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Abstract

Air bearings are known for their low friction losses, constant viscosity and cleanliness, making them favou-
rable in numerous high-tech applications. The relatively low aerostatic bearing stiffness, is topic in state of
the art research. Some recently proposed concepts [8][29], are able to create infinite stiffness. This results in
a strong coupling between the base and flying mass, enabling, unwanted propagation of base vibrations.

The initial idea of a zero-stiffness bearing, is proposed in [21], to reduce the thin-film coupling and trans-
mission of base vibrations. The study, presents the concept of combining high- and low pressure aerostatic
pads, to obtain a static low-stiffness design, see figure 1. Base vibrations are resulting in fly height pertur-
bations, indicated with ∆h. The low-stiffness fly height range, should cover the vibration’s amplitude ∆h,
to be most effective. The concept of integrating the passive vibration isolation and bearing function, shows
potential but needs further research.

h1,2

High pressure pad Low pressure pad

h(r)

r

Δh=sin(ωt)

(a) High- and low pressure pads with pockets and height offset.

Δh

(b) A stable design with low-stiffness operating fly height.

Figure 1: With a combination of a high- and low pressure pads, a stable low-stiffness bearing can be found.

The aim of this research is to optimise and validate the low-stiffness concept and to study the effect, of
the static and dynamic pad characteristics, on the transmissibility function. A 2D numerical model, based on
the compressible Reynolds equation is developed and different inlet-restriction flow models are studied. The
flow characteristics of standard blunt syringe needles are measured and fitted with the laminar capillary flow
model, which is valid for small pressure gradients. Then, the method of linear perturbation is implemented,
to find the frequency dependent stiffness and damping characteristics of the aerostatic pads. The thin air film
is represented by a single nonlinear mass-spring-damper, as shown in figure 2a. The stiffness and damping
are linearised at the nominal fly height and the transmissibility function T (ω) is found. The analysis, shows
the importance of minimising both stiffness & damping to reduce T (ω). These findings are used to set-up a
parametric optimisation to minimise stiffness & damping, while ensuring stability.
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(a) The thin air film as shown in figure 1a, can be represented by a mass and
non-linear spring and damper elements. The transmissibility at nominal fly
height and a range of perturbation frequencies, is given by T (ω).

(b) Optimised design characteristics of a combined shallow-pocket and
height-offset concept.

Figure 2: The lowest thin-film transmissibility is found when both stiffness & damping are minimised.

The optimised design, combines a relatively deep restriction-pocket, shallow-pocket and a pad height
offset h1,2. The characteristics at a low perturbation frequency, are given in figure 2b. It is found essential,
to align the low- stiffness and damping operating fly heights, to maintain positive damping at increasing fre-
quencies. This design has a low transmissibility, which can be improved, by further lowering the stiffness and
damping. The influence of small design variations and displacement non-linearity, on: stiffness, damping
and transmissibility, are studied in a sensitivity analysis. It is shown that small design perturbations in pres-
sure, restriction conductivity or geometry, leads to relatively large stiffness and damping variations. These
variations generally increase the thin-film transmissibility, furthermore, it is shown that further optimisation,
leads to increased sensitivities, especially at low frequencies.

Measurements of a low-stiffness demonstrator are desired, to prove the concept of combining high- and
low aerostatic pads and validate the model. Air bearings are known for their tight manufacturing tolerances,
regarding surface waviness and restrictor mass flow. Different air bearing manufacturing methods are inves-
tigated, to create shallow surface pockets in a flat substrate. The shallow-pocket features can be created in a
single plane, so there is no need to align different pads within micrometre precision. The shallow-pockets are
etched in a thin polymer layer, which is spin-coated on a flattened stainless steel substrate. Shallow features
are created with oxygen plasma- or wet etching in combination with a soft PDMS mask.

Manufacturability constraints are added to the optimisation procedure and a tip-tilt stable low-stiffness
design is found. The design has one vacuum outlet surrounded by three inlets, see figure 3. The fly height is
measured with three capacitative sensors, while continuously increasing the bearing load, under a changing
inlet pressure. The measurements of the ’normal’ bearing without shallow-pockets, are in agreement with
the model. However, the shallow-pocket bearing, did not meet the required surface- and shallow-pocket
manufacturing tolerances and a clear low-stiffness characteristic is not shown.

To conclude, this research started with the objective to optimise and validate the low-stiffness concept.
Furthermore, the influence of the dynamic thin-film characteristics on vibration transmissibility needed furt-
her research. It is shown that both damping and stiffness need to be minimised to reduce transmissibility. An
optimised design is presented, which shows challenging sensitivities. A demonstrator is manufactured with
investigated techniques, validating the numerical model but it does not show a clear proof of the low-stiffness
concept. A low-transmissibility aerostatic bearing is possible, but challenges need to be overcome.
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Capacitative sensors

Supply pressure inlets

Vacuum outlet

Figure 3: The tip-tilt stable shallow-pocket bearing with one vacuum outlet surrounded with three supply pressure inlets. The bearing is
inside a sensor ring with three capacitative sensors, relative motion between ring and sensors, enables calibration.
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1
Introduction

1.1. Research context
According to the Oxford dictionary: "A bearing is a part of a machine that allows one part to rotate or move
in contact with another part with as little friction as possible". There is a large variety in bearing designs that
uses different concepts in reducing friction between parts. A distinction is made between three principles:
contact bearings, fluid interface bearings and non-contact bearing concepts. An overview is in figure 1.1.
This report focusses on the design and manufacturing of linear aerostatic bearings.

Bearing 

concepts

Fluid film

Figure 1.1: Overview of different bearing concepts.

Aerostatic bearings have major advantages when compared to contact bearings or fluid bearings that
use oil or water as lubricant. One of the advantages is that air has very low frictional losses, this property
makes air lubrication favourable in high speed precision machinery. Some other advantages are: hardly any
change in viscosity over wide temperature ranges and air is an environmental friendly lubricant [18]. Some
disadvantages are: the need of an external pressure source, lower stiffness and less load capacity compared
to contact bearings and fluid bearings .

The concept of full film lubrication was first studied by Osbourne Reynolds in 1886 [37] after analysing
experiments conducted by Mr. Tower. The experiments in [37] used oil as thin film lubricant. In 1897 Al-
bert Kingsbury designed and built the first tilting pad externally pressurised air bearing [27]. During World
War II, there was a demand for high precision, clean and maintenance free bearing systems [18]. From this
time onwards more research has been done on gas-lubrication, resulting in numerous applications, for in-
stance: precise positioning stages [38],[32], high speed spindles [16] and as basis in contactless position- and
transportation systems [53],[43].

1.2. First principles
Before elaborating the state-of-the-art research, the fundamental principles of aerostatic bearings are briefly
discussed. In figure 1.2 a simple single inlet axisymmetric aerostatic bearing is sketched. Air is fed into the
system at a supply pressure Ps , the air is restricted before entering the thin film with film height h(r ). In this
example a recess, also known as: pocket, is present at r < rp . There is a pressure drop over the restriction,
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2 1. Introduction

pocket and thin film, until the pressure equals ambient pressure Pa . The feed pressure and geometry deter-
mine the bearing’s characteristic. This characteristic can be expressed in terms of: load capacity, damping
and stiffness.

When the external force is increased at a constant supply pressure Ps , the film height h decreases. This
continues until the bearing- and external force reach equilibrium. The film height h can be increased by
increasing the supply pressure Ps .

Figure 1.2: Simple single inlet axisymmetric aerostatic bearing.

1.3. State of the art
The starting point of a air bearing design, is often a static characterisation where the load capacity, stiffness
and air consumption are expressed as function of fly-height. The static air bearing characteristic is mostly
determined by the type of adopted feeding restrictor [35]. Consequently a lot of research, involving restrictor
modelling is conducted. In [18]: the annular- and simple orifice [11] [13], slot [56], groove [57] and porous [9]
restrictor types are discussed and compared. The state-of-the-art restriction research is focussed on combi-
ning different restrictor types, creating a compound restriction[18]. Combining the orifice-type and groove
restrictor enhances tilt stiffness [49] [48] and therefore, reduces instability in high speed applications [45].

Once the static design meets the requirements, the dynamic properties are characterised. A common
dynamic behaviour of aerostatic pads is an instability known as ’pneumatic hammer’. This phenomenon ori-
ginates from the incompressibility of air, causing a phase delay between bearing clearance and the thin-film
pressure variation [46]. Numerous methods in studying the pneumatic hammer instability have been deve-
loped [18]. Although quite some research has been done regarding this topic there are still a lot of unknowns.
Especially when optimisation algorithms are used to optimise static bearing characteristics, the pneumatic-
hammer likelihood seems to increase [8].

When new air bearing concepts are proposed in literature, the goal in general is to achieve high stiff-
ness and sufficient damping. High stiffness causes a strong coupling between bearing and counterpart and
eliminates low resonance frequencies. Higher stiffness can be achieved by using actively compensated air
bearings. These type of bearings are able to compensate for a change in load or fly-height, resulting in an
increased stiffness. An overview of active- and passive compensation methods is presented in [35]. Some of
these concepts and their working principles are discussed, to give insight in existing air bearing techniques.
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1.3.1. Passive compensated air bearings
Passive compensated air bearings have been developed since the 1970’s [39]. In passive compensated air
bearings, no energy is added to the system other than the external supply pressure. Furthermore, there is
no need to implement sensors, resulting in lower costs and easier system integration. Different methods
to increase bearing stiffness in a passive way have been developed. The concepts can be classified in three
categories: ’flow resistance compensation’ and ’geometrical compensation’ or a combination of these two
[35].

• A compliant membrane bearing surface [20],[44], [12] ’geometrical compensation’

• X-shaped grooves combined with a spring [14] ’flow resistance compensation’

• Elastic orifice [33] ’flow resistance compensation’

Compliant membrane bearing surface.

An air bearing with a conically shaped airgap is often used as initial design for a compliant air bearing surface.
A conical airgap has a higher load capacity and stiffness than bearings with parallel airgaps [44]. In [20], the
fundamentals of using a flexible membrane are explained. High stiffness is achieved by increasing the slope
of the load vs fly-height curve, see figure 1.3 by [20]. At nominal fly-height H1 = b the airgap is parallel.
When the ’static’ bearing load increases, the fly-height tends to decrease, resulting in a higher film pressure.
The increased film pressure pushes the membrane into a more convergent gap shape a. Both the increased
pressure and the conical gap shape result in an increased load carrying capacity, without decreasing the gap
height. During the membrane deformation, the inlet aperture is changed in an advantageous way, enhancing
infinite stiffness. The compliant bearing developed by [44], is based on the same principles.

Figure 1.3: Deformable bearing pad with deformed positions: a, b, c drawn at right-hand side (from [20]).

X-shaped grooves combined with disk spring compensator.

This concept [14] uses a disk-spring to compensate changes in bearing load. The air-film- and spring pressu-
res are in equilibrium, by means of a communal gas chamber, see figure 1.4. When the bearing load increases,
the airgap tends to decrease. This causes a higher film pressure, which is compensated through the com-
munal chamber by the disk-spring. The spring’s reaction force restores the nominal fly-height after a load
perturbation. In [14] the impulse response is studied, concluding that vibrations are reduced when using the
compensated bearing.

Elastic orifice.

The orifice is normally a static element, relating pressure gradient and mass flow. In [33] compliant orifices
are discussed. The orifice will deform as a result of pressure change inside the bearing pad. This results in
higher flow in low airgaps and a decreased flow for larger airgaps. This passive orifice compensation can
significantly improve air bearing stiffness. A downside is the low dynamic stability and the introduction of
oscillations.
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Air-in

O-ring

Adjustment nut
(for preload)

Disk-spring
Disk-spring
fixed seat

Figure 1.4: X-shaped groove aerostatic bearing with disk spring compensator (from [14])

1.3.2. Active compensated air bearings
The passive compensated air bearings are easy to integrate and have higher stiffness than standard air be-
arings. However, they can only reach infinite stiffness for maximum 20% of the load range and they have a
relative low dynamic range, resulting in low system bandwidth [35]. Compensated air bearings can be furt-
her improved by implementing active components. Active compensated air bearings can be classified in the
same three categories as passive compensated bearings. In [35] a further sub-categorisation is proposed by
means of actuation type. An active system uses: external transducers, actuators and a controller, to control
the airgap after a load perturbation. This increases the dynamic range and accuracy but leads to higher costs
compared to passive systems. An extensive review study, discussing the state-of-the-art active compensation
methods has been done by Raparelli in 2015 [35], therefore only the latest papers and most promising systems
are discussed.

Hybrid compensation systems.
Most active compensation research is focussed on active flow resistance compensation methods. These
active flow controlling components are placed upstream, inside the airgap or at an exhaust. When actua-
ting the flow resistance, the pressure distribution inside the airgap is adjusted, compensating load variations.
In [35] numerous concepts are discussed that use active flow resistance control. The main limitation in this
type of active bearing control, is the limited bandwidth caused by the latency in response [8]. The dynamic
performance can be improved by using active geometrical compensation, by means of conicity control. A
hybrid active compensated air bearing is proposed and designed by A.L. Bender et al. [4],[8], [5]. The active
bearing in figure 1.5 shows resemblance with the earlier discussed passive system in figure 1.3. However, the
passive compliant membrane is replaced by a thin plate. The active conicity controlled system in [5] uses
piezoelectric-stack actuators to deform the thin plate bearing surface.

Figure 1.5: Active conicity controlled aerostatic bearing (from [5]).

In [8], the figure 1.5 concept is extended with pressure control and support control, to create a high band-
width (300Hz) active compensation system. The implementation of PID control enables correction of small
disturbances at high bandwidth. Furthermore, the system is able to follow a prescribed reference path, with
minimal tracking error. ’This active bearing system is particularly suited for high performance ultra-precision
positioning applications.’

The active compensation systems that are discussed in [35] including [8], need gap sensing. The perfor-
mance of these systems rely on the resolution and linearity of the position sensor. In [29] an active aerostatic
bearing with conicity actuation is presented, see figure 1.6. The active pad is actuated with Lorentz actuators
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and controlled in closed loop without measuring the airgap. Instead the conicity is measured and the airgap
and load capacity are calculated, using an iterative algorithm. This method requires a high level of open loop
system identification to obtain a correct prediction. This concept has infinite static stiffness while maintai-
ning the ability for macro positioning. The dynamic response of this system is not analysed yet, but will be in
future research.

Figure 1.6: Active conicity controlled aerostatic bearing without airgap measurement (from [29]).

1.3.3. Discussion
Active compensation methods are a topic of latest research projects. These systems use concepts from the
field of mechatronics, combined with air bearing research. The active systems are able to obtain infinite
stiffness and high load capacity for wide loading range. The most advanced and complex system ([8]) is able
to follow a prescribed (out-of-plane) trajectory. This is the only system that is able to compensate unwanted
vibrations at high bandwidth. All other active (flow resistance) compensated bearing systems, are not capable
of correcting a dynamic disturbance. Low bandwidth is caused by latency, which is inherent in flow controlled
systems. The purpose of these active systems is to create an extremely stiff, out-of-plane connection between
moving parts.

These types of bearings are used in high precision application like measuring instruments or precise po-
sitioning systems. External vibrations that are present at the machine’s base, propagate through the system’s
stiff connections. In practice these systems are placed on top of active vibration isolation tables like [58], to
eliminate vibrations before they enter the machine. Moving machine parts are a new source of undesired
vibrations, that propagate to a point of interest. In general, vibration isolation needs to be placed as close as
possible to the point of interest, to be most effective. Combining the bearing- and isolation function, can be
promising and opposes current research, which mainly focuses on infinite stiff bearing connections. There
is only one scientific report about creating less coupling between the surfaces in linear aerostatic bearings,
written by R.P. Hoogeboom [21].

1.3.4. Low-stiffness bearing [21]
The integration of vibration isolation- and bearing function is proposed and studied in [21]. A time efficient
numerical model is developed to compute the static and dynamic characteristics of axisymmetric bearing
pads. It was decided to focus on minimising the static stiffness, using the developed numerical model. Ma-
nual optimisation resulted in a stable low-stiffness design with ’regular’ damping at low frequencies. The ma-
nufacturing of this optimised design proved to be rather difficult and the low-stiffness bearing model could
not be validated with measurement data. Instead, a bearing with normal stiffness and damping is tested, va-
lidating part of the model. From this work it is concluded that it is theoretically possible, to design a bearing
with a stable low-stiffness operating point. This is done by combining a high- and low pressure pad, as shown
in figure 1.7. The key elements in this design are: a shallow pocket, restricted in- and outlets, supply- and
vacuum pressure and at last, a possible pad height offset.
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High pressure pad Low pressure pad

Ps

P

Pv

Figure 1.7: A combination of a high- and low-pressure pad with: height offset h1,2, inlet- and outlet restriction and pockets. This type of
design is proposed in [21] and enables a stable low-stiffness bearing characteristic.

1.4. Motivation
In figure 1.8 a schematic drawing of a linear stage is presented, the moving mass m, is supported by two
aerostatic bearings. The bearings have a certain stiffness and damping characteristic in x direction, while
planar friction is negligible, indicated by the frictionless rollers. The load carrying capacity of the bearings
can be adjusted to compensate for small load misalignments. A disadvantage of this air bearing supported
system, is the thin-film coupling between the floor and mass, which allows for the propagation of unwanted
floor vibrations. These mass displacements xm can be reduced by introducing active control elements, like
the concepts in section 1.3.2. However, feedback controlled systems require precise position sensing and
active bearing elements, making a passive or feed-forward controlled semi-active design favourable.

The thin-film transmission of floor vibrations, is a function of the frequency and fly-height dependent
stiffness k(ω,h) and damping c(ω,h). Minimising k(ω,h) and c(ω,h), reduces thin-film coupling for a range
of frequencies and vibration amplitudes (∆h). A passive or semi-active feed-forward controlled system, is
tuned beforehand and could be a straightforward vibration isolation concept, without the need of a real-time
feedback control.

The linear stage in figure 1.8 is one of many possible applications. A single bearing element is indicated
by the red circle.

xf

xmm
k1(ω,h) c1(ω,h) k2(ω,h) c2(ω,h)h

Figure 1.8: Schematic drawing of a linear stage supported with two aerostatic bearings represented by the ’non-linear’ spring and damper
elements k1,2(ω,h) & c1,2(ω,h).

1.5. Research objectives
In this project the low-stiffness bearing concept is optimised and a demonstrator is build to verify the theore-
tical model. The existing low-stiffness air bearing fundamentals are expanded towards a low-transmissibility
bearing design. This involves a study of the frequency dependent stiffness- and damping characteristics and
their relation to the transmission of unwanted vibrations at different excitation frequencies. Summarising
the objectives:

• Optimise a stable zero-stiffness air bearing and build a demonstrator to validate this concept.

• Bridge the gap between the current low-stiffness bearing concept and the dynamic thin-film transmissi-
bility.
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1.6. Contributions and thesis structure
The schematic overview in figure 1.9, presents the work done in this thesis project, the numbers correspond
to the chapters. Two loops can be distinguished, the central design loop uses the numerical model to obtain
the bearing pad characteristics, these are fed into the optimisation to improve the design. In the second
loop, a final design is chosen and manufactured with the investigated methods, next experiments are done to
validate the numerical model.

A numerical thin-film bearing model is set-up in chapter 2, using existing knowledge from literature. Dif-
ferent flow models from literature are combined with measurements and used to analyse a new type of inlet-
restriction. In section 2.4, the dynamics of a two-pad aerostatic bearing concept are characterised and com-
bined with the derived transmissibility function. Readers who are familiar with aerostatic bearing modelling,
can go directly to section 2.4.

Chapter 3 focusses on the implementation of a parametric optimisation to find a stable design optimum.
This chapter further elaborates on the dynamic stiffness and damping characteristics. A sensitivity study is
presented, to analyse the effect of different design parameters on transmissibility.

In chapter 4, different bearing manufacturing methods are investigated and a final manufacturable design
is presented in chapter 5. The optimised design is manufactured and integrated in a measurement set-up, to
validate the theory in chapter 6.

