i. The outputs ‘y1’ and ‘Ry1’ are
redundant and might be used for verification purposes.
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Figure 5.48: Simplified sketches of one half (in the y-direction) of the permanent
magnetic linear bearing element. The figures refer to the description of the feedfor-
ward compensator equations in Cntr Rx, Cntr Ry and Cntr Rz.

in which b is the width of a single magnet in the y-direction.

Cntr Ry: The compensator for �y resembles that for �x. Also here, a force in the
z-direction is generated as a result of a rotation �y. This force is approximated
by

Fz(�y)� 2 � cos�y

� l
2

s�� l
2

�(s�y)2ds� 2 � cos�y��
2
y

�
1
3

s3
� l

2

�

l
2

� 2 �

�l3

12
��

2
y cos�y

(5.56)
where l is the length of a magnet in the x-direction. Besides that, a force in the
x-direction is generated, which is equal to

Fx(�y)�
Fz(�y)
tan�y

� 2 �

�l3

12
��

2
y sin�y (5.57)

In practice, the increasing effect on Fz due to the quadratic force curve (Fz �

�z2) will partially outweigh the decreasing effect due to cos�y � 1.

Cntr Rz: Because the lateral stiffness ky is not equal to zero, a force in the y-
direction will be generated as a result of a rotation around the z-axis. This
force is approximated by

Fy(�z)�
� l

2

s�� l
2

s2
�zkyds � ky�z

�
1
3

s3
� l

2

�

l
2

�

kyl3

12
��z (5.58)
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Figure 5.49: Overview of all five parallel controllers (parts of figure 5.46) for the five
degrees of freedom.

In figure 5.50 the block scheme of the feedforward compensation is given. It simply
generates a signal for the correction force in the z-direction, being equal to Fcorr� � �

z2. Here it is assumed that the force–displacement curve of the vertical bearing force
is parabolic, which is a fair first order approximation. By applying this feedforward
compensation, the largest part of the non-linear effect will be eliminated, which
simplifies the other controller parts.

Figure 5.50: Block scheme of the feedforward action added to some of the con-
trollers described above. The force–displacement curve of the bearing element in
the z-direction is here assumed to be quadratic.

In table 5.5 a summary of the most important parameters is shown. Due to lack of
time the experimental set-up has not been finished completely, so that only a part of
the desired measurement values could be collected. However, that part of the data
obtained matches the expectations based on calculations and simulations. At the
Laboratory for Micro Engineering, one of the currently running projects continues
the research in the field of linear positioning, using the permanent magnetic zero
stiffness principle presented in this section.
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Table 5.5: Calculated and/or measured data from the linear zero stiffness perma-
nent magnetic bearing. Of the system designed in this section only the permanent
magnetic bearing unit has been built. Because of this, some values (that should
have been measured in a practical test set-up) are missing.
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1. By means of zero stiffness bearings or actuators, vibration isolating properties
can be incorporated in feedback controlled positioning systems.

2. Electromagnetic reluctance actuators are not specifically suitable for zero stiff-
ness positioning. Their application requires a large amount of control effort.

3. Lorentz actuators essentially have zero stiffness. Therefore, they are suitable
for zero stiffness positioning applications. Their largest disadvantage is the
dissipation of energy, and thus the generation of heat, when a static force has
to be generated.

4. The concept of permanent magnetic zero stiffness bearings presented in this
chapter, is feasible. The advantage with respect to Lorentz actuators is that
permanent magnetic bearings do not dissipate energy while generating a
static force.

5. The permanent magnetic zero stiffness bearing requires active control. The
neutral equilibrium having marginal stability has to be maintained by means
of position feedback and (preferably) acceleration feedback. When used
merely as a vibration isolating system, a compromise has to be found be-
tween stability and vibration transmissibility, just like conventional vibration
isolating systems. When used as a vibration isolated positioning system, follow-
ing an external reference, the tracking performance and the isolation quality
both can be optimized at the same time.
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6. The concept of the zero stiffness bearing element can be extended to a linear
motion system, so that a contactless straight motion system can be designed,
having vibration isolating properties in one or more degrees of freedom.
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In this chapter, general concluding remarks will be made. Besides these general
conclusions, most sections in this thesis also have a paragraph containing a more
detailed evaluation.

Section 6.1.1 contains the main conclusions of the research described in this the-
sis. The sections 6.1.2 and further give the less important—although relevant—
concluding remarks, grouped according to subject, mainly following the chapter
division. The numbers in the margin refer to the corresponding sections.

����� ���� �	��
���	��

1. A modular approach in designing and improving straight motion systems is
effective. Using relatively simple means—commercially available actuators,
a simple sensor system, mechanical parts having tolerances of about 0�1 mm,
standard feedback control theory—the positioning accuracy of an experimen-
tal straight motion system has been decreased from typically 10 �m to less
than 1 �m. Straightness error compensation by means of feedback control en-
ables operation of straight motion systems in the sub-micrometer range. Us-
ing only conventional technology, this sub-micrometer performance would
have been possible only under very strict conditions with regard to e.g. me-
chanical load and thermal influences.

2. The straightness performance of feedback controlled positioning systems is
determined to a large extent by the sensor system and the accompanying
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straightness reference. Therefore, it is necessary to pay much attention to
the choice of both the sensor and the reference. Calibration techniques like
straightedge reversal are useful when the straightness reference has a long-
term form stability better than the required accuracy tolerance.

3. In closed-loop high-precision positioning, it can be very advantageous to aim
for force control instead of the usual position control. This requires position
(and possible velocity and acceleration) feedback, while ideally the stiffness
coupling—relating position and force—is eliminated. Essential in this ap-
proach is the use of zero-stiffness actuators, because they incorporate the sep-
aration between force and position. The application of non-zero-stiffness ac-
tuators would make very high demands on the controller performance. By
means of zero-stiffness actuators, it becomes possible to create a virtual stiff-
ness between two independent objects, which both can be isolated from envi-
ronmental vibrations.

4. When regarding the development from simple mechanical guidances
via high-end (open-loop) mechanical guidances towards advanced active
(closed-loop) straight motion systems, the following types of systems can be
distinguished.

Simple open-loop systems: In the most straightforward open-loop straight
motion systems, position errors are mainly caused by

(a) guidance imperfections
(b) bearing irregularities
(c) external forces
(d) thermal expansion
(e) wear
(f) external vibrations

High-quality open-loop systems: By spending much effort to reduce guid-
ance imperfections, bearing irregularities and thermal deformations,
higher accuracy can be achieved. However, the influence of external
forces and vibrations remains, and there is no real-time information about
the actual straightness errors. Therefore, to guarantee a high accuracy,
strict conditions have to be met, with respect to vibrations and external
forces.
An example of an improved open-loop straight motion system is given
in section 4.4, where a high-stiffness passive bearing has been presented.