Bearing design (5)

Restriction flow model

Thin-film model

Numerical model (2)

Transmissibility (2,3)

xf

xm =T(ω)

Bearing characteristics (2,3)

Load capacity:       W(h)
Thin-film stiffness:  k(ω,h)    

Thin-film damping: c(ω,h)

Experiments (6)
Manufacturing methods (4)

Surface flatness

Restrictor implementation

Shallow pocket etching

Parametric optimisation (3)

Minimise stiffness & damping

Enforce stable design

Restriction conductivity

Pressures

Geometry

Figure 1.9: A schematic overview of all the treated topics in this thesis project. The arrows indicate the design and experimental validation
loop. The numbers between the brackets, correspond to the report chapters.





2
Theory

In the introduction, different state-of-the-art bearing concepts are discussed, concluding with the desire to
build a low transmissibility thrust bearing. The current theory focusses on stiffness reduction by combining
high- and low pressure pads in some stable configuration. The most basic, although, ’tip-tilt’ unstable con-
figuration with only two pads is depicted in figure 2.1. This chapter describes all theory that is needed to
model these types of aerostatic bearing pads. The supply- and vacuum pressures: Pv < Pa < Ps , create a
pressure gradient, which causes an airflow through the bearing gap. The thin-film pressure is modelled with
the Reynolds equation [37]. The pad’s characteristics are a function of bearing geometry, a restriction model
and boundary conditions. A single inlet axisymmetric high pressure pad, with a cascaded pocket, is used to
discuss the theory, see figure 2.2. This ’simple’ axisymmetric geometry allows for an analytic study, to verify
the developed numerical model. The inlet/outlet restriction has a large influence on the pad’s characteris-
tics, therefore various restriction models will be discussed and compared with measurement data. At last the
principles of vibration transmissibility are studied and combined with the two-pad bearing’s dynamics.

High pressure pad Low pressure pad

Ps

P

Pv

Figure 2.1: A combination of a high- and low-pressure pad with: height offset h1,2, an inlet and outlet restriction and pockets. This type
of design is proposed in [21] and enables a stable low-stiffness bearing characteristic.
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Restriction

h(r)

Figure 2.2: Top and side view of a single inlet axisymmetric aerostatic bearing, with a restriction-pocket rr p and shallow-pocket rsp .
There are two boundary conditions: one Dirichlet B.C at the outer edge and the source term at the inlet, which is a function of quadratic
pressure difference and restrictor properties.

2.1. Thin-film modelling
This section discusses the Reynolds equation and application in thin film aerostatic bearings. The Reynolds
equation is used to calculate the pressure inside a thin film, bounded by two surfaces. The Reynolds equa-
tion can be derived from the Navier-Stokes equation or by writing down the force balance of a small volume
element inside the thin film. In appendix A the derivation of the Reynolds equation is given and further elabo-
rated in this section. The method of linear perturbation is used to obtain the dynamic bearing characteristics.
At last the equations are made dimensionless to enhance numerical stability in future design optimisation.

2.1.1. General Reynolds equation
The compressible Reynolds equation in Cartesian coordinates is derived in appendix A under the following
assumptions:

1. Constant viscosity.

2. Newtonian lubricant.

3. Thin film geometry, meaning a small film height compared to the film length, constant pressure over
film height is assumed.

4. Body forces are neglected.

5. Laminar flow theory is applied, neglecting fluid inertial forces.

6. No slip at boundaries.

7. Air film is assumed to be isothermal.

8. Couette flow is neglected.

9. An ideal gas is assumed.

Rewriting the derived equation from appendix A yields the compact form compressible Reynolds equa-
tion. Where p stands for the pressure in the lubricating film, h the film height, η the air viscosity, Rs the
specific gas constant, T the air film temperature and time t :

∇
(

h3

12ηRs T
p∇p

)
︸ ︷︷ ︸

Poiseuille flow

= 1

Rs T

∂ph

∂t︸ ︷︷ ︸
Dynamic terms

(2.1)
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This simplified Reynolds equation has a static part and a dynamic part represented by the Poiseuille flow
and the dynamic terms respectively. No analytical solutions exist for this transient Reynolds equation and
numerical solving methods are required. To find a solution for the dynamic part, the method of linear pertur-
bation is used.

2.1.2. Perturbed Reynolds equation
A possibility is to use the method of linear perturbation to find the dynamic bearing characteristics. First a
static solution is calculated, by using the static part of equation 2.1. Then the fly height and pressure are per-
turbed around this static equilibrium. The perturbed fly height and pressure in equation 2.2 are substituted
in 2.1 to find 2.3. With the perturbed Reynolds equation 2.3, the perturbed pressure is found. The solution of
the perturbed pressure and fly height is used to find the damping and stiffness of the air film. The subscript
’0’ indicates a static solution while the ’~’ represents the perturbed parameters. A complete derivation of the
perturbed Reynolds equation is given in appendix A. The perturbed Reynolds equation is expressed in the
frequency domain and shows a direct relation with perturbation frequency ’ω’. The stiffness is a function of
the real part of the perturbed pressure and damping of the imaginary part, see equation 2.4.

h = h0 +δh(t ) = h0 + h̃e jωt

p = p0 +δp(t ) = p0 + p̃e jωt
(2.2)

1

12ηRs T
∇(

p0h3
0∇p̃ + (

p̃h3
0 +3p0h2

0h̃
)∇p0

)= 1

Rs T
jω(p0h̃ +h0p̃) (2.3)

k(ω) =−
∫ ℜ(p̃)d A

h̃

c(ω) =−
∫ ℑ(p̃)d A

ωh̃

(2.4)

2.1.3. Dimensional analysis
The Reynolds equation has a number of constants, namely: viscosity η, specific gas constant Rs and tempera-
ture T . Furthermore, the equation contains the following parameters, namely: a spatial coordinate, pressure
p and fly height h. The perturbed equation has the same constants and parameters with the addition of
perturbed- fly height h̃ and pressure p̃ and the perturbation frequency ω. The inlet adds a source term to the
equations, this increases the number of parameters even more, depending on the restriction model.

It is decided to make the equations dimensionless, by scaling with characteristic parameters. Without
any scaling, large differences in order of magnitude are present, decreasing numerical stability. Numerical
optimisation requires design variables being in the same order of magnitude, to improve convergence. The
non-dimensional equations are clear and enable the comparison of different designs, without additional sca-
ling. Only four dimensional parameters are needed to make the equations dimensionless, namely: length R,
pressure P , height H and frequencyΩ. The parameters with a bar are dimensionless, relations are as follows:

r [m] = r̄ [−]R[m]

p[Pa] = p̄[−]P [Pa]

h[m] = h̄[−]H [m]

ω[rads−1] = ω̄[−]Ω[rads−1]

(2.5)

The static part of equation 2.1 is used as starting point for the dimensional analysis rewriting gives:

C∇·ΓΓΓ= 0 with ∇=
[
∂

∂x
,
∂

∂y

]
(2.6)

The constants η, Rs , T and scalar 12 are assembled in one constant named C . The pressure p and gap
height h are functions of the spatial coordinates and are expressed as conservative flux ’ΓΓΓ’. Constant ’C ’ and
the conservative flux ’ΓΓΓ’ and their correct SI units are given in equation 2.7.
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ΓΓΓ[kg2 s−4] =
[

ph3 ∂p

∂x
, ph3 ∂p

∂y

]
C [s3 kg−1 m−1] = 1

12ηRs T

(2.7)

The constant ’C ’ can be removed entirely from equation 2.6 and the conservative flux ’ΓΓΓ’ can be made
dimensionless using equation 2.5. This results in the non-dimensional conservative flux:

Γ̄ΓΓ[−] = R

P 2H 3ΓΓΓ (2.8)

The final non-dimensional static Reynolds equation becomes:

∇̄(
h̄3

0 p̄0∇̄p̄0
)= 0 (2.9)

Now the perturbed Reynolds equation 2.3 is used to find an expression for the dimensionless frequency,
see equation 2.11.

The perturbed Reynolds equation 2.3 can be made dimensionless using the same method this gives equa-
tion 2.10.

∇̄(
p̄0h̄3

0∇̄p̃ + (
p̃h̄3

0 +3p̄0h̄2
0h̃

)∇̄p̄0
)= j ω̄(p̄0h̃ + h̄0p̃) (2.10)

The dimensionless frequency ’ω̄[−]’ can be converted to the dimensioned frequency when scaling with
’Ω’. This scaling parameter is derived from equation 2.3 and is a combination of the other scaling parameters
and viscosity:

ω[rads−1] =Ω[rads−1]ω̄[−] = PH 2

12ηR2 ω̄[−] (2.11)

When the dimensionless Reynolds equations are used, all bearing characteristics are dimensionless as
well. This enables easy comparison of different designs and gives insight in parameter sensitivities. However,
scaling is necessary when constructing a final design or when quantitative insight in certain characteristics is
desired. For easy conversion from dimensionless designs to a dimensioned design the following relations are
deducted.

W [N] = PR2W̄ [−] k[Nm−1] = PR2

H
k̄[−] c[Nsm−1] = PR2

ΩH
c̄[−] ṁ[kgm−1 s−1] =C

H 3P 2

R
¯̇m[−]

(2.12)
The dimensional scaling parameters in equation 2.5 should represent a design. when using the axisym-

metric bearing in figure 2.2 as an example, the scaling parameters are chosen as follows: radius ’R’ equals the
outer bearing radius (R = ro), pressure ’P ’ equals ambient pressure (P = Pa), height ’H ’ equals nominal fly
height H = h(r )nom and frequency ’Ω’ is a function of the other parameters and the viscosity. The following
scaling parameters are chosen: R = 1×10−2 m, P = 1×105 Pa, H = 1×10−5 m.

2.2. Restriction modelling and verification
The Reynolds equation and the application in thin-film lubricated gas-bearings is discussed in the previous
section. An important aspect when modelling thin-film lubricated systems is how the medium enters the
thin-film. A restriction is placed between the air-supply and thin-film to create stiffness. When a restriction is
omitted, the pressure distribution is constant and independent of film-height. The lack of any thin-film stiff-
ness results in an inherently unstable system. Since restricting the supply pressure is of great importance a lot
of research is done, regarding both passive- and active restrictions. Different restriction models are presen-
ted in literature. The restriction model relates geometry and pressure gradient, to the mass flow through the
restriction that enters the thin film. In [52] basic flow equations for: capillary, porous and orifice restrictions
are presented. In this section the capillary and orifice flow models are treated and the limitations of laminar
and turbulent flow theory are assessed. In section 2.2.3 a small case study is presented, involving a hollow
blunt syringe needle. This section is concluded with a mass flux measurement through the syringe needle
and comparison with the discussed models.
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2.2.1. Capillary restriction
The Capillary restriction is a long thin tube (l/d > 20), figure 2.3a, where the volume flow is defined by equa-
tion 2.13. This model is based on laminar flow conditions (Re < 2300) where viscous forces dominate inertial
forces. This laminar flow condition results in a linear relation between flow and pressure, according to the
Hagen-Poiseuille law [55, p. 357]. Inserting the ideal gas law in equation 2.13 gives the mass flow in equation
2.14. An extended laminar pipe flow analysis, including velocity profiles is given in appendix C.

⌀
d

p1 p2

q̇

l
(a) Capillary restriction

⌀
d p1 p2

q̇

l
(b) Orifice restriction

Figure 2.3

Q = πd 4

128ηL
(p1 −p2) (2.13)

ṁcap = πd 4

256L

p2
1 −p2

2

ηRs T
(2.14)

The mass flow through the capillary shows a linear relation with quadratic pressure difference p2
1 − p2

2.
The flow becomes turbulent when the pressure gradient is too high, limiting the use of equation 2.14. The
entrance length Le for laminar pipe flow is a function of the Reynolds number and the pipe diameter:

Le

d
≈ 0.06Red (2.15)

The laminar flow model is only valid for low Reynolds numbers, therefore another flow model is discussed
that takes the compressibility into account. When no heat exchange with the environment is assumed, an
adiabatic Fanno flow model can be derived. The following assumptions are made: constant area straight
duct, adiabatic flow, perfect gas, no shaft work and wall shear stress correlated by the Darcy friction factor. An
extensive derivation of this type of flow is done in [55], the final result is in equation 2.16. With: f̄ the average
friction factor along the duct, L* the required length to develop a sonic flow, d the inner diameter and k the
specific heat ratio.

f̄ L*

d
= 1−Ma2

kMa2 + k +1

2k
ln

(k +1)Ma2

2+ (k −1)Ma2 (2.16)

To find the mass flux as function of pressure difference one could use equation 2.16, this does not give
a lot of insight. A set of two equations is derived by [51] and [50], relating the pressure- and temperature
difference in equation 2.17, the mass flux is then calculated with equation 2.18.

k +1

k
ln

(
p1T2

p2T1

)
− k −1

2k

(
p2

1T 2
2 −p2

2T 2
1

T2 −T1

)(
1

p2
1T2

− 1

p2
2T1

)
+ f̄ L

d
= 0 (2.17)

ṁ = A

√√√√ 2kp2
1p2

2

(k −1)Rs

(
T2 −T1

T 2
1 p2

2 −T 2
2 p2

1

)
(2.18)

As a result of the expansion and the adiabatic boundary condition the temperature decreases along the
capillary, resulting in a lower air temperature at the outlet. This outlet temperature T2 can be calculated
using equation 2.17 when the inlet temperature and pressure difference are both known. The average friction
factor f̄ can be estimated using the Moody chart [55]. Once the outlet temperature is known, the mass flux
can be determined using equation 2.18. These equations are only valid for turbulent subsonic flow M a < 1.
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For higher Mach numbers the flow becomes choked meaning there is no further increase in mass flux for
increasing pressure difference. The Mach number is determined to check the validity of this flow model. The
Mach number at the outlet is calculated in equation 2.19. Where the speed of sound c is determined using
the bulk modulus: Kc = k ∗p, this gives: c2 = (Kc /ρ2)0.5. The outlet density is determined using the ideal gas
law.

Ma2 = v2

c2
= 4ṁ

ρ2πd 2

1

c2
= 4ṁRs T2

p2πd 2

p
p2√

kp2Rs T 2
(2.19)

2.2.2. Orifice restriction
The orifice restriction in figure 2.3b is based on turbulent flow that is driven by inertia forces in the medium.
In [42] and [43]) two types of orifice restrictions are discussed: the inherent orifice restriction and a pocketed
orifice restriction. The mass flow rate of air through an orifice can be calculated as follows:

ṁ0 =Cd ×ṁt

Where ṁt is the theoretical mass flow rate and Cd is the discharge coefficient. The discharge coefficient
is a value between 0 and 1 and is a function of: orifice diameter and film thickness. In [13] it is shown that
in a pocketed orifice restrictor the effects of: the supply pressure, bearing radius, pocket radius and pocket
depth on the orifice discharge coefficient can be disregarded. The discharge coefficient can be estimated
using correlations derived from experiments. Estimation of the discharge coefficient is fine for early stage
models, however the real mass flow rate though the restrictor must be measured and compared to the model.

Only the inherent orifice will be analysed further because this type can be manufactured in a first pro-
totype as will be explained later. The mass flow rate though this inherent orifice restrictor is given by [42] in
equation 2.20. In equation 2.20: A is the surface area of the orifice, pressures P1 and P2 are indicated in figure
2.3b, Rs is the specific gas constant and T the temperature of the air. The ideal orifice equation consists of
two parts where the first part is valid for sub-critical flow conditions and the second part for supercritical flow
conditions. This means that when the flow becomes choked the mass flux does not increase for increasing
pressure differences. Taking a heat capacity ratio κ of 1.4 the critical pressure ratio is: P2/P1 = 0.528.

ṁ0 =Cd AP1

√√√√ κ

(κ−1)

[(
P2

P1

) 2
κ −

(
P2

P1

) κ+1
κ

]
2

Rs T
, if

P2

P1
≥

[
2

κ+1

] κ
κ+1

ṁ0 =Cd AP1

√(
2

κ+1

)2/(κ−1) ( κ

κ+1

) 2

Rs T
, if

P2

P1
<

[
2

κ+1

] κ
κ+1

(2.20)

Besides the ideal model explained in equation 2.20 there is a simplified model introduced by Jobson [25].
This model is deducted by assuming a 1D flow through a simple inherent orifice at subcritical flow conditions.
The Jobson equation for an ideal subcritical mass flow is given in equation 2.21.

ṁ0 = ρ0Cd A

√
2(p1 −p2)

ρ0
=Cd A

√
p2

1 −p2
2

Rs T
(2.21)

2.2.3. Syringe-needle flow modelling
One of these restriction models should be implemented in the overall air bearing model. The choice of re-
striction model depends on the available restrictor elements, that can be used in the final design. It is useful
to investigate the restrictor possibilities early in the design process. A standard restrictor element should have
a consistent mass flux, independent of production errors. In the lab blunt hollow needles are available that
are used in the field of microfluidics, see figure 2.4. These needles are available in different diameters, the
smallest diameter that is in the lab is gauge 30 (G30), in table 2.1 a conversion to SI units is made together
with the tolerances [28].

The blunt needles are standardized elements that can easily be connected to an air supply. The inner dia-
meters are in the same range as the restriction elements used by [21] and [43]. For a small pressure difference
p1 −p2 and a ratio of L/d > 20 the blunt needle can be modelled using the laminar capillary flow model of
equation 2.14. All needles have a length of: L = 17mm, using this length the mass flux of needles with diffe-
rent inner diameters is determined, see figure 2.5. The contour plot in figure 2.5 gives the Reynolds number
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Table 2.1: Syringe needle conversion table.

Gauge Outer diameter (mm) Inner diameter (mm)
30 0.3112 ± 0.0075 0.159 ± 0.019
26 0.46 ± 0.01 0.26 ± 0.019
18 1.27 ± 0.013 0.838 ± 0.038

of the flow through the capillary. At a Reynolds number of: 2300 the flow becomes turbulent and the laminar
capillary flow model is invalid. The model assumes zero pipe friction and a fully developed flow, both are not
the case in the real situation. These assumptions will overestimate the mass flux of the model compared to
the real flux.

L
d

p1 p2

Figure 2.4: Blunt needle.
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10-5 Capillary mass flux with: L = 17 mm
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Figure 2.5: Laminar capillary flow.

As already stated, the laminar capillary flow model is only valid in fully developed flow conditions. The
entrance length for laminar pipe flow conditions can be calculated with equation 2.22, according to [55].

Le ≈ 0.06Red d (2.22)

This means that the maximum laminar entrance length at: Red = 2300 & d = 160µm is: 22.1mm, which
exceeds the needle length of 17mm. An entrance length of 10% of the total length L corresponds to a Rey-
nolds number of only: Red = 177. These very low Reynolds numbers are only the case at very low pressure
differences over the needle restriction.

For higher Reynolds numbers Red > 2300 the turbulent capillary flow model derived in [50] is used. The
mass flux is calculated for a range of quadratic pressure differences using equations 2.17 and 2.18. The vali-
dity of the model is checked by calculating the Mach number at the outlet using equation 2.19. Calculating
the Reynolds number is difficult in turbulent flow when compared to the laminar flow case. This is because
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there is a set of coupled non-linear equations that have to be solved. However, for any pipe flow the Rey-
nolds equation can be written as in equation 2.23. By solving the set of non-linear equations in: 2.17 and
2.18 simultaneously for a given pressure and mass flux, the diameter d and outlet temperature T2 are found.
Substitution of the diameter d with the matching mass flux in equation 2.23 yields the Reynolds number.

Re = 4ṁ

ηπd
(2.23)

These calculations are done for a range of capillary diameters and with a constant length of: L = 17mm
and a friction factor of: f̄ = 0.07. The result of these calculations are plotted in figure 2.6. In this graph the
outlet Mach number equals one at the red dots, meaning that the theory is invalid at the right of the red dots
because the flow is choked in that regime. The model is also invalid for low-full-laminar Reynolds numbers
since a constant friction factor may only be assumed when considering turbulent flow.
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Figure 2.6: Turbulent adiabatic capillary flow.

2.2.4. Validation
The syringe needle in figure 2.4 looks like a combination of a capillary- and orifice restriction. All the dis-
cussed flow models have limitations regarding the flow regime and probably none will fit the syringe flow for
all pressure differences. An experimental set-up is build to measure the mass flow of six gauge 30 syringe
needles, see appendix B. This measurement gives valuable information that can be used in the modelling
phase. The mass flow versus quadratic pressure difference of the measured needles is plotted in figure 2.7a.
The measurements are depicted by the grey lines and each line represents a different needle, the dark blue
line represents the average of the measurements. From figure 2.6 it becomes clear that for: ∆P 2 < 5×1010 Pa2

the flow is laminar. The three previously discussed turbulent pipe flow models are fitted to the measurement
data with a least squares fit. For the ideal and Jobson orifice models the discharge coefficient, Cd is used as
fitting parameter while for the adiabatic Fanno flow, the friction factor is used. The Jobson and Fanno flow
models show a good fit in the turbulent regime at: ∆P 2 > 5.7×1010 Pa2, the latter still shows agreement for
choked flow: M a2 = 1 and the mass flux still increases. This could be a result of the adiabatic flow assump-
tion, which is not completely valid when heat escapes through the thin restriction wall, reducing the outlet
air temperature T2.

The laminar flow regime is shown in figure 2.7b and the laminar capillary flow model from equation 2.14
is plotted with the manufacturing tolerances. The laminar capillary flow model is only valid for very low
(Re ≈ 177 & Le = 0.1L) Reynolds numbers, as a result of the entrance effects. It can be seen that the model
starts to deviate when the entrance length exceeds 20% of the total needle length. Whether this linear flow
model can be used, depends on the pressures and mass flux in the bearing application, these are a function
of the thin-film resistance. However, a small restriction pressure difference is expected and it is decided
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to use the laminar capillary flow model in further modelling. The linear relation between mass flow and
squared pressure difference, simplifies the model and can be used as design variable, known as restriction

conductivity: Gr = πd 4

256LηRs T . These measurement results are used in chapter 5, when a final ’manufacturable’
design is determined.
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(b) Laminar flow regime.

Figure 2.7: G30 size hollow syringe needle mass flow measurement with fitted restriction flow models, the laminar capillary flow model
shows a proper fit for low Reynolds numbers.

2.3. Aerostatic bearing model
The previously discussed theory concerning thin film- and restriction modelling, is used to model the axi-
symmetric bearing in figure 2.2. The geometry is implemented in a 2D finite element Comsol model, that
is able to calculate the static- and perturbed pressures inside the thin film. The ’static’ part of the finite ele-
ment model is validated analytically, using the method of multiple resistances (MR). This Comsol model will
be used as starting point for more advanced designs and the parametric optimisation in chapter 3. A more
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detailed drawing of the two pocket bearing in figure 2.2 is given in figure 2.8, the normalised design variables
are given in table 2.2. It should be noted that these design variables are arbitrarily chosen to enable model
validation.

Table 2.2: Single-inlet air bearing design parameters.

Variable Value [-] Description

Ḡr 1 Restrictor conductivity

r̄r 0.003 Restrictor inlet radius

r̄r p 0.05 Restrictor pocket radius

r̄sp 0.25 Shallow pocket radius

r̄o 1 Outer radius

h̄0 1 Nominal fly height

h̄sp 0.1 Shallow pocket height

h̄r p 20 Restrictor pocket height

p̄s 3 Supply pressure

p̄a 1 Ambient pressure

rr

rrp

rsp

ro

Ps

Pr

Prp

Psp Pa

h0
hsp hrp

Figure 2.8: Axisymmetric bearing design with dimensions and local (nodal) pressures.

2.3.1. Numerical model
When setting up a numerical model there is always a trade-off between computation time and model com-
plexity. There is a challenge in capturing the system’s physical behaviour correctly, without over-simplifying.
The axisymmetric bearing can be modelled with a 1D numerical model. This reduces the number of ele-
ments drastically compared with a 2D model, decreasing computation time. However, a 2D model is chosen
because it enables the analysis of more complicated designs at a later stage.

The dimensionless Reynolds equations presented in section 2.1.3, are implemented in a 2D Comsol mo-
del using the PDE study interface. The inlet restriction is modelled with the laminar capillary flow model
described by equation 2.14. The equation is slightly rewritten by introducing the restrictor conductivity Gr ,
source pressure Ps and the restrictor pressure at the outlet rr , see equation 2.24.

ṁcap =Gr
(
P 2

s −P 2
r

)
(2.24)

In the 2D model, the source term is scaled with the perimeter P of the inlet hole, giving:

ṁ[kgm−1 s−1] = Gr (P 2
s −P 2

r )

P
(2.25)

The conductivity, pressures and perimeter can be written in dimensionless form to obtain the dimension-
less mass flux. To obtain the perturbed source term, the static mass flow is substituted with equation 2.2. The
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dimensionless source terms that are used in the steady-state- and perturbed Reynolds equations, are given
in equation 2.26 respectively.

¯̇mcap = Ḡr (P̄ 2
s − p̄2

0)

P̄
steady-state source (2.26)

˜̇̄mcap = −2Ḡr p̄0 ¯̃p

P̄
perturbed source (2.27)

The steady-state- and perturbed Reynolds equations are solved sequentially, using the Comsol MUMPS
solver with a ’normal’ size physics-controlled mesh. The load capacity is found by integrating the pressure
distribution over the total bearing surface.

2.3.2. Analytical model and results
The design is axisymmetric and may therefore be expressed with only one ’normalised’ spatial coordinate
(r ). This means that the air bearing surface from r = 0 to r = 1 can be represented by multiple resistances
in series. The mass that enters the system must pass through all resistances before it reaches the outer edge
at ambient pressure. The mass flow through every resistance element must be the same, equating yields a
system of equations resulting in the intermediate film pressures. The medium flows through the capillary
restriction and three thin-film resistances, see figure 2.9. The mass flow through the thin-film shows a linear
relation with quadratic pressure difference, see equation 2.28 and for derivation appendix C.2. The ’i ’ and ’o’
subscripts indicate the thin film inlet and outlet respectively and conductivity G is the inverse of resistance
R.

¯̇m = Ḡt f (p2
i −p2

o) = πh̄3

ln(r̄o/r̄i )
(p2

i −p2
o) (2.28)

Ps Pr Prp Psp Pa

Figure 2.9: Axisymmetric bearing resistance scheme.

The mass flow through every element is equal giving the following equation:

¯̇m = Ḡr (P̄ 2
s − P̄ 2

r ) = Ḡr p (P̄ 2
r − P̄ 2

r p ) = Ḡsp (P̄ 2
r p − P̄ 2

sp ) = Ḡt f (P̄ 2
sp − P̄ 2

a) (2.29)

The restrictor conductivity Gr is chosen to be unity while the thin-film conductivities are a function of
radii and pocket height given in table 2.2.

To find the characteristic intermediate pressures indicated in figure 2.9, a system of equations is solved.
Equation 2.29 is written in matrix form: Axxx =bbb, see equation 2.30.

Ḡr 0 0 1
−Ḡr p Ḡr p 0 1

0 −Ḡsp Ḡsp 1
0 0 Ḡt f −1




p̄2
r

p̄2
r p

p̄2
sp
¯̇m

=


Ḡr p̄2

s
0
0

Ḡt f p̄2
a

 (2.30)

This linear system of equations can be solved with the model parameters in table 2.2, resulting in the
following intermediate pressures and mass flow:

p̄r

p̄r p

p̄sp
¯̇m

=


2.15[−]
2.15[−]
1.71[−]
4.38[−]

 (2.31)

Equation 2.32 describes the thin-film pressure profile between the nodes. Combining all results gives the
pressure as function of the spatial coordinate r . It can be concluded that the results from the 2D numerical
model match the analytical results perfectly, see figure 2.10a.
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Figure 2.10: Numerical and analytically determined aerostatic bearing characteristics.

p(r ) = po

√(
pi

po

)2

− ln(r /ri )

ln(ro/ri )

((
pi

po

)2

−1

)
(2.32)

To find the load carrying capacity, the pressure profile at a large number of fly-heights is calculated. Then
these pressure profiles are integrated along the surface area to obtain the load carrying capacity, see equa-
tion 2.33. The integration of equation 2.32 can be done analytically according to [21] using the Gauss error
function. However, it is decided to perform this integration numerically using the trapezoidal method since
it is less cumbersome and fast.

W̄ = 2π
∫ r̄o

0
r̄ p̄(r )dr̄ −πr̄ 2

o p̄a (2.33)

The stiffness is determined by taking the derivative of the load capacity W̄ w.r.t the fly-height h̄0, this is
allowed for the static case. Both are depicted in figure 2.10b and compared to the Comsol simulation. The
methods show excellent agreement and converge when increasing the number of fly height evaluations. The
method of multiple resistances is unsuitable to find the damping in the system since no analytical solution
of the perturbed Reynolds equation exists. Consequently, the frequency dependent stiffness and damping
graphs are omitted.

2.4. Dynamics of aerostatic pads
The two-pocket-one-inlet bearing pad, depicted in figure 2.8 is used to study the influence of different design
variables, on the high pressure pad’s dynamics. An extensive study concerning the dynamic characteristics of
circular centrally fed aerostatic bearings can be found in [6]. The method of linear perturbation discussed in
section 2.1.2 is used, equation 2.10 gives:

− ∂

∂x̄

(
p̄0h̄3

0
∂

∂x̄
p̃ + p̃h̄3

0
∂

∂x̄
p̄0 +3p̄0h̄2

0h̃
∂

∂x̄
p̄0

)
− ∂

∂ȳ

(
p̄0h̄3

0
∂

∂ȳ
p̃ + p̃h̄3

0
∂

∂ȳ
p̄0 +3p̄0h̄2

0h̃
∂

∂ȳ
p̄0

)
+ j ω̄(p̄0h̃+h̄0p̃) = 0

(2.34)
This equation is applied to the geometry in figure 2.2, while prescribing a Dirichlet boundary condition

at the outer edge: p̃(r = ro) = 0. The perturbed pressure is solved for the whole domain, using a small pertur-
bation amplitude: ¯̃h << 1. The perturbed pressure is a complex number, the real- and imaginary part can be
physically assigned to the thin-film stiffness and damping respectively. When following the theory in [6], the
dynamic pressure can be written in the following form:

− p̃
¯̃h
= pk + jωpc (2.35)
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The dynamic pressure components pk and pc are determined for the bearing design given in table 2.2.
When the bearing geometry and supply pressure are considered constant, the dynamic pressure p̃ is only a
function of the perturbation frequency ω̄. There are two limiting cases namely: limω̄→0 and limω̄→∞.

For the first case, the transient term in equation 2.34 vanishes and the real part of the dynamic pressure
profile (Pk ), almost mimics the shape of the static solution. When the frequency goes to infinity the dynamic
term becomes dominant, yielding:

(p̄0h̃ + h̄0p̃) = 0, ω̄→∞ (2.36)

Rewriting gives:

− p̃

h̃
= p̄0

h̄0
(2.37)

This means that, for large frequencies the perturbed- and steady-state solutions converge, resulting in a
purely real solution. The absence of the complex part of the dynamic pressure distribution, indicates zero
damping and is sometimes called: ’trapped gas’ case [6]. This phenomenon becomes clear when the real
Pk and complex Pc , pressure distributions are plotted at different perturbation frequencies. One half of the
(symmetric) dynamic pressure distribution of the table 2.2 design is given in figure 2.11.
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Figure 2.11: Dynamic pressure distributions Pk and Pc , of the circular centrally fed aerostatic bearing design (table 2.2).

At low frequencies the system has a high (complex) damping coefficient, as a result of the thin-film
squeeze motion. When the perturbation frequency increases, there is no time for gas flow and the gas only
gets compressed. At very high frequencies, the complex damping term vanishes and the perturbed solu-
tion converges to the steady-state solution (red dotted line). The Pc graph for high frequencies flattens in
the middle, while the ’near’ boundary pressure is relatively high, indicating the ’trapped gas’ case (visible at:
ω̄ = 100). The small ’dead’ volume at the inlet causes a reduction of Pc , even negative values are present.
When the ’dead’ volume in the thin film becomes too large, instability occurs known as ’pneumatic hammer’.

This inlet-pocket volume has a large influence on the dynamic bearing characteristics, while not affecting
statics. The stiffness and damping are found with the dynamic pressure, see equations 2.4. These results are
given for a range of frequencies and increasing restriction pocket depth hr p , see figure 2.12.

Both the stiffness and damping are clearly a function of perturbation frequency and restriction pocket
depth. The blue line in figure 2.12 corresponds with the pressure distributions in figure 2.11. The damping
in this configuration stays positive for all frequencies, indicating a stable system. Increasing the restriction-
pocket depth reduces the damping for low frequencies, even zero or negative damping is possible, see figure
2.12b. Negative damping should be avoided, since it causes self-excited vibrations, known as: ’pneumatic
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Figure 2.12: Stiffness and damping at different frequencies and restrictor pocket depths for a single pad with: Ps = 3[−]

hammer’. The damping increases again, when the gas film undergoes a transition from the squeeze film state
to the trapped gas state, resulting in the damping peak around ω̄= 10. The stiffness graphs all originate from
the same point, indicating that hr p does not influence the static bearing stiffness. However, the increased
restriction-pocket volume, does influence the stiffness characteristic; the stiffness declines when damping
starts to rise and vice versa [6].

The restriction-pocket depth is not the only design variable changing the dynamic bearing behaviour. In
[6] the influence of the feed hole radius rr p , supply pressure Ps and inlet flow is discussed. These design vari-
ables have a large influence, on the static bearing characteristics and are therefore, less suitable when tuning
dynamics. Furthermore, altering the restriction-pocket height, gives a monotonic transition of stiffness and
damping. Changing the feed hole radius rr p gives a non-monotonic stiffness and damping ratio. Supple-
mentary graphs of the dynamic influence of different design variables can be found in appendix D, all are in
agreement with [6].

The graphs in figures 2.11 and 2.12 depict the single pad characteristics at a supply pressure of: Ps = 3[−],
the same equations and theory are applicable in case of vacuum pressure. The same design from table 2.2 is
used, to analyse the vacuum pad characteristics at a vacuum pressure of: Ps = 0.1[−]. It should be noted that,
as a result of the static negative stiffness, a vacuum pad needs to be combined with a supply pressure pad, to
create a stable system. These purely theoretical single vacuum pad characteristics are depicted in figure 2.13.
The stiffness starts negative but increases at higher perturbation frequencies, the restriction-pocket depth in-
fluences the constant stiffness bandwidth. A deeper restriction-pocket results in an earlier stiffness increase
than a shallower pocket, this opposes the supply pad characteristics in figure 2.12a. The damping characte-
ristic in figure 2.13b, show an increased damping at low-frequencies for larger pocket volumes, opposing the
supply pressure pad characteristic.

It is known that adding a vacuum outlet, pre-loads the bearing system and leads to an increased dam-
ping characteristic at lower frequencies. The aforementioned relation between: the ’dead’ restriction-pocket
volume and damping, has been studied in literature for supply pressure pads. The increased damping when
’dead’ volume is added around a vacuum outlet, has never been studied as far to the authors knowledge. This
phenomenon could be of use in high damping applications, however, in this study the damping is minimised
and a small vacuum restriction-pocket depth is favourable.

2.4.1. Transmissibility
The thin air film couples the bearing- and counter surface, transmitting forces and displacements. The goal of
this research is to reduce the transmissibility of the thin air-film, for a wide range of perturbation frequencies.
The thin-film can be represented by frequency dependent spring and damper elements, see figure 2.14. The
equation of motion for this single mass spring damper system is given by 2.38.

mẍm + c(ω)
(
ẋm − ẋ f

)+k(ω)
(
xm −x f

)= 0 (2.38)

The transmissibility is defined as the ratio of base-to-target displacement and can be derived from the
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Figure 2.13: Stiffness and damping at different frequencies and restrictor pocket depths for a single vacuum pad with: Ps = 0.1[−].

m xm

xfTable

c(ω)

Stationary reference

k(ω)

Figure 2.14: Simple dynamic model of an air bearing, transmissibility is defined by the ratio of xm and x f (from [40]).

equation of motion. First the Laplace transform of equation 2.38 is taken, rewriting gives:

xm
(
ms2 + c(ω)s +k(ω)

)= x f (c(ω)s +k(ω)) (2.39)

When a sinusoidal system response is assumed, the Laplace operator s can be replaced with the Fourier
term: jω. This gives the frequency-domain expression that describes the transmissibility, see equation 2.40.
This linearised expression, assumes fly-height independent and frequency dependent stiffness and damping
coefficients.

T (ω) = xm(ω)

x f (ω)
= c(ω) jω+k(ω)

−mω2 + c(ω) jω+k(ω)
(2.40)

All the modelling is done with dimensionless parameters, these can be substituted with their correct sca-
ling factors in equation 2.40. The appropriate scaling factors for the stiffness, damping and frequency are
in equation 2.12. The mass can be expressed in load capacity by means of the gravitational acceleration
g = 9.82ms−2:

m[kg] = W [N]

g [ms−2]
= PR2[N]W̄ [−]

g [ms−2]
(2.41)

Implementation of the dimensionless variables in equation 2.40 gives:

T (ω̄) = c̄(ω̄) j ω̄+ k̄(ω̄)

−HΩ2W̄
g ω̄2 + c̄(ω̄) j ω̄+ k̄(ω̄)

(2.42)

This equation 2.42 scales the mass term to obtain a correct ratio between the mass, damping and stif-
fness. However, this equation needs the dimensional scaling factors, namely: P , H , R and η. The bearing
radius determines the effective load capacity and must be chosen realistically. This gives: P = 1×105 Pa,
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H = 1×10−5 m, R = 12.5×10−3 m and η = 18×10−6 Pas. With these dimensional scaling factors the mass
scaling term becomes:

HΩ2

g
= 0.0894[−] (2.43)

The transmissibility of the single supply pressure pad, is determined by substituting the stiffness and
damping characteristics from figure 2.12 in equation 2.42. These results are depicted in the figure 2.15 Bode
plot at different restriction-pocket depths. The reduced damping originating from the increased pocket
depth, causes an eigenfrequency shift and a larger resonance peak, while it reduces the phase-lag in the
system.
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Figure 2.15: Transmissibility of the single inlet air bearing with the figure 2.12 stiffness and damping characteristics. The mass corre-
sponds to the load capacity of a bearing with an outer radius of : ro = 12.5×10−3 m.

The goal is to obtain a low thin-film transmissibility for a large range of perturbation frequencies. The
magnitude of the transmissibility shows a strong decay for frequencies above the eigenfrequency. This is the
reason most commercial vibration isolation tables, have a low stiffness and a high mass. However, a large
moving mass is undesirable within the context of high speed stages, because it introduces high forces and
limits acceleration. Consequently, only the stiffness is used to reduce the eigenfrequency.

When the frequency rises the damping term becomes more dominant, this creates a stronger connection
with the vibrating floor. Minimising the damping is therefore desired, this even shifts the ’damped’ eigenfre-
quency further to the ’left’. The downside of very low damping is the potentially high resonance peak at a low
eigenfrequency. This introduces a trade-off between a fast transmissibility decay and limiting the eigenfre-
quency amplification.

Analysis of the transmissibility expression in 2.42 at the limit frequencies, yields:

lim
ω̄→0

T (ω̄) = 1 lim
ω̄→∞

T (ω̄) = 0 when, c,k > 0 (2.44)

It can be seen that for positive stiffness and damping, the transmissibility always starts at one. To obtain
zero transmissibility through the thin-film, the numerator must be zero: |c̄(ω̄) j ω̄+k̄(ω̄)| = 0. When the system
has an absolutely zero stiffness and damping, it will act like a free floating mass, unaffected by floor vibrations.