Closed-loop systems, quasi-statical operation: This kind of systems result
when a straight motion system from one of the previous categories is
augmented by a feedback controlled reduction of straightness errors. In
these systems, the control loop eliminates or reduces the influence of the
mechanical errors. The demanding problems will be transferred from
the mechanical domain towards the electronics and control engineering
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domain. The sensor resolution is the most important limiting factor for
the positioning accuracy.
In this thesis, this has been shown in section 4.2. The reduction factor
of the disturbances also depends on the actuator stroke, because at low
frequencies virtually every position error occurring within the control
range can be eliminated. The 25 �m actuator stroke together with the
0�2 �m sensor resolution gives a maximum reduction factor 125.

Closed-loop systems, dynamical operation: Like in the previous—quasi-
statical—category, the sensor resolution is the most important limiting
factor, but now also the control bandwidth (limited by internal structural
dynamics) and environmental disturbances c.q. vibrations become impor-
tant.
In this thesis, for the specific straight motion system described in sec-
tion 4.2, it appears that also the stacked piezo actuator’s hysteresis (be-
ing a part of the internal structural dynamics) has a negative influence
on the system’s closed-loop bandwidth.

Closed-loop systems, zero-stiffness: A further improvement in positioning
accuracy can be realized when the mechanical coupling to the world is
eliminated by means of zero stiffness actuators, so that a force controlled
positioning system results, insensitive to the position of each actuator
relative to the world. In that case, only the internal error sources limit the
performance, but the errors that are generated within the positioning
system itself often are small or well known.
Applying the permanent magnetic zero stiffness bearing principle, pre-
sented in chapter 5, a very compact suspension system can be realized,
having a stiffness that is virtually equal to zero.
When a permanent magnetic zero stiffness bearing element is added to
a zero stiffness actuator like a Lorentz actuator, a versatile actuator re-
sults, which combines vibration isolation with control force generation.
This type of actuators is very useful in high-precision positioning ap-
plications, where external position disturbances (i.e. vibrations) would
have a too large disturbing influence on the positioning of two objects
relative to each other.

����� ����	
����� ��� ������ �� �������

1. Position sensors are of crucial importance in feedback controlled positioning
systems. In many applications, the performance of the sensor limits the per-
formance of the entire closed-loop system.

2. In most cases measuring straightness is realized by measurement of positions
in five degrees of freedom, so that five position sensors form one straight-
ness sensor. This implies the application of a coordinate transform algo-



208 CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

rithm, when a decoupled controller—consisting of five independent simple
controllers instead of one complex multivariable controller—is desired.

3. In this thesis two new, low-cost straightness sensors have been presented. The
first one is a capacitive sensor, consisting of five electrodes, a multiplexer and
oscillator ASIC, resulting in a compact sensor unit measuring five degrees
of freedom quasi-statically, having a resolution in the order of 0�2 �m. The
second one is an optical sensor, consisting of three quadrant cell photodiodes
together with several glass components, enabling the detection of five degrees
of freedom of a moving object, using only one laser beam. This optical sensor
also can have a sub-micrometer resolution.
Besides these two straightness sensors, also a novel sensing principle has been
investigated, or rather a new combination of two capacitive sensing methods.
The application of a position sensor having a low-pass characteristic and a
velocity sensor having a high-pass characteristic results in a position and/or
velocity sensor having a wide bandwidth (� 1kHz), good accuracy (sub-�m)
and low cost.

4. Capacitive sensors are suitable for high-precision straight motion systems.
Using simple electrode structures, straightness deviations can be measured
relative to a reference bar. Due to the spatial averaging, the roughness of the
reference bar does not influence the quality of the straightness measurement.

5. The most important requirement to straightness references is form stability.
A known form stability enables calibrating the remaining straightness errors
of the reference itself, by means of e.g. reversal techniques. However, even
without such a calibration, absolute repeatability can be achieved. Preferably,
a straightness reference is included in a metrology frame, so that no external
forces act upon it.

6. There is a trend visible concerning miniaturization of position sensors to-
wards the IC level, resulting in integrated sensor elements together with all
necessary signal conditioning electronics in a relatively small volume, which
can be produced in large quantities for a low price. In the near future very
compact, low-cost and accurate sensor systems can be expected to become
available.

����� ����	
����� ��� ������ �� �
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1. From literature research it appears that there are very few straight motion sys-
tems that work in the sub-micrometer or nanometer range. For open-loop sys-
tems, sub-micrometer straightness only can be realized under very strict con-
ditions. In particular, it appears to be very difficult to obtain sub-micrometer
accuracy in combination with a travel range in the order of 100 mm.
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2. None of the systems currently known meets all the specifications required for
operation on nanometer scale with a travel range in the order of 100 mm.

3. To enable working in the accuracy range of 1 � � �100 nm—below current man-
ufacturing accuracy—feedback control appears to be indispensable, in order
to cope with mechanical disturbances and deformations. By means of feed-
back controlled straightness error compensation, a system’s positioning per-
formance can be made virtually independent on mechanical error sources
including manufacturing inaccuracies, external forces, thermal effects and
wear.

����� ����	
����� ��� ������ �� �������� ������		�� ��������
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1. The application of a straightness error compensating feedback control system
increases the complexity and cost of the total system, but results in a net im-
provement of the performance. In the experimental system described in this
thesis, which is based on a coarse bearing system having straightness errors
in the order of 10 �m, the straightness errors of the positioning table are re-
duced to less than 0�5 �m (which is close to the sensor’s resolution) relative
to a straightness reference.

2. Stacked piezo actuators are suitable for precision positioning purposes. How-
ever, the performance may be limited due to hysteresis and/or amplifier
properties like current limitation or slew rate.

3. The current level of knowledge in the field of control engineering is sufficient
for precision positioning purposes.

4. By means of electromagnetic bearing technology it is possible to integrate several
parts of a feedback controlled straight motion system. The guidance can be
simple, without special surface machining, while the bearing and the actuator
system can coincide, as well as the carriage and the top table (see the block
scheme in figure 4.3 on page 80). The sensor system, which is indispensable in
electromagnetic bearings, can be chosen as good as is needed for the desired
accuracy.

5. From earlier research it was known that the piezo inertial sliding motion
(ISM) principle is suitable for high-precision positioning and for multi-
degrees of freedom positioning with a relatively long stroke in one or more
degrees of freedom. Although, when using the piezo ISM principle, best re-
sults can be achieved applying hard bearing surfaces with wear resistant coat-
ings, this sliding motion also can be realized applying only low-cost standard
materials like steel and glass for the bearing surfaces. Due to the less opti-
mal conditions for friction and wear, the allowed load will be less. Also the
maximum velocity achievable will be lower, in the order of 50 �m/s.
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6. A simple sliding bearing using high viscosity grease as a lubricant, is very
suitable as a high-stiffness base for a low-velocity straight motion system hav-
ing nanometer resolution. The experimental high viscosity grease bearing,
presented in this thesis, combines high dynamic stiffness (typically 109 N/m),
virtually zero static stiffness, high damping (typically 105 Ns/m), strong spa-
tial averaging (the straightness errors are 10 to 100 times smaller than the
form errors of the mechanical components) and smooth motion. It enables
open-loop sub-micrometer straightness at low travel velocity (� 1 mm/s).