2.4.2. Stability
Minimisation of the stiffness and damping can lead to instabilities, therefore it is decided to use a pole-zero
plot to analyse the stability at different frequencies. The poles are found by solving equation 2.42 for the
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Laplace operator ’s = j ω̄’ and equating the denominator to zero [40]. At constant stiffness and damping, the
system would have two poles p1,2 and one zero z, defined as follows:

z =− k̄

c̄
p1,2 =

−c̄ ±
√

c̄2 −4 HΩ2W̄
g k̄

2 HΩ2W̄
g

(2.45)

However, the stiffness and damping are a function of the perturbation frequency, resulting in an infinite num-
ber of poles and zeros. To find the poles and zeros the stiffness and damping are linearised at a large number
of frequencies. The poles of the single supply pad are plotted in the complex plane for a range of frequencies:
1×10−1 < ω̄ < 1×103 and restriction-pocket depths: 20 < hr p < 300, see figure 2.16. The system is stable if
both poles have a negative real part, the zero does not affect the stability. The poles are situated at the black
markers for low perturbation frequencies and follow the trajectory towards the stable limit at: ℜ(p1,2) = 0,
ω̄= 1×103. The bearing configurations with the deep restriction pockets hr p = 230,300, have negative dam-
ping at low frequencies. This places the poles at the positive side of the stable limit, indicating an unstable
system as is expected with negative damping. It becomes clear that stability is a function of perturbation
frequency. This means that, theoretically an unstable system could be stable, if it is solely excited at a single
stable frequency, which has poles in the left-half plane of figure 2.16.
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Figure 2.16: Pole stability plot for different restriction-pocket depths and perturbation frequencies. A deep pocket introduces ’dead’
volume in the thin-film which results in negative damping and ’pneumatic hammer’.

2.4.3. 2-pad analysis
In the previous paragraphs the dynamic properties of the supply- and vacuum pads and the concept of thin-
film transmissibility are analysed. With a combination of two pads, it is possible to create a stable ’static’
low-stiffness bearing design as proposed in [21]. However, from the transmissibility function it appears that
damping needs to be minimised as well. A parametric analysis is done to obtain insight in the frequency
dependent relations, between stiffness, damping and thin-film transmissibility. The analysis is based on ar-
tificial stiffness and damping characteristics of a two-pad bearing design. This study gives insights in the
dynamic characteristics and stability, without the need of a real completely optimised design.

The characteristics in figure 2.12 are parametrised and represented by discrete lines between transition
frequencies. The schematic stiffness and frequency graphs are in figure 2.17. At low frequencies ω̄ < ω̄1 the
stiffness is equal to the static bearing stiffness k0 and the damping is c0. Increasing hr p reduces the damping
without influencing static bearing characteristics. However, the dynamic stiffness is proportionally affected
by the damping, indicated by α, see figure 2.17a. In systems with low damping, the stiffness shows a ’dip’ for:
ω̄1 < ω̄< ω̄2. The following trend is observed:



26 2. Theory

α> 0 when, c0 < c̄(ω̄= ω̄2)

α= 0 when, c0 = c̄(ω̄= ω̄2)

α< 0 when, c0 > c̄(ω̄= ω̄2)

This means that the stiffness decreases when the damping increases and vice versa, as is also observed
by [6]. A ’static’ low-stiffness design with small damping, can get a negative stiffness in the: ω̄1 < ω̄ < ω̄2

frequency bandwidth. This phenomenon must be taken into account since it might cause unwanted instabi-
lities. At frequencies: ω̄2 < ω̄< ω̄3, the stiffness and damping converge towards a final value. The stiffness and
damping characteristics of different k̄(ω̄) & c̄(ω̄) combinations are plotted in figure 2.17. The transmissibility
of all different characteristics is calculated with equations 2.42 and 2.43, see figure 2.18.
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Figure 2.17: Artificial but realistic stiffness and damping characteristics for an arbitrary air bearing. The gradients of the k̄ − ω̄ and c̄ − ω̄
graphs always have an opposing sign [6].

Figure 2.18: Transmissibility of the stiffness and damping characteristics in figure 2.17, the negative stiffness at: ω̄1 < ω̄< ω̄2 causes an
instability.
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The solid purple line represents a ’standard’ single inlet air bearing with normal stiffness and damping.
Decreasing the damping causes an eigenfrequency shift and a reduced transmissibility at the mid-frequency
range. These three purple characteristics show the same trend as the bearing in figure 2.15, indicating the
validity of this discrete representation.

The effect of a low-stiffness and zero-stiffness design, is represented by the blue and red lines respectively.
Both lines show the same trend for normal and medium damping. This means that an absolute zero-stiffness
design, is not required for a strong transmissibility reduction. When the damping is reduced to almost zero,
there is even less coupling in the system. However, when examining the phase, a big ’jump’ is spotted between
ω̄1 and ω̄2. The system has an unstable pole, emerging from the negative stiffness that places the pole in the
right half plane, see equation 2.45. The negative stiffness in this frequency band ’slightly’ amplifies unwanted
vibrations but is limited by the increasing positive damping.
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Figure 2.19: A bearing design with a statically zero- stiffness and damping characteristic. At increased frequencies the damping starts to
rise and the stiffness becomes negative, creating an unstable system in limit-cycle oscillation. A slight positive damping, immediately
couples the system at low frequencies, while negative damping results in a pneumatic hammer instability.

Even in a system with zero stiffness, the transmissibility starts at one because of the damping term. In
theory the damping can be made zero for frequencies: ω̄< ω̄1. In this region the stiffness stays positive, en-
suring the stability. In figure 2.19 the transmissibility is plotted for a zero-stiffness system at slightly different
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damping characteristics. Zero stiffness & damping is represented with the dashed line and gives zero trans-
missibility as expected. When ω̄ > ω̄1, the damping starts to increase causing a decreasing stiffness which
immediately becomes negative. The negative stiffness yields positive unstable poles, placing the system in
a limit cycle oscillation. The oscillation is initiated by the negative stiffness but bounded by the increasing
damping.

In practice it is probably quite difficult to maintain exactly zero stiffness and damping, therefore graphs
with slightly positive and negative damping are added. This gives a small transmissibility with a -1 slope in
the stable frequency band and an increased transmissibility in the unstable region: ω̄1 < ω̄< ω̄2.

The negative stiffness resulting from a low damping design, gives instabilities and can be avoided in the
following ways.

1. In a static zero-stiffness design, the damping c̄(ω̄), should be a monotonically decreasing function,
resulting in: α≥ 0.

2. The static stiffness can be optimised at: k0 = k(ω̄ = ω̄2,α), allowing a low damping design with: α < 0
and k̄(ω̄) ≥ 0.

This means there is a trade-off between minimising the stiffness or damping, depending on the magni-
tude ofα. However, limiting the minimisation of damping has a large influence on the low frequency (ω<ω1)
transmissibility, the difference is illustrated by the dashed and dotted red lines in figure 2.18. The magnitude
of the limit-cycle oscillations in the unstable region are unknown and might be acceptable. With the current
model it is not possible to do an extensive (time-domain) analysis of these non-linear oscillations, this is left
as recommendation.

2.5. Conclusion
The two-pad bearing model from [21] is further explored and modelled with the dimensionless compressible
Reynolds equation. To be able to determine the dynamic characteristics, the method of linear perturbation
is used. Besides thin-film modelling, different ’existing’ inlet-restriction models are discussed. A small case
study is done with mass flow measurements of syringe needles, these are used in the prototyping phase. The
laminar capillary flow model, shows a good fit for small pressure differences and is used in further model-
ling. A two-dimensional numerical model is created and validated with an analytic study of a ’simple’ axi-
symmetric geometry. At last a dynamic analysis is done, to obtain insights in the relation between thin-film
transmissibility and air bearing dynamics.

The combination of high- and low pressure pads is a good starting point to reduce the ’static’ stiffness.
From the transmissibility function it becomes clear that the damping must be reduced as well. The restriction-
pocket depth does not affect the static bearing characteristics and can be used to decrease damping. Howe-
ver, the reduced damping starts to rise at increasing perturbation frequency and can cause negative stiffness
at a certain bandwidth. The negative stiffness results in a positive pole, indicating an instability. The insta-
bility is bounded by the positive increasing damping and puts the system in a limit cycle. An optimisation
procedure is applied on the numerical model in the next chapter, to help find an optimal bearing design.
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Optimisation & Sensitivities

The dynamic study in section 2.4, shows that air-film stiffness and damping have a strong influence on trans-
missibility. In this chapter, a twofold static & dynamic optimisation procedure is proposed. The optimal air
bearing characteristics are quantified and used in objective- and constraint functions. The starting point
is stiffness minimisation, however, when the goal is to minimise transmissibility, dynamic optimisation is
indispensable. The challenge is to obtain a statically and dynamically stable optimal design. After the opti-
misation, the transmissibility of a ’standard’ air bearing (figure 2.2) and the optimised bearing are compared.
With a sensitivity analysis, the influence of small design variations on stiffness and damping are studied. This
analysis is further expanded to the transmissibility sensitivity to variations in stiffness and damping.

3.1. Static optimisation
A low-stiffness bearing design can be accomplished with a combination of high- and low pressure bearing
pads [21]. A restricted vacuum sink adds negative stiffness to the system. To obtain a stable low-stiffness
design, a shallow pocket or pad-height offset is needed. The shallow pocket introduces a thin-film resistance
with a strong fly height dependence. This causes a change in load capacity as can be seen in figure 2.10b at
h0 = 0.5. A height offset of the low pressure pad, will shift the negative stiffness curve to larger fly heights,
enabling a stable design. One of these methods, or a combination must be used to find a feasible optimum.
The two-pad bearing is modelled with the Reynolds equation and laminar capillary flow theory, discussed in
chapter 2. The high- and low pressure pads with geometric design variables, are depicted in figure 3.1.

High pressure pad Low pressure pad

rr1

rrp1

rsp1

rr2

rrp2

Figure 3.1: The high- and low pressure pad that is used in the optimisation, with geometric design parameters.

The static optimisation procedure is based on the W −h and K −h curves found by [21]. An optimal low
stiffness air bearing characteristic, for an arbitrary design is given in figure 3.2. The optimised design must

29
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have sufficient load carrying capacity and a stable low stiffness working point (hc). Stability is enforced by the
increased load capacity at smaller fly heights (ha) and decreased load capacity at increased fly heights (he).
This gives a ’valley’ shaped stiffness profile represented with the orange line. The low-stiffness domain is
situated between fly heights hb and hd. The domain size limits the ’covered’ vibration amplitude and should
therefore be maximised.
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Figure 3.2: Graphical representation of a low stiffness stable air bearing design.

An objective function is defined by using the W −h and K −h graphs in figure 3.2. At every design per-
turbation that is initiated by the optimiser, the load capacity and stiffness are evaluated at a small number of
different fly heights. Calculating the complete W −h and K −h graphs would make the model too compu-
tationally expensive and therefore impractically slow. The data obtained after every design iteration can be
expressed by: Wn and Kn , where subscript n corresponds to fly heights a until e. In figure 3.2, Wn and Kn are
indicated with pink asterisks connected by dotted lines, yielding a simplified bearing characteristic.

3.1.1. Objectives and constraints
The problem is defined as a minimisation problem with objective function: f (Wn(x),Kn(x)). The objective
function f , is a function of load capacity Wn and stiffness Kn , which are a function of the design variables in x.
The total objective function consists of seven terms and is written in equation 3.1. This objective represents
the desired load capacity curve in the first four terms. This results in decreasing load capacity at increasing
fly height and a flat plateau around nominal fly height. The fifth term maximises the load capacity at nominal
fly height. The last two terms minimise the stiffness around the nominal fly height.

f (x) =
(

Wb

Wa
+1

)2

+
(

We

Wd
+1

)2

+ (Wc −Wb)2

+ (Wc −Wd )2 +
(

Kc

Wc

)2

+
(

Kb −Kd

b −d
+1

)2

+ (Kb +Kc +Kd +1)2 (3.1)

This objective function represents a desired bearing characteristic. Now constraint functions are used to
enforce certain characteristics and to limit the total design space to a feasible design space. To find a feasible
low-stiffness design, the W −h curve must be monotonically decreasing. This is already implemented in
the objective function but is accentuated by using both equality- and inequality constraints, represented
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by: h (Wn(x),Kn(x)) = 0 and g (Wn(x),Kn(x)) ≤ 0 respectively. All six constraints are shown in equation 3.2.
Constraints g1, g2, h3 and h4 ensure a monotonically decreasing W −h curve, constraint g5 enforces positive
stiffness at nominal fly height and constraint g6 optimises the load capacity to a desired numerical value: Wn .

g1 = Wb −Wa

b −a
g2 = We −Wd

e −d
h3 =Wb −W c h4 =Wc −Wd g5 =−Kc g6 =Wn −Wc (3.2)

An optimisation algorithm tries to find a global minimum in a design space. The objective and constraint
functions are the link between a mathematical global minimum and the desired optimal design. When the
objective- and constraint functions are not well defined, the found minimum is not a representation of an
optimal design. The functions in equations 3.1 and 3.2 are iteratively determined by examining the outcome
of the optimiser. After adjusting these functions a couple of times, the problem is well defined. All the terms
in the objective function 3.1 are quadratic to have faster convergence.

3.1.2. Design variables

There are a number of design variables that are used by the optimiser to find an optimal design. The model
has a high- and low pressure pad, five radii are indicated which are usable as design parameters, see figure
3.1. Besides these radii, every pocket has a certain depth, resulting in another three design variables. Both
pads have an inlet pressure and a restrictor conductivity. This gives a grand total of twelve independent
design variables. When the relative height between the pads is used, this becomes thirteen design variables.
These design variables are are collected in vector x. All dimensionless independent design variables with their
corresponding numerical range, are given in table 3.1.

When all the design parameters in table 3.1 are used, an optimum has to be found in a thirteen dimen-
sional design space. In this numerical model, the design space is discontinuous, meaning that no analytical
derivatives are available. A derivative free algorithm must be used in which derivatives are approximated.
This results in increased computation time with increasing number of design variables since the differences
are small.

Reducing the number of the design variables in table 3.1 is possible. For instance, the restrictor radii rr 1

and rr 2 can be taken constant. The number of design variables can be further decreased by fixing the shallow
pocket depth or the radius of one of the restrictor pockets. However, oversimplifying the optimisation pro-
blem might result in overconstraining, making it impossible to find an optimum.

The restrictor pocket is used to increase or decrease the radius of a constant pressure area around the inlet
or outlet. A constant pressure is only the case, if the restrictor pocket contains enough ’dead’ volume of air.
The volume in this pocket is a function of pocket radius and pocket depth. The pocket radius effects the static
bearing characteristic, while the pocket depth only influences the dynamic characteristics. This means that
the restrictor pocket depths: hr p1 and hr p2 can be omitted from the static optimisation and used to enhance
dynamics in a later stage.

3.1.3. Static optimisation results

The used Comsol software provides a variety of different derivative free solvers. After trying different solvers
and comparing computation time and the ability to find an optimum, COBYLA [34] showed the best perfor-
mance in most cases. The design variables in table 3.1 are used while keeping the depth of both restrictor-
pockets constant at: hr p1 = hr p2 = 50. The shallow pocket and height offset concept are based on different
principles and are initially evaluated separately. It appears that the algorithm is not able to find one global
optimum. Therefore six different vectors with initial design variables are used, see tables 3.2 and 3.3. The sets
with initial parameters in tables 3.2 and 3.3 all show convergence. The optimality tolerance of the COBYLA
solver is set at: 1×10−3, with a maximum of 250 model evaluations.
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Table 3.1: Optimisation design variables with their range of normalised values.

Parameter Range Description dynamic/static optimisation

Thrust pad Ḡr 1 (0,10] Inlet conductivity (static)

P̄s1 [1,7] Supply pressure(static)

h̄sp1 [0.05,1] Shallow pocket depth (static)

h̄r p1 [0,1000] Restrictor pocket depth (dynamic)

r̄r 1 0.003 Restrictor radius

r̄r p1 [0.15,1] Restrictor pocket radius

r̄sp1 [0.2,1] Shallow pocket radius (static)

Vacuum pad Ḡr 2 (0,10] Outlet conductivity (static)

P̄s2 [0.4,1] Vacuum pressure (static)

h̄r p2 [0,50] Restrictor pocket depth (dynamic)

r̄r 2 0.003 Restrictor radius

r̄r p2 [0.1,1] Restrictor pocket radius (static)

General h̄1,2 (0,1] Height difference (static)

a;b;c;d ;e 0.05;0.4;0.6;0.8;3 Discrete fly height evaluations

Table 3.2: Initial design variables shallow pocket concept.

x01 x02 x03

Ḡr 1 1 3 8

P̄s1 2 1.5 1.25

h̄sp1 0.1 0.1 0.1

r̄r p1 0.2 0.2 0.1

r̄sp1 0.28 0.5 0.7

Ḡr 2 2.5 3 3.5

P̄s2 0.7 0.5 0.5

r̄r p2 0.25 0.4 0.6

Table 3.3: Initial design variables height offset concept.

x01 x02 x03

Ḡr 1 1 3 8

P̄s1 2 1.5 1.25

r̄r p1 0.2 0.2 0.1

h̄1,2 0.5 0.5 0.5

Ḡr 2 2.5 3 3.5

P̄s2 0.7 0.5 0.5

r̄r p2 0.25 0.4 0.6

Every set of initial variables converges to a different local optimum in the design space, see the optimi-
sation results in tables 3.4 and 3.5. The optimised geometries with their pressure distribution at nominal fly
height, are depicted in figure 3.4. When only examining the value of the objective function f (x), design x1

is supposed to be most optimal for both concepts. The load capacity and stiffness of the optimised designs
are plotted in figure 3.3, the vertical grey lines indicate the evaluated fly-heights in the optimiser. A lower ob-
jective value does not necessarily indicate the ’best’ design. One could argue that design x3 is optimal, since
it covers a larger low-stiffness domain. A downside of this design is the smaller stiffness and load capacity at
low fly heights, explaining the higher objective value.

The optimised shallow pocket designs have a lower final objective value than the height offset concepts.
This translates to a lower load capacity at small fly heights, indicating a less stable design. Furthermore, the
height offset concept has a strong transition in load capacity, at the boundaries of the zero-stiffness domain.
Contrary, the shallow pocket shows a smoother transition in load capacity. Based on these results, both con-
cepts are perfectly usable in a bearing application. The shallow-pocket bearing, shows slightly better results.
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Table 3.4: Optimised shallow pocket concept.

x1 x2 x3

Ḡr 1 2.1387 3.204 7.998

P̄s1 1.6802 1.542 1.316

h̄sp1 0.074 0.047 0.048

r̄r p1 0.145 0.160 0.278

r̄sp1 0.515 0.645 0.830

Ḡr 2 2.559 2.997 3.439

P̄s2 0.497 0.656 0.802

r̄r p2 0.336 0.305 0.270

f (x) 0.85434 0.87526 0.94566

Time [s] 257 290 270

Evaluations 123 93 121

Table 3.5: Optimised height offset concept.

x1 x2 x3

Ḡr 1 2.0443 3.1594 8.2351

P̄s1 2.1838 1.9483 1.6171

r̄r p1 0.14581 0.1474 0.1494

h̄1,2 0.9269 0.3712 0.2599

Ḡr 2 2.426 2.9765 3.7879

P̄s2 0.4958 0.5043 0.3994

r̄r p2 0.4610 0.3709 0.1229

f (x) 0.99531 1.0817 1.2116

Time [s] 204 149 154

Evaluations 92 70 88
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Figure 3.3: Static optimisation results for the shallow-pocket and height-offset concept. The shallow-pocket designs generally have a
higher stability, as a result of the increased stiffness at low fly heights.
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Model 1

Model 2

Model 3

Figure 3.4: Bearing geometries for six optimised designs with pressure distribution at nominal ’low-stiffness’ fly height.

3.1.4. Combining shallow-pocket with height-offset
Combining a shallow pocket with a pad height-offset, might improve the results that are found in the previ-
ous section. For both concepts, the optimised design x1 in tables 3.4 and 3.5 has the lowest objective function
value. These optimisation results are chosen as initial conditions for a hybrid design, in case of mutual de-
sign variables the mean value has been used. The optimised characteristics of this hybrid design are depicted
in figure 3.5a. This hybrid characteristic does not show a clear improvement, when compared with the in-
dividual concepts. There is, however, the possibility of adjusting the height-offset to tune the design. The
influence of the relative pad height-offset on the bearing stiffness, is shown in figure 3.5b. The blue line is the
optimised shallow-pocket bearing from the previous section. The stiffness characteristic shows a shift when a
pad height-offset with a range of: (−1 < h̄1,2 < 1) is applied, the maxima are plotted in red. The stiffness graph
maintains its characteristic ’valley’ shaped curve. Therefore variable h̄1,2 is suitable to increase or decrease
the low-stiffness operation point, without losing its stability.