����� ����	
����� ��� ������ �� ���� �������� �������

1. Actuators having zero stiffness or near-zero stiffness are suitable for closed-
loop controlled positioning systems that require vibration isolation. When
applying zero stiffness actuators, the stiffness properties of the closed-loop
system are fully determined by the control system.

2. Bearing irregularities can be regarded as external disturbances (vibrations),
acting on the actuator system, that depend on the travel velocity. These irreg-
ularities do not influence the positioning performance when vibration isolating
actuators are applied.

3. Actuators having a stiffness much larger or much smaller than zero, can be
applied in vibration isolation systems, but this is not an optimal choice in
both cases. The requirements to the controller are high, due to the model-
based stiffness compensation that is necessary to eliminate the actuator’s own
stiffness, which hampers proper vibration isolation.

4. Lorentz actuators are suitable for vibration isolation of relatively lightweight
objects. They can have a stiffness that is essentially zero. The most important
drawback is the heat dissipation when a statical force is required.

5. In this thesis, a new permanent magnetic zero stiffness bearing has been pre-
sented. It generates a statical force, while the stiffness is equal to zero in a
working point. Around the working point, the stiffness is approximately pro-
portional to the displacement from the working point. Thus, within a certain
working range, a force can be generated that is virtually independent on the
relative position between the suspended object and the world. No external
energy is required and no heat is generated, which is an advantage compared
to Lorentz actuators. This type of bearing element is marginally stable, so that
closed-loop operation is required.

6. By means of the permanent magnetic zero stiffness configuration presented in
chapter 5, it becomes possible to integrate vibration isolation properties in a
compact contactless bearing element. Besides nearly ideal vibration isolation
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this also results in a redistribution of mechanical couplings: the force cou-
pling to the world is maintained whereas the position coupling is removed.
This offers interesting possibilities from the control engineering point of view,
since a virtual position coupling to any desired reference object can be created
by means of an additional control system.

7. Earnshaw’s theorem does not conflict with zero stiffness bearings using per-
manent magnets, because it allows the situation that there is a neutral equilib-
rium in all degrees of freedom. Only in the case that ferromagnetic material is
present within the magnetic field, negative stiffness will occur in one or more
directions.

8. It appears to be possible to design a permanent magnetic bearing element
according to the principle introduced in this thesis, in such a way that it has a
long stroke in one degree of freedom—enabling straight motion—preserving
the (zero) stiffness behavior in all degrees of freedom.

��� �������	
���	�

1. Further research should be done in the field of precision positioning using the
zero stiffness principle for the integrated bearing and actuator system. The
most important application will be the virtual coupling (by means of force
control instead of position control) between an object to be positioned and a
reference object, while both objects can be isolated from external vibrations.
The most demanding subject of research will be the optimization of the (non-
linear) control system, in order to achieve zero stiffness properties in a larger
working range.
A possible industrial application is a so-called wafer scanner for IC lithog-
raphy, where both the wafer stage and the reticle stage could contain a very
accurate and stable positioning system based on zero stiffness actuators. Be-
sides that, the active vibration isolation of the wafer scanner’s metrology
frame, having a mass larger than 1000 kg, might be improved by means of
permanent magnet bearing units.

2. The long-term behavior of NdFeB permanent magnets in a continuous repuls-
ing situation should be investigated.

3. There is a growing industrial interest in high accuracy linear and planar posi-
tioning systems having a high degree of inherent vibration isolation. There-
fore, the possibilities to combine the zero-stiffness permanent magnetic bear-
ing (as described in section 5.4) with the planar active magnetic bearing con-
cept (as described in section 3.6.3), should be investigated.

4. The possibilities to exploit the high dynamic stiffness and straightness error
averaging of the grease bearing, as proposed in section 4.4, should be investi-
gated further.



212 CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

5. Much effort has still to be spent in the development of compact and low-cost
(IC-size) position sensors, since they are often the limiting factor in feedback
controlled positioning systems.
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For the field, generated by permanent magnets, the Laplace equation holds for the
magnetostatic energy W:

�
2W � 0 (A.1)

which also can be written as

�2W
�x2 �

�2W
�y2 �

�2W
�z2 � 0 (A.2)

A magnetic object in such a field can be in a state of equilibrium only if the net force
acting on it is zero, i.e. if the resultant forces in the x-, y- and z-direction are equal
to zero. This can be written in terms of energy as follows:

�W
�x

� 0�
�W
�y

� 0�
�W
�z

� 0 (A.3)

For a stable equilibrium there is an additional requirement:

�2W
�x2 � 0�

�2W
�y2 � 0�

�2W
�z2 � 0 (A.4)

which clearly is in contradiction with equation A.1. This result is known as Earn-
shaw’s theorem, who first published this in 1842 [14]. In words, this theorem states:
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For a pole placed in a static field of force it is impossible to have a posi-
tion of stable equilibrium, when an inverse square law relates force and
distance.

In 1939, Braunbek [9] worked out the practical consequences of Earnshaw’s theo-
rem for magnetic bearings.

Two important notes have to be made:

1. The theorem also prohibits the situation of an unstable equilibrium in all di-
rections, unless soft magnetic material (i.e. material having �r � 1) is present
(see section A.2).

2. The theorem does not exclude the situation that there is a neutral equilibrium in
all directions. This aspect will appear to be very important for zero stiffness
applications.

In terms of Fx, Fy and Fz, the Laplace equation from A.1 is equivalent to

�Fx

�x
�
�Fy

�y
�
�Fz

�z
� 0 (A.5)

When stiffness is defined as

kx � �
�Fx

�x
(A.6)

then equation A.5 can be rewritten as

kx� ky� kz � 0 (A.7)

In the case of a rotational symmetric configuration around the z-axis, the radial
stiffness krad is

krad � kx � ky (A.8)

from which follows, in combination with equation A.7, that

krad � �
1
2

kz (A.9)

��� �����	�	
 ���	�
� ����� �	� ��������	�
�

��
�����

In the presence of soft magnetic or ferromagnetic material, e.g. iron, having a rel-
ative magnetic permeability �r � 1, the behavior described above is substantially
different [79]. The induced magnetization in the soft magnetic material results in
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a decreased magnetic energy, because that material ‘absorbs’ a part of the field en-
ergy to align its magnetization parallel to the applied field. Now, the stiffnesses
from equation A.4 can be rewritten as

k�

i �
�2W�

�i2
(A.10)

in which i � �x� y� z� and W� � W due to the energy loss, so that

k�

i � ki (A.11)

and equation A.7 becomes
kx� ky� kz � 0 (A.12)

In the special case that there is rotational symmetry around the z-axis, equation A.9
becomes

krad � �
1
2

kz (A.13)

In an analogous way it can be shown that in the case of �r � 1 the equations A.7
and A.12 become

kx� ky� kz � 0 (A.14)

which means that in that case a stable equilibrium is possible. Materials having
�r � 1 are diamagnetic materials like water, most organic materials, graphite etc.,
where �r is slightly smaller than 1, or superconducting materials, which can be
considered as having �r � 0.

These considerations lead to the conclusion that for the realization of a bearing
element having zero stiffness in all degrees of freedom, only hard magnetic material
(�r � 1) may be used. In practice, most permanent magnetic materials have a �r

slightly larger than 1, so that the sum of the translational stiffnesses will be slightly
less than zero.

When zero stiffness is required in one direction only, soft magnetic materials (�r �
1) may be used—for example, to increase the bearing force, or to shield the bearing
element or the environment against disturbing magnetic fields—at the expense of
stability in the other directions.

��� ������	 
����



In all the above discussion the angular stiffness is left out of consideration. A sim-
ilar approach can be made for rotations as well. However, Earnshaw and Braun-
bek [14, 9] finished their calculations after proving that even the first requirement
for mechanical stability could not be satisfied. They did not pay attention to the
moment equations. Nevertheless, since we want to realize a neutral equilibrium
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in six degrees of freedom, the moment equilibrium is of equal importance as the
force equilibrium. Therefore, some attention will be paid here to the angular stiff-
ness. This will be done in a qualitative way, without paying much attention to the
theoretical calculations.

When considering the rotational stiffnesses, a clear example is a small permanent
magnet, placed in a homogeneous magnetic field. It is obvious that there are no
forces working upon the magnet, since the magnetic energy W remains constant for
any ∆x, ∆y and ∆z and thus Fx �

�W
�x � 0 (which holds analogously for y and z).

But, although there are no net forces on the magnet, there may occur a net moment.
This moment or torque T depends on the direction of the magnetization �m relative
to the magnetic field �B and the magnitude of the field. When �m and �B both are in
the x� y plane, the moment can be expressed as

Tz � mB sin� (A.15)

In general vector notation it is written as follows:

�T � �m� �B (A.16)

which is equal to zero if the direction of �m is parallel to �B. It can be seen easily
that there will be a positive rotational stiffness—a torque T is generated that works
opposite to the angle �—when the angle � between �m and �B is smaller than 90Æ,
and a negative rotational stiffness when that angle is larger than 90Æ.

From this thought experiment it can be concluded that the rotational stiffness is in-
dependent on the translational stiffness. This is only partly true, since this example
considers the situation that the translational stiffnesses all are equal to zero, so that
indeed there is no relation possible. But it is important to realize that, when all
translational stiffnesses are equal to zero, the rotational stiffnesses are not necessar-
ily equal to zero.

Now let us make the example a little more difficult by assuming that the field is
not homogeneous. Consider a permanent magnet, fixed to the world, having a mag-
netization vector in the positive z-direction. Now another permanent magnet is
brought in this magnetic field from below, having the same magnetization vector,
such that both magnetization vectors are aligned axially. By representing the sec-
ond magnet by a current loop, it is easily seen that there will be an attracting force
between the two magnets. By rotating the second magnet, as is shown schemati-
cally in figure A.1, the magnitude and the direction of the force vectors changes, so
that a moment is generated with a sign opposite to the rotation angle. Thus, in this
case a positive rotational stiffness is present. It can be made plausible that when the
radial stiffness is positive—as is the case in the figure—also the rotational stiffness
will be positive.

When in figure A.1 the lower magnet is turned upside down, it will be repelled by
the fixed magnet in the axial direction. This repelling force has a positive stiffness.
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Figure A.1: Schematic visualization of the force acting on a permanent magnet (rep-
resented by a current loop), and the moment that is generated when the lower
magnet is rotated. It appears that there is a positive rotational stiffness in this case,
because the sign of the moment and the angle are opposite.

The radial forces will have negative stiffness, as has been explained earlier. In this
case, the rotational stiffness will be negative as well.

In figure A.2 it is clarified that in the case that the translational stiffnesses are equal
to zero (as is the case in the permanent magnetic zero stiffness actuator), also the
rotational stiffness will be equal to zero. In this figure, it is assumed that the mag-
netic field only has a radial component in the region where the middle (suspended)
current loop is situated. It appears that when the angle is equal to zero, also all
moments are equal to zero. When the middle magnet is subject to a small rotation,
still there is no moment. This is because all small force elements, that are sketched
in figure A.2, occur in pairs that are symmetrical with respect to the circle’s center.
Instead of a moment, a (parasitic) horizontal component of the force appears.

Figure A.2: Schematic visualization of the force acting on a permanent magnet (rep-
resented by a current loop), and the moment that is generated when the middle
magnet is rotated, in the geometry that is used to illustrate the zero stiffness princi-
ple. It is assumed here that the magnetic field is directed purely radial. It appears
that when the axial and radial stiffnesses both are equal to zero, also the rotational
stiffness will be equal to zero. However, a rotation of the middle magnet will cause
a horizontal force.

Summarizing the previous paragraphs, some remarks can be made with regard to
combinations of permanent magnets aiming at near–zero stiffness in all six degrees
of freedom:

� Only materials having �r � 1 may be applied
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� It is preferable to make use of (horizontal, rotational) symmetry as much as
possible

� When the sum of the translational stiffnesses kx � ky � kz � 0, this does not
necessarily imply that the sum of the rotational stiffnesses k�x � k�y � k�z � 0
as well

� Rotations can introduce parasitic translational forces

��� �����	
 �� ��	�����	 ��	��	���� �� ���
���

����
�

In this section we will pay some attention to the derivation of approximations for
the forces and stiffnesses in permanent magnet configurations. To reduce the ana-
lytical problem to the core, the magnetic configurations are simplified by assuming
that each magnet is represented by a current loop. For the magnetic field and the
mutual forces between these current loops, analytical equations can be formulated.
By trying to find an exact solution for the force equations, one encounters compli-
cated elliptic integrals [2] that are difficult to handle. Fortunately, solutions have
been found by means of numerical analysis [10].