A hybrid design combines the higher stability of a shallow pocket, with the ability to apply small changes
in stiffness. The latter is only true for an adaptive bearing design, without a fixed pad offset.
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(a) Optimised hybrid bearing design with:h̄sp = 0.046[-] & h̄1,2 = 0.84[-].
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Figure 3.5: Hybrid bearing design characteristics.

3.2. Dynamic bearing characteristic
The optimised shallow pocket bearing design x1, from table 3.4 and figures 3.3 & 3.5b, is used for dynamic
analysis. The influence of scaling parameters, possible pad-offset and restriction-pocket depth, on the overall
dynamic performance is studied. First the frequency dependent stiffness and damping are determined at the
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nominal ’static-low-stiffness’ fly height: h0 = 0.6, see figure 3.6. Then the influence of perturbation frequency
and fly height on stiffness and damping is discussed. Based on these findings, the static design x1, is dynami-
cally optimised to get a stable low-transmissibility design.

The dynamic stiffness and damping characteristics, are a function of the thin-film ’dead’ restriction-
pocket volume, as stated in section 2.4. Adding ’dead’ volume to the high-pressure pad, reduces low-frequency
damping, while the opposite is true for the low-pressure pad. So adding volume to the vacuum restriction-
pocket rr p2, increases low-frequency damping.

In figure 3.6 the: k̄ − ω̄ and c̄ − ω̄ graphs are depicted, at a constant fly height of h̄ = 0.6 and at different
restriction-pocket depths. At low frequencies the stiffness equals the optimised static stiffness, which is close
to zero. When the damping increases, negative stiffness occurs, this is in agreement with the preliminary
findings in section 2.4.
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Figure 3.6: Stiffness and damping at different frequencies and restrictor pocket depths.

The characteristics in figure 3.6 are evaluated at a constant fly height, although the perturbation ampli-
tude has a significant influence on the characteristics. Therefore, the k̄−h̄ and c̄−h̄ graphs are given in figure
3.7, at a constant low frequency and various restriction-pocket depths. All stiffness graphs overlap as is ex-
pected from figure 3.6a, however, the damping shows a strong fly height dependence that is non-monotonic
for: hr p1 > 145. The minimum negative damping occurs around a fly height of: h̄ = 1 for all h̄r p1. The low-
stiffness operating point at: h̄0 = 0.65 (dotted line) and the fly height where minimum damping occurs do
not overlap. For: h̄r p1 > 145, the bearing will be immediately unstable if the fly height is increased by a small
input perturbation. Once damping is negative, the bearing becomes self-exciting, increasing the vibration
amplitude.

Negative damping should be avoided for all fly heights and perturbation frequencies. To do so, the amount
of ’dead’ restriction-pocket volume can be reduced. However, this increases the damping at the optimised
nominal low-stiffness fly height, yielding higher transmissibility. A solution is to align the low-stiffness fly
height with the low damping fly height. Damping scales cubically with fly height, making it impossible to
shift min(c̄) to the lower fly heights. However, shifting the low stiffness point to the larger fly heights is possi-
ble by changing the relative pad offset h1,2, see figure 3.5b. These findings are used to dynamically optimise
the 2-pad bearing concept in section 3.3.

The characteristics in figure 3.7 are evaluated at a low perturbation frequency of: ω̄= 1×10−2. From figure
3.6 the following is known. in case of h̄r p1 = 50, the stiffness increases and damping decreases monotonically,
when perturbation frequency increases. For a deeper restriction-pocket, the stiffness first shows a decrease,
while damping first rises before convergence to c̄ω̄→∞ = 0. The influence of perturbation frequency on k̄ & c̄,
is now studied for a range of fly heights, see figure 3.8. The linear frequency increment between each plotted
line is: ∆ω̄= ω̄i+1 − ω̄i = 0.41[-].

For h̄r p1 = 50, the stiffness- and damping show a monotonic increase- and decrease respectively, at in-
creasing perturbation frequency. The carefully optimised static low-stiffness curve holds its shape at low
frequencies. The local low-stiffness minimum shifts to higher fly heights when increasing frequency, while
the damping stays positive at all fly heights and decreases. For h̄r p1 = 430, the stiffness shape is preserved
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Figure 3.7: Characteristics of the statically optimised shallow-pocket bearing, design x1 in table 3.4. The stiffness is not affected by an
increased ’dead’ restriction-pocket volume for low perturbation frequencies. The minimum damping- and the operating fly height do
not coincide, yielding an unstable system.

for a larger range of ’low to mid’ range frequencies, because, before the stiffness rises, it becomes negative
first. The same trend of fly height shifting, of the minimum stiffness operating point, is visible. Damping is
negative at larger fly heights and low frequencies, yielding an unstable system.
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Figure 3.8: Stiffness and damping as function of fly height and perturbation frequency at restriction-pocket depths of hr p1 = 50 and
hr p1 = 430. The characteristics belong to the statically optimised low-stiffness shallow pocket bearing, design x1 in table 3.4. A deep
restriction-pocket, leads to negative stiffness at the low to mid-frequency range and negative damping at larger fly heights.
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3.3. Dynamic optimisation

The static optimisation in the first section, leads to a stable low-stiffness air bearing design with relative high
damping. When the perturbation frequency increases, the low-stiffness operating point increases, while shif-
ting to a larger fly height. The addition of ’positive’- and ’negative’ dead volume, by enlarging hr p1 and hr p2

respectively, decreases or increases damping. In the current optimised static designs, the low-stiffness opera-
ting point and low damping point do not coincide. This results in a range of fly heights with negative damping
and stiffness in a certain frequency bandwidth. In this section the dynamic bearing properties are enhanced
by reducing the damping, while ensuring it stays positive for all fly heights. It is investigated, whether it is pos-
sible to coincide the stiffness- and dynamic nominal fly heights. Starting point for the dynamic optimisation,
is the statically optimised shallow pocket bearing: x1 in table 3.4.

The goal is to minimise and align the stiffness- and damping characteristics, to create a stable low-transmissibility
bearing design. The objective and constraint functions from section 3.1.1 are used and extended with addi-
tional terms. The same design variables that are used in the static optimisation are applicable, see table 3.1.
However, the restriction-pocket depths: hr p1 and hr p2 will be used as design variables to change the dam-
ping. Furthermore, the discrete fly height evaluation points:a,b,c,d ,e are adapted, to enable stiffness and
damping alignment. Only one objective term and two constraint terms are added to equations 3.1 and 3.2
respectively, see equation 3.3.

f (x) = f (x)st ati c +3× (Cc +1)2

g7 =−Cc

g8 = Cc −Cb

c −b
+0.005

(3.3)

The additional objective term minimises the damping at the nominal fly height evaluation point: hc, a
scaling factor of three appears to give the most promising results. Not all design variables in table 3.1 are used
in this optimisation. Better results are found when keeping the geometry of the statically optimal shallow
pocket bearing unaltered and when using a smaller set of design variables. However, the pressures, restriction
conductivities, pad offset and restriction-pocket depth are used to find a new ’shifted’ optimum. From the
damping graphs in figure 3.8, it appears that the low damping fly height is situated around: h̄ = 1. The fly
height evaluation as depicted in figure 3.2, are chosen as follows: ha = 0.05, hb = 0.88, hc = 1, hd = 1.15,
he = 3. Increasing the nominal fly height will inevitably decrease the load capacity. It is therefore necessary
to relax constraint g6 in equation 3.2 or to change Wn to a lower, more realistic value.

The initial design variables and the final optimised result are given in figure 3.9. The individual high- and
low pressure pad characteristics, are depicted with dotted and dashed lines. The combined pads yield a rela-
tive low load capacity, almost zero stiffness and very small damping at: h̄0 = 1. Increasing the load capacity w̄ ,
seems to be impossible at this low damping fly height region. Increasing the perturbation frequency, yields
the damping and stiffness characteristics in figure 3.10. The design with: h̄r p1 = 130 has a less critical dam-
ping characteristic and positive stiffness for all perturbation frequencies. Any increase of dead volume, e.a
h̄r p1 > 130, leads to a bandwidth of negative stiffness. The optimised low-damping design with h̄r p1 = 401.63,
has positive damping for all frequencies but develops negative stiffness.
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x0 x

Ḡr 1 3.0 2.94

P̄s1 1.8 1.6103

h̄r p1 400 401.63

h̄1,2 0.5 0.4

h̄sp1 0.074

r̄sp1 0.515

r̄r p1 0.145

r̄r 1 0.003

Ḡr 2 3.5 3.88

P̄s2 0.5 0.61456

r̄r p2 0.336

h̄r p2 1.5

r̄r 2 0.003
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Figure 3.9: Table with initial design variables and the final optimised design, the graph gives the individual pad- and total bearing cha-
racteristics at ω̄= 0.01.
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Figure 3.10: Stiffness and damping as function of fly height and perturbation frequency at restriction-pocket depths of hr p1 = 130 and
hr p1 = 401.63. The characteristics belong to the statically & dynamically optimised low-stiffness & low-damping bearing design, from
figure 3.9. The hr p1 = 401.63 design has low damping and stiffness but develops negative stiffness at increasing frequency
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3.4. Transmissibility and stability
The characteristics in figure 3.10 are used in the transmissibility equation as shown in equation 3.5. This
relation is only valid if k̄ and c̄ are assumed linear with displacement, so a small perturbation amplitude.
However, the non-linearity caused by an increase in perturbation frequency, has more impact on k̄ and c̄
than small displacements:

∆k̄(∆h̄) <∆k̄(∆ω̄) & ∆c̄(∆h̄) <∆c̄(∆ω̄) (3.4)

The transmissibility of the system is determined at: h̄ = h̄0 = 1 with k̄(ω̄) and c̄(ω̄), using equation 3.5.

T (ω̄) = c̄(ω̄) j ω̄+ k̄(ω̄)

−HΩ2W̄
g ω̄2 + c̄(ω̄) j ω̄+ k̄(ω̄)

(3.5)

The ’mass’ term in equation 3.5 is a collection of dimensional scaling parameters that have a large influ-
ence on T (ω̄) , rewriting gives:

HΩ2W̄

g
= P 2H 5W̄

144η2g R4 (3.6)

The scaling parameters R and H , determine the final bearing’s radii and feature heights respectively, see
equation 2.5. The dimensionless frequency is scaled withΩ, causing a ’horizontal’ shift of T (ω) depending on
the scaled design. In table 3.6 the scaling height H is determined at a a number of possible final nominal fly
heights, furthermore the influence of H and R in equation 3.6 is determined. A combination of a low nominal
fly height with a relative large bearing radius, gives the smallest scaling factor: H 5/R4 = 1.3×10−16[m]. This
gives a rather low ’mass’ term in equation 3.6 and therefore a larger transmissibility.

Table 3.6: Scaling the bearing to different fly heights and radii

hdesi r ed [µm] h̄ H [µm] R[mm] H 5

R4 ∗1×1016[m]

10 1 10 12.5 1.3107

15 1 15 6 5.8594

20 1 20 3 395.06

The ’mass’ term in equation 3.6 gives insight in the physics affecting the transmissibility of the system.
Increasing the load capacity W̄ , gives a larger moving mass and consequently a lower eigenfrequency and
transmissibility. An increase in fly height H causes a ’third order’ decrease in damping and a small decrease
of stiffness, this is in agreement with equation 2.12 and [15]. The bearing radius R has an opposite effect on
both damping and stiffness. The damping shows a ’fourth order’ increase with R at low frequency squeezing
motion, resulting from the increased thin film area. An increase in bearing area yields higher load capacity,
this effect is however subordinate to the higher damping. Besides, an increase in moving mass is undesired
in this application. The damping and stiffness characteristics are also a function of perturbation amplitude.
An effort is made to maximise the low-stiffness fly height region by increasing the distance between points b
and d in figure 3.2.

The stability and transmissibility of the optimised bearing is analysed at: various restriction-pocket depths,
a nominal fly height of h0 = 20µm and a bearing radius of R = 5mm. This particular bearing radius gives a
load capacity of a few grams, just enough to support a small silicon wafer. The real pole parts of different bea-
ring designs are plotted as a function of frequency in figure 3.11. The system has negative poles for h̄r p1 = 130
and corresponds to the blue lines in the transmissibility plot, see figure 3.12. The relatively high damping
does not increase, resulting in a positive stiffness at all frequencies. This damping causes a slow decay of the
transmissibility. This characteristic is only slightly ’better’ than a standard single inlet bearing with equal load
capacity. The standard reference bearing has no shallow pocket and vacuum outlet and a low supply pressure
of Ps = 105kPa is chosen to match the load capacities. The stiffness of the reference bearing is 615 times larger
than the stiffness of the optimised designs at lower frequencies. This difference results in a eigenfrequency
that is 24 times larger. This explains the resonance peak at 100Hz for the reference bearing design and the
absence of a clear peak in the optimised low-stiffness hr p1 = 130 design.
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Figure 3.11: Real pole locations as a function of perturbation frequency for two restriction-pocket depths. With scaling parameters:
H = 20µm, R = 5mm. A deep restriction-pocket develops negative stiffness at a frequency bandwidth of: 10 < ω̄ < 3kHz, giving an
unstable pole.

The comparison of the standard reference bearing with the low-stiffness normal-damping hr p1 = 130
bearing, clearly illustrates the importance of damping reduction. The low-damping designs are also plotted
in figure 3.12, where the hr p1 = 401 bearing has the lowest damping. This design shows a resonance peak
around 4Hz, resulting from the lack of damping. It is possible to shift this peak to lower frequencies by further
reducing the stiffness. However, it is decided to study the model sensitivities and their relation to the stiffness
and damping first. Since an extremely small supply-pressure variation may already have a significant effect
on performance. The deep restriction-pocket leads to negative stiffness and a positive pole, see figure 3.11b.
The red markers in figures 3.11 & 3.12, indicate the frequencies where the stiffness just becomes negative.
The amplitude of the negative stiffness is very small at mid-frequency range and oscillations are bounded by
a proportionally increasing damping. A limit cycle analysis would give more insight in the exact behaviour of
the system at this frequency band, this is left for future work.
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Figure 3.12: Transmissibility of the optimised shallow pocket bearing at different restriction-pocket depths, with: H = 20µm and R =
5mm, the deep restriction-pocket shows a positive real pole, resulting from negative stiffness. The bottom plot shows the damping and
stiffness, the latter becomes negative at the red markers.

3.5. Sensitivity analysis
The previous sections show that it is possible to minimise stiffness and damping in a two-pad bearing design.
The final eigenfrequency of the optimised designs in figure 3.12, is found to be 4Hz. Further fine-tuning
towards a lower eigenfrequency, can easily be done and will reduce the transmissibility, especially at low
frequencies. However, this must be proportional to possible system variations, like: small fly height non-
linearities of k̄ & c̄ around the operating point and small design perturbations during operation. Therefore,
the influences of design variables on the bearing characteristics are studied in a sensitivity analysis, this is
done in two steps. First the design variable sensitivities are determined, then the influence on the thin-film
transmissibility is studied. At last the influence of fly height non-linearities on transmissibility is discussed.

3.5.1. Design variable sensitivity
The following variables are analysed: supply- and vacuum pressure, restriction conductivities and shallow
pocket depth. The optimised model from figure 3.9 is used as reference and each variable is slightly varied.
Each design perturbation from the optimised operating point, directly leads to worse stiffness and damping
as expected. All the original and perturbed characteristics are visualised in figure 3.13. The sensitivities are
calculated by taking the partial derivatives of k̄ and c̄ with respect to the design variables at the operating fly
height h̄0 = 1 & ω̄= 0.01, see table in figure 3.13.

The supply- and vacuum pressures have a large influence on the stiffness and damping and suffer from
supply-line variations during operation. Any offset in restriction conductivity or pockets will change the cha-
racteristics, but these geometric variables remain constant after manufacturing and are unlikely to change
during bearing operation. The low-stiffness ’static’ optimum in figure 3.12 is currently: k̄(ω= 1Hz) = 5×10−5,
a slight change in supply pressure of 100Pa yields a stiffness increase of: ∆k̄ = 5.4×10−4. This means that the
operating-point stiffness, is a factor 12 higher than the initial optimal value, the same holds for the damping.
A small decrease of supply pressure can therefore also lead to negative stiffness and damping, resulting in
instabilities.

It can be concluded that both stiffness and damping are very sensitive to small design perturbations. The
main disadvantage is the large supply pressure sensitivity, since it is hard to control within these tolerances.
The influence of stiffness and damping on the transmissibility function is studied in the next section.
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3.5.2. Transmissibility sensitivity
Now that the influence of small design perturbations on stiffness and damping is known, the effect on the
transmissibility function is studied. The sensitivity to stiffness and damping can be derived analytically, by
taking the partial derivatives of equation 3.5, this gives the functions in equation 3.7. The stiffness sensitivity
function, is inversely quadratic proportional with frequency, giving a ’−2’ slope at higher frequencies, while
the damping sensitivity function is inversely proportional, giving a ’−1’ slope at higher frequencies.

∣∣∣∣∂T (ω̄)

∂k̄

∣∣∣∣
h̄=h̄0

=

∣∣∣∣∣∣∣
−HΩ2W̄

g ω̄2(
−HΩ2W̄

g ω̄2 + c̄(ω̄) j ω̄+ k̄(ω̄)
)2

∣∣∣∣∣∣∣
∣∣∣∣∂T (ω̄)

∂c̄

∣∣∣∣
h̄=h̄0

=

∣∣∣∣∣∣∣
−HΩ2W̄

g ω̄3 j(
−HΩ2W̄

g ω̄2 + c̄(ω̄) j ω̄+ k̄(ω̄)
)2

∣∣∣∣∣∣∣ (3.7)

The sensitivities of the previously discussed bearing transmissibility from figure 3.12, are depicted in fi-
gure 3.14. The standard bearing (black lines) has a high stiffness, when compared with the low-stiffness
designs (coloured lines). The blue design has a low-stiffness operating point, resulting in an strong sensitivity
increase at lower frequencies. The damping sensitivity also shows an increase, when the thin-film damping
is decreased in the red, yellow, purple designs. Both sensitivity functions, show a clear peak around the op-
timised design resonance frequency of 4Hz. A further reduction of the stiffness in the system pushes the
resonance frequency to the ’left’, while following the -2 slope in case of stiffness sensitivity lines and the -1
slope for the damping sensitivities. The stiffness and damping are only present in the denominator of the
sensitivity functions. This means that any optimisation of the bearing’s transmissibility by a stiffness and
damping reduction, will lead to increased sensitivities. This makes the system’s performance vulnerable to
small design variable perturbations, especially in the low frequency domain.

To visualise the importance of stiffness on the bearing’s transmissibility, different graphs at shifted stif-
fness values are plotted in figure 3.15. A supply pressure fluctuation of only: ∆Ps1 = 10Pa leads to a 100%
stiffness variation giving a transmissibility somewhere between the blue and the green graphs. Furthermore
the stiffness is a non-linear function of displacement, this is not included in the current linearised model.
The optimised design in figure 3.9, shows a relatively large stiffness variation around nominal fly height of:
k̄(h̄ = 1.1) = 20× k̄(h̄ = h̄0 = 1). This means that only very small (sub-micron) perturbation amplitudes are
allowed, unless the low-stiffness fly height domain is increased. Figure 3.15, combined with the sensitivity
analysis, gives a clear picture of the difficulties in transmissibility minimisation.

3.6. Conclusion
In this chapter, a twofold static & dynamic optimisation procedure is developed and applied on the two-
pad bearing. First, the properties of a stable low-stiffness design are quantified and objective and constraint
functions are formed. The static optimisation yields promising results for the shallow-pocket and height-
offset concepts. In the second phase the optimisation is extended and the damping is minimised. A pad
height-offset must be used to align the low- stiffness and damping fly heights. The final result yields a bearing
with positive damping at all frequencies and ’slight’ negative stiffness in a certain frequency bandwidth. The
negative stiffness emerges from the minimised damping at lower frequencies and the rising damping at mid-
range frequencies.

The transmissibility of different optimised designs is studied and the dimensioning (H & R), has a great
influence on the transmissibility. A bearing with a small radius and a relatively large nominal fly height, has
the largest ’mass’ term and therefore a faster transmissibility decay. The design with normal damping, has a
slightly better performance than the standard bearing design. If also the damping is reduced, the transmis-
sibility shows a much faster decay than the standard bearing. A ’time-domain’ limit-cycle analysis is needed,
to investigate the exact system behaviour in case of ’small’ negative stiffness. Although further fine-tuning
towards a better optimum is possible, it is decided to do a sensitivity analysis on: design variables, stiffness &
damping and transmissibility.

First the sensitivities of small design variations on stiffness and damping are determined. From this ana-
lysis it becomes clear, that small supply pressure variations have a large effect on the operating point stiffness
and damping. These variations also have an effect on the transmissibility, as more optimal designs result
in increased sensitivities. This high transmissibility sensitivity, directly limits the allowed amplitude of floor
vibrations.

In the following chapter, different techniques to manufacture these type of bearing pads are discussed.
This information is used in chapter 5, to find a feasible design which can be constructed.
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Figure 3.13: The effect of small design-variable changes on the ’low-frequency’ stiffness and damping around the nominal fly height.
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Figure 3.14: Stifness and damping sensitivity lines of bearing designs with a decreasing damping characteristic. Any reduction of stiffness
and damping optimises the overall transmissibility graph but results in higher sensitivities, making the system vulnerable to small design
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Figure 3.15: The h̄r p1 = 401 low damping design is used to show the influence of stiffness shifts on the transmissibility. A 100% variation
of stiffness is easily initiated by a slight design perturbation, as a result of the high sensitivities.



4
Manufacturing methods

Already in an early stage of this project, it was decided that the fabrication and testing of a stable zero-stiffness
prototype, would be valuable as a proof of concept. From findings in [21], it appears to be rather difficult to
construct such bearing design, with the available methods and within a reasonable amount of time. Aero-
static thrust bearings are known for their tight manufacturing tolerances, regarding surface-roughness and
-waviness. Furthermore, the implementation of a surface texture and air restriction proves to be a challenge.

To enable fast and low-cost prototyping of aerostatic bearings, different manufacturing techniques, avai-
lable at the faculty were tested. This chapter briefly describes all the investigated techniques and concludes
with a recipe to build a zero-stiffness bearing, which is tested in a measurement set-up. Beforehand, it must
be decided whether a shallow pocket, height offset or a hybrid bearing design is manufactured, since it invol-
ves different techniques. The results in chapter 3, show that a shallow pocket bearing has higher load capacity
and stiffness at low- and high fly heights, when compared with the height offset designs. A disadvantage of
only implementing a shallow pocket, is a bearing geometry, that can not be changed after production. The
only variables that can be tuned are the load and the supply- and vacuum pressures. Based on these findings
a hybrid bearing would be ideal to use in a test set-up.

However, a prototype should have multiple high pressure pads to be tip-tilt stable. Aligning all pads per-
fectly without any tilt and introducing an adjustable pad offset mechanism, seems hard to realise with con-
ventional machinery. Especially since multiple parts, made in a different clamping, need to be combined.
The shallow pocket bearing surface can have multiple inlets that are all in the same plane. This means that
the whole geometry including the shallow pockets and inlets, can be made in a single piece of material that
does not need any alignment. Based on the bearing performance and expected manufacturing difficulties, it
is decided to develop a non-adjustable shallow pocket bearing. This continuous the work from [21], but with
a different approach on manufacturing methods.

4.1. Manufacturing methods
The construction of an aerostatic thrust bearing like in figure 2.2 can be divided in three major challenges.
Namely: the construction of micrometre-scale surface textures like pockets, an overall flat surface topology
and the implementation of the supply pressure through a restricted inlet. Besides these features, there are
different materials that can be used as bearing surface. An overview of the tested materials and methods is
given in figure 4.1. The final process must yield a low surface roughness Ra <≈ 0.1µm and small peak to peak
waviness Rp2p <≈ 0.1h0. Furthermore, there must be the ability to produce well defined micrometre pockets,
with a depth of: 1µm <≈ hsp <≈ 3µm and millimetre-scale radius. There must be the opportunity to integrate
a restriction tube or needle, like the tested blunt needles in section 2.2.4. At last there is the wish to develop
a fast and cheap ’in-house’ production method. This enables faster prototyping and testing of promising
designs and can be used in future projects.

An extended overview of the tested manufacturing methods is given in appendix E, accompanied with
test results and used machine settings. In this section a short overview is presented, explaining why certain
methods are suitable or not.
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Figure 4.1: Overview of all considered and tested manufacturing methods

4.1.1. Materials
To assess a larger variety of production techniques to create micrometre-scale pockets, three different mate-
rials are chosen. In industrial bearing applications, metals are the default material. Metals can be machined
with conventional milling techniques and a metal bearing surface is stiff and retains its shape. Silicon is
available as wafers and has a superb surface quality. Features can be machined with pulsed laser microma-
chining or with etching techniques, unfortunately the material is very brittle but it has high wear resistance.
Some types of polymers can be conventionally machined, etched or deformed with pressure and heat. Clear,
low-surface energy polymers like PMMA and cyclic olefin copolymer (COC), generally have very low surface
roughness.

The surface waviness of the silicon wafer and polymer sheet is subjective to deformations and is therefore
’partly’ determined by the flatness of a support material. Firstly, the different materials are individually exa-
mined for micrometre-pocket manufacturability and surface topology. Later the combination of materials is
studied.

4.1.2. Shallow-pocket manufacturing
The shallow pocket manufacturing in different materials is studied first, since it is the key feature in this type
of low-stiffness bearing. In [21] some techniques are studied to make a shallow-pocket in a stainless steel sur-
face. The discussed methods are: ’standard’ pulse laser engraving, electrochemical etching and lathing. Only
the last method gave good results after endless testing since a micrometer pocket exceeds normal machine
tolerance. However, the major disadvantage is the inability to produce multiple shallow pockets in one sur-
face and single machine clamping. It is decided not to use any of these methods and to explore some novel
techniques.

Since some time the faculty owns a short pulse UV laser (Optec), that should be able to etch micrometre
size features in silicon or stainless steel. The laser settings are different for each material and determine the
ablation characteristics. The settings are not trivial and need to be determined experimentally, in [24] laser
settings are determined for some operations. The settings to etch a thin layer of material are not present
and the minimum etch depth is unknown. Different laser parameters like: pulse frequency, speed, number
of repetitions, hatch patterns and laser power are altered and the surfaces are evaluated with a white light
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interferometer, see appendix E. The best results were found in silicon, a well defined pocket with a depth of:
h ≈ 8µm and very little debris is possible. This pocket depth does not meet the requirements and is therefore
not useful in this particular bearing application. A shallower pocket with a depth of: h ≈ 4µm was possible,
but without a clear height step and high pocket roughness. An extra step that involves a wet KOH etch did
not improve this. To conclude, the etched surface is rough and contains craters, at some points the material
is still present, also the repeatability was an issue. After numerous tests it is decided not to continue with this
method.

When a small amount of material needs to be removed to create a feature with high aspect ratio: r /h >>
1, etching techniques can be used. This technique is used on a large scale in the semi-conductor industry
and can be categorised in wet- and dry etching techniques. Wet etching uses a mask and chemical baths to
remove material, the removal rate is a function of temperature and concentration. Very well defined micro
structures can be etched in silicon. This is done inside a cleanroom and comes with high costs and low
flexibility, making it not suitable to use in this project. At the faculty an oxygen plasma cleaner is available to
remove contamination from (silicon) samples. After consulting the micro and nano department, the idea of
using this machine for dry-etching arose. Since the machine is designed for decontamination of samples, it
is less powerful than a designated plasma etching device, increasing the etch time.

The high energetic oxygen plasma is generated in a low pressure chamber by high power radio waves,
any interaction of free radicals with a substrate will generate heat. Different types of gases are used to etch
different materials. In this set-up only oxygen is available, meaning that only polymers can be used. The
free radicals in the oxygen plasma, react both chemically and kinetically with a polymer sample, removing an
’unprotected’ surface. A polymer with a high thermal resistance is needed to withstand the thermal energy
involved during this process. After testing different polymers good results were found with a combination
of a PDMS mask and a cyclic olefin copolymer (COC) named Topas®. Different grades with various glass
transition temperatures (Tg ) are available, grades: 6015S-04 or 6017S-04 with Tg = 158◦C and Tg = 178◦C,
yield the best results see appendix E.3.

Different geometries can be made in the soft PDMS mask, the mask adheres to a clean Topas® surface
and uncovered areas are removed by the plasma. The pocket depth depends on the etch duration, oxygen
mass flow, power and mask geometry- and thickness. After approximately two hours of etching the pocket is
well defined, with a depth of a few micrometres and low overall surface roughness, see figure 4.2. Some small
spots are not removed, this is probably caused by local surface contamination. This is a promising result and
after few more tests, it is decided to continue with this concept.

Figure 4.2: Circular pocket r ≈ 2.5mm etched in Topas 6017S-04 after 2h of etching at 99W. A small height step of h ≈ 2.5µm is clearly
visible.
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4.1.3. Surface topology
Another challenge is to ensure a flat bearing surface that has low roughness and waviness. The Topas® is
available as 5mm thick moulded sheets that have very low roughness. The waviness is examined by analysis
of an A5 size sheet with the white light interferometer and measuring the peak to peak distances. The sheets
show some slight bending in the order of tenths of micrometre. It was impossible to find a small circular
area with small (micrometre range) height differences. This will cause contact between bearing- and counter
surface at a range of low fly heights. The sheets are quite rigid but can be deformed when loaded, this will
inevitably change the surface waviness. Therefore, a piece of sheet material is adhered to a rigid steel base
with an epoxy glue, to overcome this problem. Then an attempt was made to flatten the Topas® surface,
by using various abrasive methods and by plastic deformation with pressure and heat (hot-embossing), see
appendix E.5.

It appeared to be difficult to flatten, even a small area of adhered Topas®. The abrasive methods use a
polishing paste with small abrasive particles to remove material. Edge-effects caused a non-uniform ma-
terial removal which results in an ’umbrella’ shaped surface. Embossing the sample with a supported flat
silicon wafer at T ≈ Tg and different pressures, did not yield a flat surface. The sample is clearly deformed
by this process but internal stresses might cause unwanted deformations after removing the pressure. A very
long cool-down period and a gradually releasing pressure, did not improve results. Besides this, there were
problems with the adhesive at higher temperatures and the formation of micro-cracks when using abrasive
polishing methods. Adhering Topas® sheet material to a rigid base is a source of multiple problems. It is
therefore decided to investigate different possibilities. This is done in the last section where a final manufac-
turing recipe is presented, to achieve a low-waviness surface with micrometre deep pockets.

4.1.4. Restrictor implementation
In chapter 2 different restriction flow models are discussed and the mass flow of blunt syringe needles is
experimentally determined in section 2.2.4. The advantage of using these industry standard needles is their
consistent mass flow and the availability of different inner diameters. The tubing can be connected with a
standard air-tight Luer lock fitting. The drilled hole A and milled pocket C in figure 4.3 are separated by a few
millimetres of stainless steel. Then a very small drill with a size close to the outer restriction diameter, is used
to drill hole B . A small ball is used as temporary insert to align the inlet restriction, then an adhesive is used
for fixation.

Figure 4.3: Schematic draft of the restriction implementation, a ball is used for alignment. (not to scale).

4.2. Final recipe
Different methods are investigated to produce a flat bearing surface with well defined shallow pockets. It is
possible to etch shallow pockets in Topas® sheet material. Unfortunately this sheet material has large surface
waviness making it unsuitable as a bearing surface. Different methods to improve the waviness of this sheet
material were not successful. If it is possible to use a thin polymer coating on a rigid flat substrate, there is no
need to use the ’wavy’ sheet material in combination with an adhesive. It is possible to apply a thin polymer
film on a substrate by using a spin-coater [26]. The spin coat process uses a Topas®-toluene solution. A
substrate is covered with the solution and rotated at high speed for a short period. All the toluene evaporates
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and a thin uniform film of Topas® covers the substrate’s surface. It should be noted that toluene is highly
flammable and toxic, all the correct safety measures are taken in accordance with the lab staff.

(a) Surface topology of a stainless steel disk after grinding.
(b) Ground and grooved steel disk that is used to reduce the substrate
surface roughness

Figure 4.4

The flat substrate is made by grinding the surface of a stainless steel disk with a grinder that is recently
purchased by the workshop. This gives a flat surface with low waviness, see figure 4.4a. The process does
however, introduce micro grooves, leading to some surface roughness. These micro grooves are a problem
for the spin coating process, since they lead to a polymer film with higher roughness than the substrate. This
roughness needs to be reduced while maintaining the flatness. A solution is found with the ground steel disk
with a diameter of: 130mm, in figure 4.4b. The shape is inspired by commercially available lapping plates
that are used to flatten surfaces. The figure 4.4a substrate is placed on the disk in figure 4.4b, with a small
amount of abrasive diamond paste (3µm grade). Rubbing the two surfaces in a 8-figure pattern reduces the
grinding-groove roughness, while maintaining the overall flatness.

This ’smoothed’ substrate is now spin coated with the Topas®-toluene solution. Tests are done at different
rotation speeds and weight percentages of the solution, while using findings from [26] as a guideline. A thin
polymer film with a thickness around 4µm, is obtained with a Topas® 6017S-04 20wt% solution and spinning
the substrate at 1500 RPM for 45s. The surface topology of a spin coated single-inlet test sample is given
in figure 4.5. The surface waviness is under two micrometers and the sample shows some roughness. The
latter seems hard to determine correctly with the white light interferometer, as a result of the reflective and
transparent nature of the thin polymer film. The deep pocket that is milled in the stainless steel, causes some
accumulation of polymer around the edge. Furthermore, there are some so called ’comets’, which are small
(dust) particles causing a trace on the surface. If a particle is embedded in the polymer film, it will be worn
off during bearing application, increasing overall flatness. A reduction of the diameter decreases waviness,
enabling lower fly heights.
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Figure 4.5: A sample disk that is flattened by using the figure 4.4b disk and diamond paste. Then a thin polymer film is applied with a
spin coating process, the x-y profiles and height differences are given.

The shallow pocket features can be etched with the oxygen plasma process, in combination with a soft
PDMS mask, as described above. Any geometry can be etched using this technique, giving more design free-
dom. There are however, some process disadvantages: heat generation, time consumption, limited machine’s
chamber space and a hard to control oxygen mass flow, resulting in a low process repeatability. At a later stage,
an easier, more reliable method was found, to create circular pockets in the polymer surface. This method
is based on insights gained during the spin coating process, when a faulty polymer layer was removed from
the steel substrate. The thin Topas® layer, dissolves in toluene or sec-butylbenzene, this property is used to
selectively remove parts of the thin polymer film. Again a PDMS mask is used to cover and protect parts of
the substrate. Then a cotton bud with a small amount of toluene is used to locally remove the Topas® film,
the removed shape is defined by the PDMS mask. With this method it is not possible to have different pocket
depths, the depth is defined by the polymer layer thickness. A circular pocket with a diameter of 5mm, is
etched in the figure 4.5 test sample, using this method, see figure 4.6.

When the thin polymer film is applied and the desired shallow pockets are etched, the inlet- and outlet
restrictions are implemented. All individual manufacturing processes are executed in a specific order, an
overview of all steps is given in figure 4.7.

Figure 4.6: Surface image of the spin-coated polymer layer with an etched shallow-pocket, the pocket is created by locally dissolving the
film through a soft PDMS mask.
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4.3. Conclusion
In this chapter an overview of the considered and final manufacturing methods is presented. First, the pro-
blem is separated in three individual challenges, namely: shallow-pocket manufacturing, surface topology
and restrictor implementation. A lot of effort was put into exploring the possibilities of short pulse laser mi-
cromachining. This method looked promising, but it was not able to create well defined micrometre scale
pockets. Besides the creation of shallow surface features, achieving a flat surface topology turned out to be
difficult. A solution is found, in spin-coating a thin polymer film on a flattened stainless steel substrate. The
shallow pockets are created in the polymer top-layer, by means of plasma etching or by locally dissolving the
film, both processes require a soft PDMS mask.

In theory the process is fast and flexible, because a polymer layer with a different thickness can be applied
and various mask shapes can be used, giving lots of design freedom. In practice, it is hard to find the correct
spin-coat settings to obtain the right film thickness. Besides this, the surface quality of the coating must
be good and without presence of air bubbles or particles. Sometimes delamination of the layer occurred,
starting at the outer edge. Despite these problems, the method is used in further prototyping. The restrictor
alignment and implementation delivered good results. These findings are used in chapter 5, to design a low-
stiffness bearing, which can be manufactured with the discussed techniques.

Figure 4.7: Overview of the process steps to manufacture a shallow pocket bearing.





5
Design of a low-stiffness demonstrator

To validate the concept of a low-stiffness aerostatic bearing a demonstrator is designed, build and tested.
Despite the lower post-manufacturing flexibility, the shallow pocket concept is chosen from the manufactu-
ring point of view to have all surface features in a single plane. The analysis in chapter 3, shows that a low-
damping design is beneficial, in terms of transmissibility. However, minimising the damping by introducing
’dead’ thin-film volume, easily leads to an unstable system. Therefore, it is decided to focus on validating the
’static’ low-stiffness concept, with the use of ’integrated’ high- and low pressure pads. The optimisation pro-
cedure is used to find a tip-tilt stable design, with multiple high pressure inlets. Manufacturing constraints
are added to the optimisation, to obtain a feasible manufacturable optimum. After a design is found, the
tip-tilt stability is analysed as function of bearing pad orientation.

5.1. Design
The optimised two-pad designs in chapter 3 are not tip-tilt stable and therefore unsuitable to use in a de-
monstrator. Placing multiple high pressure pads around a low pressure core yields a stable design, see figure
5.1a. Increasing the radius of the high pressure pads: r̄pad , gives a higher tip-tilt resistance. The inlets, poc-
kets and outlet are in the same plane for easy manufacturing. This configuration does not have a Dirichlet
boundary condition around each integrated pad. The pressure interaction between the pads, makes a simple
scaling operation of a 2-pad optimised design not valid. Despite the changed boundary conditions, a scaled
2-pad optimum is used as initial configuration. To maintain the high- and low pressure pad ratio, the sur-
face area of three high pressure pads is scaled, the following scaling factor applies for n high pressure pads
rscal i ng =

p
r 2/n =p

1/3 = 0.58.

rpad

low pressure

high pressure

high pressurehigh pressure

(a) A tip-tilt stable design; a vacuum pad surrounded by three
high pressure pads
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The design variables in table 3.1 allow for a large design space that might be impossible to construct
with the available methods. For this reason the restriction-pocket radius and depth are removed from the

53



54 5. Design of a low-stiffness demonstrator

list of design variables. Furthermore, the measured restriction mass flux of the gauge 30 and gauge 26 blunt
syringe needle is used, this eliminates Ḡr 1 and Ḡr 2 as design variables. At this point an outer bearing radius
of 12.5mm is chosen. This makes it easier to obtain a flat bearing surface and it is large enough to integrate
all surface features and restrictions. The restriction-pockets are milled directly in the stainless steel surface,
using a tool with a diameter of: d = 1.5mm. The G30 and G26 blunt restriction needles have an outer diameter
of 0.31mm and 0.46mm respectively. The smallest possible drill size to make through-hole B in figure 4.3 is
1mm. The mass flow measurement data of the G30 and G26 restrictions is scaled with the dimensionless
numbers from section 2.1.3. The mass flux for both restrictions as function of a quadratic pressure difference
is given in figure 5.1b. The flow models discussed in section 2.2 do not give a perfect fit for this type of
restriction. Therefore, it is chosen to use a third order polynomial-fit in the numerical model to eliminate
reduce any error.