Two Matlab scripts to calculate (numerically) the K- and E-integral, necessary for
the calculation of the magnetic forces between cylindrical magnets, are printed in
figure A.3. In analytical form they are written as

K(k) �

� �

2

0

1
�

1� k2
� sin(�)2

d�

E(k) �

� �

2

0

�
1� k2

� sin(�)2d� (A.17)

Using these two integrals, the resulting magnetic field of any combination of cur-
rent loops can be calculated. Subsequently, the force on one or more specific current
loops can be determined, for example in the equations below, which give the force
between two circular conductors with radii r1 and r2, carrying a current I1 and I2,
and having an axial distance d:

k � 2 �
�

r1r2

d2� (r1� r2)2

and

Faxial �
�0 I1I2d�

d2� (r1� r2)2

�
r2

1� r2
2� d2

(r1 � r2)2� d2 � E(k)� K(k)
�

(A.18)

In order to predict the forces and stiffnesses of magnetic configurations suitable for
vibration isolation (see figure 5.19), a Matlab tool has been written [39], as a part of
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Figure A.3: Two Matlab scripts to calculate (numerically) the K- and E-integral,
necessary for the calculation of the magnetic forces between cylindrical magnets.
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a master’s thesis, which is to be published in 2001. Using this tool, the influence
of axial and radial deviations on the forces and moments can be approximated.
This is done by replacing each magnet by a number (e.g. 10 or 20, depending on
their height and the desired accuracy) current loops, resulting in sets of equations
like A.18. Also the influence of a rotation around the lateral axis can be calculated,
as well as the axial and radial stiffness. An impression of the user interface of the
tool (under construction) is given in figure A.4.

Figure A.4: This figure shows the user interface of a Matlab tool (under construc-
tion [39]) that is used to calculate the fields, forces and stiffnesses of permanent
magnetic configurations like the one sketched in the bottom right corner. There,
the middle (lighter colored) magnet is the suspended magnet, the other ones are
fixed to the world.

By separating the magnetic field (see figure A.5), in which the supported magnet
floats, into a radial and an axial part (see the figures A.6 and A.7), a tool is created
to optimize the geometry of the magnets. When the outer contour of the supported
magnet is located in a region of the field where the axial component is either equal
to zero or exactly symmetrical relative to the supported magnet, the axial stiffness
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will be zero. Thus, by drawing lines of equal magnitude for the axial as well as the
radial field component, an optimum geometry (outer contour) can be drawn for
the supporting magnet. Currently, the research in this field focuses on the practical
application and the control engineering aspects of these magnetic configurations.

Figure A.5: Plot of vectors representing the magnetic field between the three fixed
magnets as shown in figure A.4. The vertical axis only shows the region between
the upper and lower magnet. [39]
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Figure A.6: Plot of lines having equal radial components of the magnetic field be-
tween the three fixed magnets as shown in figure A.4. The geometry of the sup-
ported magnet is shown with a dashed line. The radial component of the field gen-
erates the axial component of the force. When the lines in this figure are straight
and vertical at the outer cylindrical contour of the supported magnet, this means
that the axial force does not change with a radial or axial displacement. [39]

Figure A.7: Plot of lines having equal axial components of the magnetic field be-
tween the three fixed magnets as shown in figure A.4. The geometry of the sup-
ported magnet is shown with a dashed line. The axial component of the field gen-
erates the radial component of the force. When the lines in this figure are straight
and horizontal at the outer cylindrical contour of the supported magnet, this means
that the axial force does not change with a radial or axial displacement. [39]
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This thesis deals with straight motion systems. A modular approach has been ap-
plied in order to find ways to improve the performance. The main performance
parameters that are considered are position accuracy, repeatability and, to a lesser
extent, cost.

Straight motion systems

Because of the increasing requirements to positioning systems, concerning accu-
racy, repeatability and velocity, it becomes more and more difficult to meet these
requirements when using merely mechanical means. The errors in position occur-
ring as a result of e.g. external forces, wear or thermal expansion, are the reason that
open-loop straight motion systems can only operate in the sub-micrometer range
when very strict conditions are applied. Only if the environmental parameters, to-
gether with their influence, are known accurately or limited strictly, their effect can
be kept small.

In this thesis, some representative straight motion systems are investigated, dis-
tinguished by the type of bearing applied. The main properties, advantages and
drawbacks of these straight motion systems are summarized, and the suitability
for the operation in the sub-micrometer range is considered.

When the required accuracy becomes smaller than the manufacturing tolerances
achievable, active compensation of errors becomes indispensable. On the other
hand, by the application of active error compensation, the requirements to the man-
ufacturing accuracy can decrease.

Measurement of straightness

A wide variety of sensors is available for the measurement of straightness er-
rors. Measurement of straightness, in five degrees of freedom, is done in practice
mostly by measuring five relative distances, after which a coordinate transform
converts these distances to the desired straightness parameters. This measurement
of straightness can be done either ‘off-line’, in order to calibrate a straight motion
system, or ‘on-line’, for closed-loop control purposes.
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An analysis has been done on the available types of sensors to see whether they are
suitable for real-time straightness measurement in closed-loop systems.

The highest resolution, in the nanometer or even the sub-nanometer range, can
be achieved using capacitive sensors or laser interferometers. The lowest cost can
be realized using IC photonic sensors, mainly due to the high degree of integra-
tion, so that a minimum of additional electronics is required. It is expected that
sensors based on other measurement principles (e.g. inductive or capacitive) will
be available at comparable cost, as soon as they can be manufactured in sufficient
quantities, using IC-technology.

In this thesis, a number of newly developed sensor systems is presented: an inte-
grated capacitive straightness sensor, a combined capacitive position–velocity sen-
sor and an optical straightness sensor utilizing only one laser beam. Prototypes of
these systems have been built, tested and used.

In the field of position sensors two interesting trends are visible. Firstly, the in-
creasing integration of the necessary electronics into the sensing element housing,
resulting in a substantial decrease of wiring, shielding and separate conditioning
electronics, and mostly in better performance as well. Secondly, the increasing
miniaturization of sensor elements and the accompanying electronics in ASICs1, so
that a sensor system, consisting of a sensing element, conditioning electronics and
wiring, can be replaced by only one IC from which the measurement signal directly
is available in the format required by the control system.

Besides the straightness sensors, also the straightness references are regarded. They
determine the eventual accuracy of the measurement. Depending on the measure-
ment needs, the required form accuracy and the stability of the straightness reference
may vary.

Feedback controlled systems

When measuring straightness errors with a high-bandwidth straightness sensor, it
becomes possible to compensate in real-time for the straightness errors measured,
by means of an additional table on top of the motion system under test, which is
moveable by five independent actuators, for five degrees of freedom. This addi-
tional table is positioned in such a way, that it follows the straightness reference. In
other words, the deviations with respect to the straightness reference are reduced
as much as possible.

By means of this feedback of straightness errors, the problems and bottle-necks
shift from the mechanical domain towards the electronics and control engineering
domain, where they are better solvable. The eventual performance of a feedback
controlled system is not limited any more by fabrication tolerances, bearing prop-
erties, thermal influences or external loads, but is mainly limited by the resolution
of the sensor applied.

1ASIC: Application Specific Integrated Circuit
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The capacitive straightness sensor, developed within the Laboratory for Micro En-
gineering, appears to work well in a quasi-statical test set-up. However, the mea-
surement time is too long to serve also in dynamical operated systems. This prob-
lem is solvable; new versions of the sensor electronics, having measurement times
substantially below 1 ms, are under development.