Table 5.1: The reduced set of design variables for optimisation with applied manufacturability constraints

Parameter Range x01 x1 x02 x2 x03 x3

Thrust pad Ḡr 1 f (ṁ,∆P 2)

P̄s1 [1,7] 1.3 1.27 2 1.4 1.6 1.36

h̄sp1 [0.05,1] 0.07 0.08 0.1 0.2 0.05 0.11

h̄r p1 30

r̄r 1 0.01

r̄r p1 0.06

r̄sp1 [0.07,0.2] 0.15 0.18 0.2 0.14 0.1 0.16

Vacuum pad Ḡr 2 f (ṁ,∆P 2)

P̄s2 [0.3,1) 0.9 0.80 0.3 0.37 0.4 0.60

h̄r p2 10

r̄r 2 0.006

r̄r p2 0.06

General h̄1,2 0

a;b;c;d ;e 0.05;0.8;1;1.2;2

r̄pad 0.7

5.2. Characteristics & tip-tilt stability
Three different initial design configurations are used as starting point, they all converge to a feasible low-
stiffness optimum. All design variables are given in table 5.1, the variables used by the optimiser are bold and
a range is given. To increase tip-tilt stability the inlets are placed at a normalised radius of r̄pad = 0.7. The
load capacity, stiffness and damping at ω̄ = 0.01 of all optimised designs, is given in figure 5.2. All designs
show a stable low-stiffness operating point at h̄ = h̄0 = 1 with sufficient damping. Design 1 has the largest
low-stiffness operating range with high stiffness at low fly heights. The absence of deep restriction-pockets
results in a stable bearing with positive stiffness and damping for all fly-heights and frequencies, see figure
5.3.

The static tilt characteristics of the bearing are studied, to see the influence of an eccentric loading on
bearing performance. Furthermore, the influence of pad radius r̄pad and axis of rotation β are examined.
The tilt of the counter surface can be defined in two different ways. The first considers only a rotation around
the centre of the load without any vertical translation. This causes a decrease of the nominal fly-height at
one half of the bearing, see theory in [7]. The second method adds a translation, to ensure the minimum fly
height equals the nominal fly height. This second method will be used to model static tilt of this bearing, a
schematic drawing is given in figure 5.4a.

For convenience the problem is defined in polar coordinates with r the radius and θ the angular coordi-
nate. The fly height is now not only a function of the spatial coordinates, but also a function of tilt angle α.
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Figure 5.2: Optimised bearing characteristics for three different initial conditions. All designs show the desired stable low-stiffness
behaviour with only small differences in load capacity and overall stability. The bearing has a relatively high damping at the operating
fly height, reducing the change of pneumatic-hammer.
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Figure 5.3: The stiffness and damping characteristics of optimised design x1 for increasing perturbation frequency.
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The dimensionless fly height can be expressed as follows:

h̄ = h̄0 + r̄ cosθ sin ᾱ+R sin ᾱ (5.1)

The dimensionless tilt moment T̄ , is calculated by integrating the pressure profile while multiplying with the
moment arm. The equation for tilt moment is:

T̄ =
∫ 2π

0

∫ R

0
(p̄ −Pa)r cosθr dr dθ (5.2)

The angular stiffness can now be calculated by taking the derivative of tilt moment w.r.t. the tilt angle:

k̄α =−∂T̄

∂ᾱ
(5.3)

The dimensionless angular stiffness: k̄α and tilt moment T̄ can be dimensionally scaled with the following

relations: T [Nm] = PR3T̄ [−] and kα[Nmrad−1] = PR4

H k̄α[−], when: α[rad] = H
R ᾱ[rad]. The tilt axis of rotation

is indicated in figure 5.4a at: θ = 90deg. This means that one inlet is located on the axis of rotation and the
other two can create a moment. To study the influence of the inlet positions on tilt stiffness k̄α, the bearing is
rotated at an angle β, see figure 5.4b.

θ

r

θ sinα

nα

h0

T

rpad

(a) Sketch of the tilted thrust bearing with characteristic dimensions.

β

(b) Rotation with an angle: β, changes tilt-axis orientation.

Figure 5.4

The results in figure 5.5a show the influence of a small tilt angle on the bearing characteristics. When
evaluating the characteristics in the operating point: h̄0 = 1, there is hardly any change of load capacity and
stiffness at increasing tilt angle. The influence of tilt angle becomes dominant at lower fly heights, causing a
decrease of load capacity, stiffness and angular stiffness. The orientation of the inlets towards the tilt axis of
rotation, is studied by introducing rotation angle: β. The results are depicted in figure 5.5b and show a minor
influence on the angular stiffness. The bearing orientations at β= 0 and β= 2π

3 are the same, so they overlap.

The biggest difference of k̄α occurs at a bearing orientation of: β = π
6 and β = π

2 . However, the effect of the
bearing orientation is small, when compared to the influence of the tilt angle and may therefore be neglected.

To gain more insight in the angular stiffness and corresponding moment, caused by an eccentric load, the
value for: k̄α(h̄0 = 1) = 0.017[−], is dimensionally scaled with H = 10µm and R = 12.5mm. Using the above

mentioned relation, the following is obtained: kα = PR4

H k̄α = 4.15Nmrad−1, for α= H
R 0.1 = 8×10−5 rad. This

gives a tilt moment of: T = kα
α = 51.8kNm, which can be equated to an eccentric load with an eccentricity of

ε[m], yielding: T =W ×ε. The load capacity at nominal fly height is: W (h̄0) = PR2 ×0.2 = 3.12N, this gives an
eccentricity of: ε = T

W = 51.8kNm
3.12N = 1.7×104 m. This means that an extraordinary misalignment is needed to
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cause a deflection of: ∆h = R sinα = 1µm, at the outer radius of the bearing. This is only the case when the
bearing is symmetric and all inlets have the same conductivity.

To study the effect of different inlet flows, a scaling is applied to one of the inlets. One (blue) inlet is set
perpendicular to the red tilt axis, see figure 5.6a and the mass flow is scaled with n. A tilting angle of ᾱ= 0.1
is assumed giving a reduced film thickness at the ’left’ side of the bearing. The influence of decreasing mass
flow at the angular stiffness is depicted in figure 5.6b. It should be realised this is only an indicative figure,
since the exact tilt magnitude and direction are unknown. However, a decreased mass flow in one of the
inlets, does affect the angular stiffness around the operating fly height and above.
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(a) The load capacity, stiffness and angular stiffness at various tilt angles.
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Figure 5.5

(a) Bearing orientation with unequal inlet mass flows.
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(b) The angular stiffness when one inlet has a reduced inlet mass flow.

Figure 5.6

5.3. Conclusion
The two-pad concept from chapter 3, is integrated in a single bearing to create a tip-tilt stable design. The
same optimisation procedure is used, but with a reduced set of design parameters, to fulfil all manufacturing
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constraints. The previously measured restriction characteristics are directly used in the model. Furthermore,
the restriction-pocket radii and depths are constrained and based on available mill sizes and machine tole-
rances. This results in three feasible optima with similar stable characteristics. The tip-tilt stability is analy-
sed and the influence of tilt angle on the (angular) stiffness and load capacity is presented. The tilt angle has
hardly any influence on the low-stiffness operating point, although, it has at lower fly heights. This analysis
is used in chapter 6, to clarify measurement errors resulting from load misalignments.



6
Realisation & validation

In this chapter, the static low-stiffness air bearing design is realised with the manufacturing techniques dis-
cussed in chapter 4. Then a measurement set-up is build to validate the theoretical model of a bearing, with
and without shallow-pockets.

6.1. Design realisation
All three optimised designs in chapter 5 have an identical stainless steel bearing base, the only geometrical
differences are the shallow pocket- radius and depth. A final bearing radius of R = 12.5mm is chosen, so the
inlets are placed at rpad = 8.75mm from the centre. Furthermore, a cavity is created, to house four restriction
needles. The bearing is integrated in the measurement set-up, so mounting-holes and sensor cut-outs are
machined. The design is depicted in figure 6.1, it should be noted that the restriction needles are not drawn
in this figure. The vacuum pocket at the centre has a depth of hr p2 = 0.1mm, the other restriction-pockets
are: hr p1 = 0.3mm. A small drill with a diameter of 0.1mm, is used to link the inside cavity: d = 21mm, with
all pockets. This small hole is used to align and guide, all restriction needles at a later stage.
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Figure 6.1: The stainless steel bearing base that is realised with conventional machining techniques, all dimensions are in millimetre.
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After machining the base from a single piece of stainless steel, the bearing surface is flattened with the
tool in figure 4.4b. The white light interferometer is used to obtain a hight map of the surface before and after
flattening, see figure 6.2. The relatively large waviness that resulted from lathing is strongly reduced and the
small bumps around the restriction-pockets are removed.

(a) Bearing surface after finishing conventional machining techni-
ques.

(b) Bearing surface after treatment with the figure 4.4b tool.

Figure 6.2

The restrictions are aligned by placing small steel balls inside the restriction pockets, adding epoxy glue
to lock them in place. In figure 6.3b, the ’gauge 30’ restriction is placed in the bearing’s centre vacuum outlet,
the red rod holds it in place while the glue cures. The machined bearing surface with all pockets is depicted
in figure 6.3a, three steel balls (d = 1mm) are visible in the outer pockets.

(a) Bearing surface with restriction-pockets and 3 steel ball inserts. (b) Fixating one of the restrictions with epoxy glue.

Figure 6.3: Surface topology of the stainless steel bearing surface, measured with the white-light interferometer

When all the restriction needles are in place, the cavity is filled with hot glue to increase overall robustness.
Then, small stickers are placed inside the restriction-pockets to cover the inlets, preventing any inlet blockage
after spin coating. The bearing is placed in a nylon clamping and secured in the spin coater with vacuum
pressure, see figure 6.4a. A 15wt% Topas® 6017S-04 solution is then spin coated at 2000 RPM for 45 seconds,
resulting in a thin polymer film. A soft PDMS mask with three holes, corresponding to a shallow pocket radius
of rsp1 = 2.5mm, is applied at the Topas® bearing surface. It is chosen not to use the plasma etching process,
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since it involves a lot of heat which affects the glue. Instead, the thin film is removed using a cotton bud with
little solvent. The exact shape of the removed sections is defined by the soft PDMS mask in figure 6.4b.

(a) The bearing inside a nylon holder to enable spin coating. (b) The soft PDMS mask with holes at the shallow pocket positions.

Figure 6.4

6.1.1. Bearing topology
After spin coating and etching of the shallow pockets, the surface is analysed, using white light interferometry.
Different wavelengths and other settings are tried, to find the best way to measure the surface topology of
thin thin transparent film. The transparency results in a ’double’ measurement, one of the top Topas® layer
and a second measurement of the stainless steel just below, yielding a distorted measurement. A special
transparent film module is available in the software but this was not able to improve results. The area around
all pockets is measured individually, see figure 6.5. The whole surface is measured as well, yielding different
results, see figure 6.6. The individually measured pockets, have a depth around 4µm and a depth of 2µm,
when compared to the stitched surface area. The pocket depth is in the right order of magnitude and the film
surface is flat, with a small amount of defects. Therefore, it is decided to keep this particular topology, to do
measurements.
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Figure 6.5: Section of the air bearing surface after etching the shallow pockets, the pocket depth is ≈ 4µm when compared with the
surrounding area.

Figure 6.6: Top-view of the air bearing surface after etching the shallow pockets, the depth is 2µm when compared with the whole
’stitched’ bearing surface area.
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6.2. Experimental set-up
An experimental set-up is build to validate the discussed theoretical model and to verify the low-stiffness
concept. The set-up is designed to measure the fly height at different loads and inlet pressures. First, pneu-
matic tubes are added to the bearing which is mounted on a stand to create enough space for the tubing and
sensors. Then, a stainless steel ring, with three capacitative sensors is placed over the bearing’s cylinder. A
minimum of three sensors is required to measure tip-tilt motion, the combination of all sensors yields the
fly height. Capacitative sensors are chosen because of their nanometre resolution over a micrometre range
and their availability in the lab. The bearing and the ring with the sensors, are placed on: one tip-tilt- and
two linear stages. This results in 4 degrees of freedom, namely: two rotations and two translations in the
X-Y plane, see figure 6.7. Then an additional stage is implemented, to allow a relative motion between the
bearing surface and the sensor ring: ∆Z . This is used to adjust the ’sensing-distance’ (S) between the sensors
and counter-surface. The counter-surface is constrained in the X-Y plane by steel strings. This results in two
planar tension forces (Fx & Fy ), which are proportional to the bearing’s tip-tilt angle. The sensors measure
relative displacements ∆h, the offset: δ = s −h is measured at zero supply pressure when the surfaces make
contact.
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Figure 6.7: Schematic drawing of the air bearing and sensor-ring and their degrees of freedom, the counter-surface experiences planar
string forces: Fx and Fy .

The supply- and vacuum air flow passes through a number of ’flow’-elements before arriving at the bea-
ring restrictions, a schematic flow diagram is given in figure 6.8. The 2 litre sized tanks create a large volume
to compensate sudden pressure differences in the supply line. Right after the tank, proportional valves are
installed to adjust the feeding pressure. A Festo proportional valve is implemented, to enable a controlled
change of feeding pressure during measurements, the vacuum pressure is taken constant.
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Figure 6.8: Pneumatic flow diagram from source to the air bearing restrictions, the tanks reduce any source pressure variation.

The counter-surface mass can be increased in a discrete or continuous way. Initially, the load was incre-
ased by manually adding small weights. Every time a weight is added to the system, the bearing is touched
causing a disturbance, also the alignment of individual weights is an issue. This manual method is time con-
suming and not suitable in the low-stiffness fly height region. It is decided to use a continuous flow of water
to increase the load, therefore a water-reservoir is fitted on the counter-surface. In figure 6.9 photos of the
set-up with counter-surface and reservoir are depicted. A syringe pump with a volume of: 120ml, is used to
add water with a continuous, well-defined mass flow. The exact sensor specifications can be found appendix
G, along with information about the data acquisition and other set-up components.

(a) (b)

Figure 6.9: Pictures of the final measurement set-up with the counter-surface containing a volume of water.

6.3. Measurement procedure
Before the final measurement procedure was established, some tests were done to increase repeatability.
During these preliminary tests some problems were encountered that needed a solution. In the final measu-
rement procedure, the loading and supply pressure are simultaneously altered. This means extensive post-
processing of the data is needed, to obtain the W −h graph at a constant supply pressure. The fundamentals
of post-processing the measurement data, are discussed in section 6.3.3.

6.3.1. Challenges
At first, measurements were done at a constant pressure by tuning the proportional valve before each me-
asurement. The valve should control the pressure to keep it constant, even when the mass flow changes.
However, in practice the proportional valve is affected by a mass flow change, which is a result of the fly
height reduction during a measurement. A solution is found by sweeping the supply pressure on purpose,
by feeding a sawtooth shaped voltage signal to the electronic proportional valve. Post-processing the data in
Matlab gives the correct fly height at constant supply pressure and load.
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The alignment of the load and bearing surfaces, affects the minimum achievable fly height before the
surfaces make contact. To reduce misalignment of the counter-surface a procedure is followed before each
measurement. First, the surfaces are aligned by eye, then the flying mass is gradually increased at constant
pressure, this decreases fly height. When all three sensors show the same decreasing trend, the two surfaces
stay parallel during motion, indicating perfect alignment. If this is not the case, the bearing shows a tip-tilt
motion, indicating mass misalignment. In this case the bearing is slightly displaced with the X-Y stages to
realign the flying mass, this is repeated until the surfaces are parallel. These steps reduce the initial align-
ment error, however the error increases again when water is added as a result of the small intended tilt of the
bearing. Measures to reduce the alignment error by introducing a point load instead, were considered but it
was unable to implement.

6.3.2. Measuring
Two sets of measurements are done, first the bearing without shallow pockets is tested at different supply-
and vacuum pressures, the second set of measurements is done after etching the shallow pockets. This gives
the ability to compare the regular bearing and shallow pocket bearing. Before a measurement is started, the
counter-surface is aligned by following the discussed procedure. From now on the measurement is automa-
ted. A voltage signal is sent to the electronic proportional valve, starting at zero supply pressure to determine
the height offset. Then a periodic sawtooth signal is generated and the syringe pump with constant flow rate
is switched on. At every point in time the system has a certain supply pressure, load and fly height. The max-
imum water capacity of the syringe pump and reservoir is 120ml, this gives a maximum load increment of:
1.17N per measurement. To measure different parts of the W −h curve, weights are added to create a load
offset and the automated sequence is repeated.

6.3.3. Post-processing
The measured fly heights of individual sensors, for one complete measurement cycle and corresponding pres-
sures, are plotted in figure 6.10. The pressure follows the sawtooth signal with a period of 60s, when pressure
increases the fly height increases as well. The time on the horizontal axis, is proportional to the applied load,
causing a decreasing fly height over time. The whole measurement creates a large dataset containing: sup-
ply pressures, fly heights and loads. A small windowed moving average filter, is applied on all the data, then
points of equal pressure are sought among all periodic sections. The dotted lines indicate all points of equal
pressure throughout the measurement. Then the corresponding fly heights and loads at this particular pres-
sure and time are selected, giving the W −h graph at constant supply pressure. The diamond shaped markers
indicate when the load starts flying, meaning there is no contact between the surfaces. The periodic fly height
data that is at the ’left’ of these markers, is invalid because there is still contact between the surfaces.
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Figure 6.10: The sensor fly height and pressure data for a single automated measurement sequence. The linear increasing pressure ’lifts’
the counter mass, the point of no-contact is indicated with the diamond shaped marker. The mass linearly increases with time and the
points of equal ’evaluated’ pressure are indicated with the coloured dotted lines.

6.4. Results
First, a large amount of measurements are done without a shallow pocket, after evaluation of these results
the shallow pockets are etched and the measurements are repeated. The results are used to validate the
numerical model. The differences between the measurements and the model are analysed and the model is
fitted, by allowing small design- and tilt angle corrections.

6.4.1. Bearing without shallow pocket
The bearing without any shallow pockets is measured at different supply pressures and applied loads. The
minimum achieved fly height before the bearing surfaces make contact is: ≈ 5µm and the bearing became
unstable for fly heights exceeding: ≈ 16µm. To measure this complete fly height domain, three load offsets
are applied, giving three blocks of data, see figure 6.11. In total three of these measurement sequences are
done, with 166 < Ps < 174kPa and no vacuum. Measurement errors are made when determining the applied
load correctly. Sources of errors are: residual water in the reservoir and a time delay between switching on
the pump and an actual increase of the load. As discussed previously, the sensor offset is determined before
each measurement block. This is an error source in determining the exact fly height, since the orientation of
the counter-surface may slightly change. Furthermore, the tip-tilt moment that is created by a load misalig-
nment, influences the load capacity, especially at lower fly heights.

Despite the presence of these measurement errors, the data in figure 6.11 looks promising. This measu-
rement is combined with other measurements and the data at Ps = 170kPa is used to validate the numerical
model. A small number of data points is used to fit the model, using a least-squares optimisation proce-
dure. From this analysis, it appears there is a systematic error in the measured fly height of: 1.8µm. This is
probably a result of a slightly tilted counter-surface, when determining the sensor offset at the start of each
measurement. The measurement data in figure 6.12 is shifted accordingly. The model is fitted by allowing a
correction of the load capacity (×1.006) and tilt angle (α= 2.1×10−4 rad), both the original and fitted models
are depicted.

The measured bearing has a lower load capacity than is expected by the model, the difference is 0.08kg. A
small part of this difference, is caused in determining the exact applied load. The other source of error is the
actual bearing pad radius. To eliminate the latter, the bearing radius is measured with the white light interfe-
rometer and is found to be: ro = 12.2mm. Furthermore, the pressure could be overestimated, as a result of a
pressure drop between sensor location and actual restriction inlet. The ambient pressure is measured at the
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start of each measurement with the same sensor.
A proper fit of the model is found with the applied tilt angle, caused by load misalignment and imperfecti-

ons in bearing symmetry. This measurement without shallow-pockets validates the used model. In the next
section, the shallow-pocket bearing characteristics are measured.
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Figure 6.11: A fly height measurement of the bearing without shallow pocket at a range of supply pressures.
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Figure 6.12: Data of three measurements that is corrected for the systematic fly-height error. The data is fitted with the numerical model
and is corrected for: the fly-height offset, loading error and tilt angle.