In the quasi-statically operated experimental set-up of a straight motion system
using the capacitive straightness sensor mentioned before, a position resolution
below 0�5 �m has been achieved for the translations and a resolution below 20 �rad
for the rotations. This is only slightly above the sensor’s resolution.

To investigate the dynamical performance of the feedback controlled straight mo-
tion system, photonic sensors have been used. It appears that the eventual perfor-
mance is restricted mainly by the sensor resolution, but also by the internal dynam-
ical properties of the mechanical system, the control bandwidth and the frequency
spectrum of the external disturbances. Besides that, the hysteresis of the stacked
piezo actuators, applied in the experimental set-up, appears to be an important
drawback.

One of the most important disadvantages of piezo actuators, their limited stroke (in
the sub-micrometer or micrometer range), can be overcome by applying an other
driving method: when a sawtooth-shaped motion profile is imposed upon a shear
mode piezo element, an object can be propulsed by means of the friction force be-
tween the piezo element and the object. Because of the inertia of the moving object,
the influence of the fast retracting movement of the piezo element is small. This
driving method is known as the Inertial Sliding Motion (ISM) principle. Two ex-
tensions to the existing knowledge have been investigated on the basis of a newly
developed six-DoF manipulator, which has a long stroke in several degrees of free-
dom. Firstly, it is researched whether it is possible to apply standard materials like
steel, aluminum and glass as contact surfaces, from cost reduction point of view.
This appears to be possible, although the design margins are smaller, in particular
those concerning preload, and the velocity achievable is relatively low, in the order
of 50 �m/s. Secondly, the possibilities are investigated for reducing the large num-
ber of high voltage amplifiers (the tested six-DoF manipulator contains 15 piezo
elements in 12 groups). It appears to be possible to use only two amplifiers, one for
each of the two directions of motion, by distributing their output signal by means
of high voltage switches.

In the case that the straightness errors of a linear guidance are smaller than the
stroke of the (piezo) actuators, and this linear guidance satisfies a number of re-
quirements concerning maximum straightness error, smoothness and stiffness, then
it is sensible to build a feedback controlled system, in which the guidance can be
regarded as the coarse stage, and a (piezo) manipulator on top of it functions as a
fine stage. A possible guidance for such a system, utilizing high-viscosity grease
as a lubricant, has been investigated. It appears that the grease lubricated sliding
bearing has almost ideal properties for the application as a coarse stage at (very)
low velocities, in the order of 100 �m/s. The dynamical stiffness is extremely high,



234 ABSTRACT

the statical stiffness is low, the spatial averaging results in a high smoothness of
the motion, and the maximum straightness errors are in the sub-micrometer range.
By adding (for example) a fast monolithic piezo manipulator as a fine stage to this
coarse stage, an accuracy in the nanometer range over a relatively long stroke, in
the order of 100 mm, can be achieved.

Zero stiffness actuators

When aiming at a position accuracy in the sub-micrometer range, also vibration
problems become important. Not only the external vibrations of the world, but
also the vibrations that are generated by e.g. the bearing imperfections may cause
straightness errors. Therefore, a completely different approach has been applied.
Instead of aiming for the highest possible open-loop stiffness of the positioning
system relative to the ground, an actuator stiffness equal to zero is proposed. A
zero stiffness actuator can exert a force on the suspended object, but the position
of the object relative to the actuator does not influence that force. If done perfectly,
this will result in a perfect vibration isolation.

First, the vibration isolating properties of Lorentz actuators have been studied.
Lorentz actuators are the most well-known actuators of which the force does not
depend on the relative position. The test set-up consists of a table, supported in six
degrees of freedom by means of Lorentz actuators. It appears that indeed a good
vibration isolation (40 dB) can be realized, utilizing Lorentz actuators. A shortcom-
ing in the experimental set-up is that the stiffness is not exactly equal to zero, so that
in the frequency range roughly between 5 � � �50 Hz only 25 dB vibration reduction
has been achieved. By means of geometrical fine-tuning this effect is expected to be
substantially reduced.

After that, research has been carried out on the possibility to overcome one of the
most important disadvantages of Lorentz actuators, namely the power consump-
tion and accompanying heat generation, when a static force has to be generated.
A permanent magnetic bearing element has been designed and built, which is able to
generate a static bearing force that is without mechanical contact, without stiffness
and without power consumption.

This permanent magnetic bearing element is marginally stable. This means that at
a disturbance in one direction a positive, stabilizing, stiffness occurs; at a distur-
bance in the other direction a negative, destabilizing stiffness occurs. Therefore,
a feedback control is necessary. It appears that, using only position signals in the
feedback control loop, no satisfying operation is possible. A feedback of the accel-
eration, combined with a position feedback and a velocity feedback, gives better
results.

The permanent magnetic zero stiffness bearing principle has been patented in the
Netherlands; an international patent application is pending.

The zero stiffness bearing results in a decoupling of the position, while preserv-
ing the force coupling to the world. This means that the position of such an object



ABSTRACT 235

(e.g. a specimen holder), supported by a zero stiffness bearing, may be coupled to
the position of another object (e.g. a lens on which no external forces are allowed)
by means of a control loop, resulting in a virtual stiffness relative to each other.
The forces, needed for positioning the moving object, cause a reaction force on the
world, while the vibrations (position errors) of the world do not influence the po-
sitioning accuracy of that object. This concept offers possibilities in the design of
precision positioning systems, where otherwise vibrations from the outer world
would have a too large disturbing influence.

An experimental zero stiffness linear motion system is the subject of ongoing re-
search. The central part of this linear motion system is an extended version of the
permanent magnetic zero stiffness bearing element, which now has an unlimited
motion range in one degree of freedom. The propulsion force (in the x-direction)
and the control forces in the other five degrees of freedom are generated by Lorentz
actuators. With this system, a linear motion can be realized that is essentially de-
coupled from the position deviations of the world.
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Dit proefschrift heeft rechtgeleidingen als onderwerp. Een modulaire aanpak is
toegepast om manieren te vinden ter verbetering van de prestaties. De belangrijk-
ste parameters die zijn beschouwd in dit onderzoek zijn positienauwkeurigheid,
reproduceerbaarheid en, in mindere mate, kosten.

Rechtgeleidingen

Door de steeds hoger wordende eisen aan positioneersystemen op het gebied van
nauwkeurigheid, herhaalbaarheid en snelheid, wordt het steeds moeilijker daaraan
te voldoen met behulp van zuiver mechanische middelen. De optredende posi-
tiefouten als gevolg van bijvoorbeeld externe krachten, slijtage of thermische uit-
zetting maken dat rechtgeleidingen zonder actieve foutcorrectie slechts onder zeer
strenge voorwaarden in het sub-micrometergebied kunnen werken. Alleen als de
omgevingsparameters met hun invloeden nauwkeurig bekend of begrensd zijn kan
hun effect worden beperkt.

In dit proefschrift wordt een aantal representatieve rechtgeleidingen beschouwd,
gegroepeerd naar de toegepaste soort lagering. Daarbij wordt onderzocht wat de
belangrijkste eigenschappen, voordelen en nadelen zijn en in hoeverre de toege-
paste lagering geschikt is om in het sub-micrometergebied te werken.

Wanneer de vereiste nauwkeurigheid kleiner wordt dan de haalbare fabricagetole-
ranties, blijkt actieve foutcompensatie onvermijdelijk. Anderzijds kunnen door het
gebruik van actieve foutcompensatie de eisen aan fabricagenauwkeurigheid lager
worden.

Rechtheidsmeting

Voor het meten van rechtheidsfouten is een grote verscheidenheid aan sensoren
beschikbaar. Het meten van rechtheid, uitgedrukt in vijf vrijheidsgraden, komt
in de praktijk meestal neer op het meten van vijf afstanden, waarna met een
coördinatentransformatie deze afstanden worden omgezet in de gewenste recht-
heidsparameters. Deze rechtheidsmeting kan ‘off-line’ worden uitgevoerd, voor
het kalibreren van rechtgeleidingen, of ‘on-line’, in closed-loop regelsystemen.
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In dit proefschrift wordt een overzicht gegeven van de beschikbare soorten sen-
soren, waarbij wordt aangegeven of ze geschikt zijn voor real-time rechtheidsme-
ting in actieve systemen.

De hoogste resolutie, in het nanometer- of zelfs het sub-nanometergebied, kan wor-
den behaald met behulp van capacitieve sensoren of laserinterferometers. De laag-
ste kostprijs, enkele guldens, kan worden gerealiseerd met IC photonic sensoren,
wat vooral wordt veroorzaakt door de vergaande integratie zodat nauwelijks addi-
tionele elektronica benodigd is. De verwachting is dat sensoren gebaseerd op an-
dere principes (bv. inductief of capacitief) tegen vergelijkbare kosten beschikbaar
komen zodra ze in voldoende aantallen in IC-vorm kunnen worden gefabriceerd.

In dit proefschrift wordt een aantal nieuwe sensorsystemen gepresenteerd:
een geı̈ntegreerde capacitieve rechtheidssensor, een gecombineerde capacitieve
positie–snelheidssensor en een optische rechtheidssensor die gebruik maakt van
slechts één laserbundel. Van deze sensorsystemen zijn prototypes gemaakt, getest
en gebruikt.

Op het gebied van positiesensoren zijn een tweetal belangwekkende trends zicht-
baar. Allereerst de toenemende integratie van de benodigde elektronica in het sen-
sorelement, wat resulteert in een sterke afname van de hoeveelheid bedrading, af-
scherming en losse verwerkingselektronica, en tevens meestal in betere prestaties.
Daarnaast de toenemende miniaturisatie van sensorelementen met de bijbehorende
elektronica in ASICs2, waardoor een sensorsysteem, bestaande uit een sensorele-
ment, verwerkingselektronica en bijbehorende bedrading, kan worden vervangen
door één IC waaruit direct het meetsignaal beschikbaar is in de vorm die het regel-
systeem nodig heeft.

Naast rechtheidssensoren zijn ook de bijbehorende rechtheidsreferenties be-
schouwd. Deze bepalen de uiteindelijke nauwkeurigheid van de meting. Afhan-
kelijk van het soort meting kunnen de vereiste vormnauwkeurigheid en de stabiliteit
van de rechtheidsreferentie variëren.

Teruggekoppelde systemen

Wanneer rechtheidsfouten worden gemeten met behulp van een rechtheidssensor
met voldoende hoge bandbreedte, dan wordt het mogelijk om een real-time com-
pensatie te maken voor de gemeten fouten. Een dergelijke compensatie kan worden
uitgevoerd door middel van een extra positioneertafel bovenop de beschouwde
geleiding, die ten opzichte daarvan kan worden bewogen met behulp van vijf on-
afhankelijke actuatoren. Deze extra tafel wordt zodanig actief gepositioneerd, dat
zijn beweging de vorm van de rechtheidsreferentie volgt. Met andere woorden, de
rechtheidsfouten ten opzichte van de rechtheidsreferentie worden zoveel mogelijk
gereduceerd.

2ASIC: Application Specific Integrated Circuit
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Door middel van het real-time meten en terugkoppelen van rechtheidsfouten ver-
schuiven de problemen en bottle-necks van het mechanische domein naar het elek-
tronische en regeltechnische domein, waar ze beter oplosbaar zijn. De uiteindelijke
prestaties van het teruggekoppelde systeem zijn niet meer bepaald door fabrica-
genauwkeurigheid, lagereigenschappen, thermische invloeden of externe belastin-
gen, maar worden hoofdzakelijk begrensd door de resolutie van de gebruikte sen-
sor.

De binnen Micro-techniek ontwikkelde capacitieve rechtheidssensor blijkt goed te
voldoen in quasi-statische systemen. Voor systemen met hogere bandbreedte is de
meettijd nog te lang. Dit probleem is oplosbaar; nieuwe versies met meettijden
aanzienlijk kleiner dan 1 ms zijn in ontwikkeling.

In de quasi-statische experimentele opstelling van een rechtgeleiding met toepas-
sing van de genoemde capacitieve rechtheidssensor wordt een positieresolutie be-
haald kleiner dan 0�5 �m voor de translaties en 20 �rad voor de rotaties, wat slechts
weinig verschilt van de resolutie van de sensor.

Voor het bestuderen van het dynamisch bedrijf van de teruggekoppelde rechtgelei-
ding worden photonic sensoren gebruikt. Hier blijkt dat de uiteindelijke prestaties
eveneens worden begrensd door de sensorresolutie, maar daarnaast ook door de
interne dynamische eigenschappen van het mechanische systeem, de bandbreedte
van de regeling en het frequentiespectrum van de externe verstoringen. Ook de
hysterese van de gestapelde piëzo-actuatoren blijkt een belangrijk knelpunt te zijn.

Een van de belangrijkste nadelen van piëzo-actuatoren, de beperkte slag (in het
sub-micrometer of micrometer gebied), kan worden ondervangen door een an-
dere wijze van aandrijven: wanneer een shear-mode piëzo-element een zaagtand-
vormig bewegingsprofiel wordt opgelegd kan daarmee een te verplaatsen object
worden voortgeschoven door middel van de wrijvingskracht. Door de traagheid
van het aangedreven object is de invloed van de snelle teruggaande beweging van
het piëzo-element gering. Deze manier van aandrijven staat bekend als het Iner-
tial Sliding Motion (ISM) principe. Twee uitbreidingen op de bestaande kennis zijn
onderzocht aan de hand van een nieuw ontwikkelde 6-DoF manipulator met lange
slag in meerdere vrijheidsgraden. Eerst is nagegaan of ook met standaard mate-
rialen als staal, aluminium en glas kan worden geconstrueerd, uit oogpunt van
kostenreductie. Het blijkt dat dit mogelijk is, maar dat de ontwerpmarges kleiner
zijn, vooral wat de voorspanning betreft, en dat de maximale snelheid relatief laag
is, in de orde van 50 �m/s. Daarnaast is onderzocht wat de mogelijkheden zijn
om het grote aantal hoogspanningsversterkers (de geteste 6-DoF manipulator bezit
15 piëzo-elementen in 12 groepen) te verminderen. Het blijkt mogelijk te zijn om
slechts twee versterkers te gebruiken, voor de heengaande en teruggaande bewe-
ging, en hun uitgangssignalen met behulp van hoogspanningsschakelaars te verde-
len over de betreffende piëzo-elementen.

Wanneer de maximale rechtheidsafwijking van een rechtgeleiding kleiner is dan
de slag van een bepaalde (piëzo-)actuator, en deze rechtgeleiding bovendien vol-
doet aan een aantal eisen betreffende smoothness en stijfheid, dan is het zinvol
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om een teruggekoppeld regelsysteem te bouwen, waarin de basis-rechtgeleiding
de coarse stage vormt en een daarop geplaatste (piëzo-)manipulator als fine stage
fungeert. Een mogelijke basisgeleiding voor een dergelijk systeem, gebruikmakend
van vet met hoge viscositeit, is onderzocht. Het blijkt dat het vetgesmeerde glijla-
ger welhaast ideale eigenschappen heeft voor toepassing als basisgeleiding voor
(zeer) lage snelheden, in de orde van 100 �m/s. De dynamische stijfheid is ex-
treem hoog, de statische stijfheid is laag en door de sterke spatial averaging zijn
de smoothness van de beweging groot en de maximale rechtheidsfouten klein,
in het sub-micrometergebied. Door een dergelijke basisgeleiding aan te vullen
met bijvoorbeeld een snelle monolithische piëzo-manipulator als fine stage is een
nauwkeurigheid in het nanometergebied over een relatief grote slag, in de orde van
100 mm, haalbaar.

Nul-stijfheid actuatoren

In het streven naar een positioneernauwkeurigheid in het sub-micrometergebied
wordt ook het trillingsprobleem meer en meer belangrijk. Niet alleen de trillingen
van buitenaf, maar ook de trillingen die worden opgewekt door bijvoorbeeld lager-
fouten kunnen leiden tot ontoelaatbare rechtheidsfouten. Voor dit probleem wordt
een volledig andere benadering voorgesteld. In plaats van te streven naar een zo
hoog mogelijke open-loop stijfheid van het positioneersysteem ten opzichte van de
vaste wereld, wordt een actuatorstijfheid gelijk aan nul voorgesteld. Een stijfheids-
loze actuator kan wel een kracht uitoefenen op een te ondersteunen object, maar de
relatieve positie van dat object ten opzichte van de ondersteunende actuator is niet
van invloed op de grootte van de kracht. Hiermee wordt een volledige trillingsiso-
latie gerealiseerd.

Eerst is onderzoek gedaan naar de trillingsisolerende eigenschappen van Lorentz-
actuatoren, de meest bekende actuatoren waarvan de kracht in principe niet afhan-
kelijk is van de relatieve positie van het bewegende ten opzichte van het stilstaande
deel. De testopstelling bestaat uit een tafel die in zes vrijheidsgraden was on-
dersteund door in totaal zes Lorentz-actuatoren. Het blijkt dat inderdaad een
goede trillingsisolatie (40 dB) kan worden gerealiseerd met behulp van Lorentz-
actuatoren. Het knelpunt hierbij is het niet volledig nul zijn van de stijfheid
van de Lorentz-actuatoren, waardoor in het middenfrequentiegebied, ordegrootte
5 � � �50 Hz, slechts 25 dB trillingsreductie werd bereikt. Door fine-tuning van de
actuatorgeometrie kan de trillingsreductie nog verder worden vergroot.

Daarna is onderzoek gedaan naar de mogelijkheid om een van de belangrijkste
nadelen van Lorentz-actuatoren te ondervangen, namelijk het energieverbruik—en
overeenkomstige warmteproductie—wanneer er een statische kracht moet worden
geleverd. Hiertoe is een permanentmagnetisch lagerelement ontworpen dat een stati-
sche draagkracht levert die zowel contactloos als inherent stijfheidsloos is en geen
energie dissipeert.

Omdat het permanentmagnetische lagerelement in principe randstabiel is (voor
verstoringen naar de ene zijde ontstaat een positieve, stabiliserende, stijfheid en
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voor verstoringen naar de andere zijde een negatieve, destabiliserende stijfheid),
is een terugkoppeling noodzakelijk. Het blijkt dat met uitsluitend positieterugkop-
peling geen goed functioneren mogelijk is. Een versnellingsterugkoppeling gecom-
bineerd met een positieterugkoppeling en eventueel een snelheidsterugkoppeling
geeft wel het gewenste resultaat.

Op het in dit proefschrift beschreven permanentmagnetische basisprincipe van een
stijfheidsloos lagerelement is een Nederlands patent verleend en een internationaal
patent aangevraagd.

Het stijfheidsloos lageren zorgt voor een positie-ontkoppeling, met behoud van
krachtkoppeling, ten opzichte van de ‘vaste wereld’. Dat betekent dat van een
dergelijk stijfheidsloos gelagerd object (bijvoorbeeld een preparaattafel) de positie
regeltechnisch kan worden gekoppeld aan de positie van een ander object (bijvoor-
beeld een lens waarop geen krachten mogen worden uitgeoefend), zodat een on-
derlinge virtuele stijfheid ontstaat. De krachten die nodig zijn om het aangedreven
object te positioneren veroorzaken reactiekrachten op de vaste wereld, terwijl de
trillingen (positiefouten) van de vaste wereld niet van invloed zijn op de positio-
neernauwkeurigheid. Dit concept biedt nieuwe mogelijkheden voor het ontwerpen
van precisie-positioneersystemen waar de trillingen vanuit de omgeving anders
een te grote storende invloed zouden hebben.

Een vervolgonderzoek wordt uitgevoerd naar de eigenschappen van een stijfheids-
loze rechtgeleiding. Het centrale lagerelement daarvan is een uitbreiding op het
permanentmagnetische stijfheidsloze lagerelement, waarbij de bewegingsvrijheid
in één richting onbeperkt is gemaakt. De aandrijfkracht (in de x-richting) en de
regelkrachten in de vijf andere vrijheidsgraden worden geleverd door Lorentz-
actuatoren. Hiermee is een lineaire beweging te realiseren die in hoofdzaak ont-
koppeld is van de positiefouten van de vaste wereld.
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