68 6. Realisation & validation

6.4.2. Shallow pocket bearing
The pockets are etched in the thin polymer film with the previous described methods. Then, measurements
are done with and without vacuum pressure, the results clearly distinct from the bearing without shallow
pockets. Unfortunately, none of these measurements showed the low-stiffness characteristic as was designed
in chapter 5.

In figure 6.13 an extended measurement is done of the shallow pocket bearing without turning on the
vacuum, giving ambient pressure at the centre outlet. The vacuum supply is enabled in figure 6.14 and a
measurement is done for a range of supply pressures. From these measurements and observations, it appears
that a lower fly height is achieved than the bearing without shallow pockets. Furthermore, there is no sign of
a decreasing load capacity at any fly height.
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Figure 6.13: A fly height measurement of the bearing with shallow pocket at a range of supply pressures without vacuum.
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Figure 6.14: A fly height measurement of the bearing with shallow pocket at a range of supply pressures and vacuum pressure.

The data of some measurements at different supply- and vacuum pressures, is further analysed and com-
pared with the numerical model in figure 6.15. The measurements are not in agreement with the original
model. It is decided to focus on the measurements with enabled vacuum pressure, since they should re-
present a low-stiffness operating point somewhere in the fly height domain. The model already proved its
validity in section 6.4.1, so the measurement error most likely originates from the modified surface topology
and the implementation of shallow pockets.
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The model is fitted with a least-squares optimisation, from this it appears that the measured fly height
must be smaller than the real fly height. This shifts all measurements in figure 6.16 to the right, reducing the
’gap’ between the measured and modelled load capacities. To fit the model, a fly height shift of: ≈ 6.5µm is
needed. This means the bearing was unable to reach low range fly-heights, possibly caused by local surface
defects.

2 4 6 8 10 12 14 16 18 20

0

5

10

15

20

25

Figure 6.15: Data of four different measurements with the original model from chapter 5, evaluated at a shallow pocket depth of: hsp =
4µm.

The model is fitted by allowing load and fly height corrections of the measured data, furthermore the
tilt angle α and shallow pocket depth hsp are used as fitting parameters. The measurements fit the model
when taking a shallow pocket depth of: hsp = 5.2µm, this corresponds with the findings in figure 6.5. The
tilt angles α for the Ps = 140 and Ps = 145 measurements are: 1×10−4 rad and 2×10−4 rad respectively. From
these findings, it appears that the bearing surface did not satisfy the flatness and roughness requirements to
achieve lower fly heights. It was expected that any local height offsets in the polymer film, would wear off after
some time, like it was the case in section 6.4.1. After a number of measurements, delamination of the polymer
film at the bearing’s outer pocket edges is observed, although the fundamental geometry stayed intact. This
could cause a thickening of the polymer film around the shallow-pockets and explain the fly height offset of
6.5µm.

The purple lines of the fitted model in figure 6.16, do not show a clear horizontal segment, indicating
zero-stiffness. This is a result of the shallow-pockets being slightly too deep. There was no time to replace the
polymer layer to create new shallow-pockets, furthermore, the success rate of the proposed manufacturing
steps turned out to be low. Fortunately, the measurements without shallow-pockets, validated the numerical
model. Although, the measured low-stiffness bearing characteristics are in agreement with the model, they
are not clear enough to validate the concept.



70 6. Realisation & validation

Figure 6.16: The original measurements are shifted to a larger fly height and the model is fitted by adjustment of the: tilt angle and
shallow pocket depth. The latter is slightly too deep, ’softening’ the zero-stiffness characteristic.

6.5. Conclusion
The design from chapter 5, has been manufactured and is integrated in a measurement set-up. The base of
the prototype is made of stainless steel and houses the previously measured restriction needles. The actual
bearing surface is made from a thin polymer film, in which shallow-pockets are etched. The bearing is placed
on an aluminium stand to be able to integrate the tubing and sensors. Multiple linear micrometer stages
are used to adjust the sensor gap, tip-tilt angle and to enable precise counter-surface alignment. The fly
height is measured while continuously increasing the counter-surface’s load, under a periodically changing
inlet pressure.

Extensive post-processing of the measurement data, gives the W −h characteristics for a range of inlet
pressures. The bearing without shallow-pockets validates the used model, when corrected for a systematic
fly height- and tip-tilt error. The measurements with shallow-pocket, do not show a clear low-stiffness region,
as was designed in chapter 5. Surface defects made it impossible to achieve lower fly heights and the shallow-
pocket turned out to be too deep, this ’softens’ the designed stiffness characteristic. The proposed production
techniques did not deliver the expected results, making it hard to adapt the prototype in a later stage.

To conclude, the numerical model is validated and it is likely that a static low-stiffness design exists, alt-
hough this could not be clearly validated, due to manufacturing difficulties.
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Conclusion

The goal of this research, is to optimise and validate the low-stiffness bearing concept, by studying the rela-
tion, between dynamic thin-film characteristics and the transmissibility function. To achieve this goal, a 2D
numerical model is made, which is based on the compressible Reynolds equation and measured restriction-
flow characteristics. The model is used, to study the static and dynamic characteristics of aerostatic bearing
pads and their relation to thin-film transmissibility. To obtain a stable and manufacturable design, an op-
timisation procedure is implemented. The optimisation constraints, are ’partly’ based on newly explored
shallow-pocket bearing manufacturing techniques. An optimised shallow-pocket bearing is manufactured,
by using spin-coating and polymer etching techniques and is tested in a measurement set-up. The measured
bearing characteristics validate the numerical model, however, the low-stiffness concept could not be proved.

The desire to validate the low-stiffness concept required early design optimisation and demonstrator ma-
nufacturing to stay within project time. During this initial phase questions arose about the effect of low-
stiffness on thin-film transmissibility. The research was extended, to a more fundamental study of dynamic
bearing properties and their relation with transmissibility. New insights are found, concerning the impor-
tance of damping and overall design variable sensitivity. Despite these findings it is still valuable to construct
a low-stiffness design to validate the concept and as starting point in transmissibility minimisation. The fol-
lowing conclusions can be drawn from this study.

The numerical model, is suitable to find both static & dynamic bearing pad characteristics and is applica-
ble to non-symmetric designs. The flow properties of industry standard, blunt syringe needles are measured
and different flow models from literature are discussed. The laminar capillary flow model, shows a proper
fit for small pressure gradients and Reynolds numbers. Furthermore, the tested restriction elements have a
small variance, resulting in a repeatable inlet flow.

The thin-film can be modelled, with a single mass and non-linear spring and damper elements. The
transmissibility function is derived and describes the coupling between the vibrating base and flying mass,
as function of perturbation frequency. The ’mass’ term is a collection of the bearing’s dimensional scaling
factors and has a large influence on the transmissibility function. The dynamic characteristics of low- and
high pressure pads are described and the effect of ’dead’ pocket volume on damping is studied. The analysis
shows the importance of reducing both stiffness and damping to achieve lower transmissibility.

It is found that a combination of the shallow-pocket and height-offset concepts (hybrid design) does not
improve the low-stiffness design. However, with the hybrid design it is possible to shift the low-stiffness ope-
rating point to a different fly height. A hybrid design, with aligned low-stiffness and low-damping operating
fly heights is presented. This results in a positive damping at all fly heights and perturbation frequencies. The
minimised damping causes small negative stiffness in a certain frequency band.

The operating point stiffness and damping, shows a high sensitivity to small design changes, especially
to supply pressure variations. Furthermore, it is shown that small stiffness and damping variations have a
large influence on the transmissibility. Further design optimisation by reducing the stiffness and damping
increases transmissibility sensitivity with the strongest effect at low frequencies. The high sensitivities limit
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the allowed perturbation amplitude, because of the stiffness and damping non-linearities with displacement.

A method is found to create shallow-pocket bearings with different geometries and pocket depths, by
using available techniques. The proposed method spin-coats a thin polymer film on a stainless steel sub-
strate. Plasma- or wet etching techniques are combined with a soft mask, to etch shallow surface features in
the polymer film. The surface quality and thickness of the spin-coated film were difficult to control, making
the total process prone to errors.

A low-stiffness shallow-pocket bearing with three supply inlets and one vacuum outlet is optimised and
manufactured. A small counter-surface tilt angle, has negligible influence on the zero-stiffness operating
point characteristics. A tilt angle, does however, reduces the load capacity and stiffness at lower fly heights.
The orientation of the inlets relative to the tilt rotational axis, hardly influences the angular stiffness.

The bearing is integrated in a measurement set-up and the fly height is measured at different loads and
inlet pressures. A novel semi-automatic measurement procedure is used, where the load is continuously in-
creased, while periodically changing the supply pressure. This method works around the problem of small
pressure variations, caused by a changing mass flow and internal valve hysteresis. The capacitative sensors
are capable to measure fly height changes with nanometre resolution. However, a systematic fly height error
is introduced, when determining the sensor offset, at ambient inlet pressure and surface contact.

Measurements with- and without shallow-pockets are done, the latter shows good agreement with the
model, when compensating for small tilt- and loading errors. After etching the shallow-pockets, measure-
ments are repeated. A large fly-height offset is observed, meaning the bearing could not reach lower fly heig-
hts. This is caused by local thickening of the the polymer layer, possibly resulting from surface defects and
film delamination. Furthermore, it appears that the pockets were slightly too deep, resulting in an unclear
low-stiffness characteristic. This means that the model is validated, although the low-stiffness concept could
not be clearly proven, due to manufacturing difficulties.

The research objectives stated in chapter 1 are partially fulfilled. The low-stiffness concept is further ana-
lysed, optimised and a demonstrator is manufactured. Measurements of a bearing without zero-stiffness
characteristic, prove the validity of the numerical model. It is likely that the static zero stiffness concept is
valid, although manufacturing a demonstrator is challenging. The underlying principle of stiffness mini-
misation, is to reduce the thin-film transmissibility. In this study new insights are presented, showing the
possibilities and difficulties of low-transmissibility aerostatic pads. In the next chapter recommendations are
given on future research.
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Towards the future

The current study gives a fundamental view on the concept of low-transmissibility aerostatic pads. The used
model, is perfectly suitable to analyse the frequency dependent bearing characteristics. However, the stiff-
ness and damping are linearised at the operating fly height, introducing an error. The error increases when
larger perturbation amplitudes are considered. These small deviations of stiffness and damping, affect the
transmissibility function. The following recommendations are given regarding the used model:

• Develop a more advanced non-linear dynamic bearing model covering both displacement and fre-
quency non-linearity.

• Implement the ability to get a time-domain solution of the non-linear model to perform a limit-cycle
oscillation analysis and asses the stability in all frequency bandwidths.

The study shows that, both stiffness and damping reduction is necessary to reduce the transmissibility.
It is also found, that optimisation leads to higher design variable sensitivities. The following needs further
investigation when designing a low-transmissibility system.

• The high design sensitivities require adjustment of key design features after manufacturing. One could
investigate the possibilities of a compliant bearing surface, with an adjustable pad height offset and
restriction-pocket volume. This way both stiffness and damping can be tuned.

• This research focussed on passive vibration isolation and this is found to be challenging. Future rese-
arch could investigate the possibilities of (semi) active bearing control.

• The system shows a high sensitivity to variations in supply- and vacuum pressure, these are the only
design variables prone to change, during bearing operation. Methods to reduce this particular pressure
sensitivities, could be explored, combined with the use of advanced proportional (piezo) valves.

The used measurement set-up with continuously increasing load and periodic pressure variations functi-
oned properly but can be improved. The following improvements are suggested:

• The volume of the counter-surface water reservoir and syringe pump, should be increased. This gives
the possibility, to measure a larger range of fly heights in a single measurement sequence. Resulting in
reduced loading error and faster measurements.

• The current set-up, uses a controllable proportional valve on the supply pressure and a manual valve
on the vacuum pressure. The latter could be replaced with a controllable valve, to enable a periodic
vacuum sweep during measurements.

• The three capacitative sensors are perfectly suitable to measure small fly height changes and tilt. It
appeared to be difficult, to determine the sensor offset at zero fly-height, introducing a systematic error.
Increasing the surface quality of the bearing- and counter surface, possibly reduces this error.
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• The current set-up does not have a vibrating base, to enable dynamic bearing characterisation. The
available shakers generally have an amplitude of a few millimetres. A piezo element, can be a solution
to vibrate the bearing at small amplitudes and high frequencies, while delivering enough force.

Future low-transmissibility bearing research, should start with enhancing the current model with the im-
plementation of the discussed improvements. A demonstrator with adjustable elements can be manufactu-
red, to validate the low- stiffness and damping design at different perturbation frequencies. Such demon-
strator, can also be used to empirically determine the influence of all adjustable bearing elements, on the
transmissibility function. Active feedback control may be applied, although, it opposes the current passive
or feed-forward controlled bearing philosophy and results in: increased- complexity and costs and limited
bandwidth .

Some interesting findings from this study, could be used outside the context of low-transmissibility. The
optimisation procedure, can be used to separately tune: thin-film stiffness, damping and load capacity, within
certain limits. This means that a combination of aerostatic pads, can be used as adjustable spring damper
elements, with a predetermined eigenfrequency and damping factor. Furthermore, it is found that imple-
mentation of a vacuum outlet with large restriction-pocket volume, increases damping. This relation might
be a solution for pneumatic hammer in certain applications.

The tested blunt syringe needle restriction elements are characterised and fitted with different models.
Blunt needles with various inner diameters are available, these might be suitable in other bearing applications
with a restricted inlet flow.



A
Reynolds equation

The Reynolds equation describes a pressure field between two surfaces which are separated by a thin film.
The Reynolds equation was first derived by Osbourne Reynolds in 1886 and is used in thin film lubrication.
The two dimensional compressible Reynolds equation can be derived in two common ways. The first method
is simplification of the Navier-Stokes equation and the second method is by writing down the force balance
of an infinitesimal small volume element inside the thin film. Both derivation methods are treated in [19,
p. 147], in this section the Navier-Stokes equation is used as starting point. All assumptions are written down,
alongside the derivation of the two dimensional Reynolds equation.

A.1. Navier-Stokes equation
As a starting point in deriving the Reynolds equation, the Navier-Stokes equation can be used. The Navier-
Stokes equation describes the motion of viscous fluids, a derivation can be found in [55].

The basic differential momentum equation for an infinitesimal element is given in equation A.1, see [55,
p. 241]. When written in a sentence: gravity force per unit volume + pressure force per unit volume + viscous
force per unit volume = density × acceleration.

ρg−∇p +∇·τij = ρdV

d t
(A.1)
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This equation is valid for all fluids in any general motion. It becomes useful when the viscous stresses
(τij) are written in terms of velocity components. When frictionless flow is assumed (τij = 0) equation A.1
becomes Eulers’ equation which forms the basis for the Bernoulli equation. For now an isotropic Newtonian
medium is considered and the relation in equation A.3 is valid. Note that the viscosity (µ) is considered as a
constant and does therefore, not change over film height.
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(A.3)

Equation A.3 is substituted in the momentum equation A.1. All the components that ’hide’ in the vector
notation are written throughout, see equation A.4 from [55, p. 242].
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The second-order partial differential equation A.4, is known as the incompressible flow Navier-Stokes
equation. This equation has four unknowns: p, u, v , w respectively. The continuity equation A.5, describing
the conservation of mass, is added to solve the system with four unknowns.

∂ρ

∂t
+ ∂

∂x
ρu + ∂

∂y
ρv + ∂

∂z
ρw = 0 (A.5)

The continuity equation A.5 requires no assumptions, while the Navier-Stokes equation A.4 has the following.

• Incompressible medium

• Constant viscosity

• Newtonian medium

• Constant density

Equations A.4 and A.5 will be used as basis to derive the compressible Reynolds equation, changing the afo-
rementioned assumptions.

A.2. Compressible Reynolds equation
The Navier-Stokes equation A.4 is further simplified by making more assumptions. First thin film geometry is
assumed, meaning body forces are negligible (ρgi = 0). Furthermore, steady flow is assumed so the transient
terms (ρ du

d t ) become zero. At the walls, no-slip boundary conditions are applied and the pressure gradient

becomes zero ( ∂p
∂z = 0), because of the thin film assumption. These assumptions simplify equation A.4 dras-

tically, yielding equation A.6.
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In figure A.1 a thin film bearing gap of height h between two surfaces is drawn. Both surfaces have six
degrees of freedom. Displacement of the surfaces or a pressure gradient results in a velocity profile. This
profile consists of a pressure driven part and a velocity driven part, known as Poiseuille and Couette flow
respectively. This pressure profile is found by integrating equation A.6 twice and applying the no-slip B.C:
u(z = 0) = u1, u(z = h) = u2, v(z = 0) = v1 and v(z = h) = v2, see equation A.7. This pressure profile is only
valid in laminar flow conditions.
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The mass flow through the gap can easily be found by integrating the velocity profile over the film thickness
h and multiplying with the density. The mass flow per unit length is given in equation A.8.
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Now the mass flow inside the gap is expressed, the equation of continuity A.5, is needed to preserve con-
servation of mass. Equation A.5 is slightly rewritten to obtain the mass balance in equation A.9, substitution
of equation A.8 gives the second part in A.9. Note that the mass flow mz is zero because of the thin film
assumption and may therefore be neglected.
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The dynamic part in this equation is represented by the term at the left of the equal sign: ( ∂ρh
∂t ). This

dynamic part is analysed further by using the product rule, see equation A.10.

∂ρh

∂t
= ρ ∂h

∂t
+h

∂ρ

∂t
(A.10)

The second term h ∂ρ
∂t describes local expansion in the thin film and refers to a change in density over time,

this could be caused by adding heat to the system. The first term ρ ∂h
∂t describes the change in film height h

over time and is called ’squeeze’ effect. This effect can be caused by simple up and down motion of surface 1
and 2 or by a translation over an inclined plane. The dynamic equation is rewritten in expanded form in A.11.

∂ρh

∂t
= ρ (w2 −w1)−ρu2

∂h

∂x
−ρv2

∂h

∂y
+h

∂ρ

∂t
(A.11)

The final Reynolds equation consists of pressure driven flow (Poiseuille flow), external driven flow by mo-
ving surfaces (Couette flow) and the Dynamic (squeeze) effects. The Reynolds equation written in Cartesian
coordinates is given in A.12
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Figure A.1: Two surfaces separated that are with a thin film of thickness h

The presented Reynolds equation in A.12 can be modified to make it more suitable to use with compres-
sible lubricants like air. The density (ρ) has a strong relation with the local film pressure and can be described
with the ideal gas law:

ρ = p

Rs T
(A.13)

This equation is substituted in A.12 while assuming constant temperature T and Rs the specific gas constant
of the medium, this yields A.14.
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= 0 (A.14)

The derived Reynolds equation A.14 is written in Cartesian coordinates and therefore applicable to non-
symmetric geometries. The equation consists of different parts, with distinct physical significance as descri-
bed in [19]. The Poisseuille terms describe the net flow rates due to pressure gradients. The Couette terms
describes the flow rate, resulting from surface displacements. The squeeze terms and the local expansion
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originate from a transient term in the Reynolds equation. The normal squeeze term describes the flow when
the two surfaces are pressed together. This term directly creates a pressure in the film, proportional with the
relative displacement. This effect is sometimes described as the ’cushioning’ effect and is of great importance
when studying the dynamic characteristics. The translational squeeze, results from translation of an inclined
bearing surface and is proportional to the rate of which the film thickness decreases. The local expansion
term describes the change in film pressure over time. This self-induced term is related to the density of the
medium, which is a function of temperature. Equation A.14 is not always valid, the following assumptions
are made during derivation:

1. Constant viscosity.

2. Newtonian lubricant.

3. Thin film geometry, meaning a small film height compared to the film length, constant pressure over
film height is assumed.

4. Body forces are neglected.

5. Laminar flow theory is applied neglecting fluid inertial forces.

6. No slip at boundaries.

7. Air film is assumed to be isothermal.

The Couette flow can be neglected if the sliding velocities of the bounding surfaces are small. This sim-
plifies the general Reynolds equation A.14 into equation A.15
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A.3. Solving the Reynolds equation
Solving the second order partial differential equation can be challenging and most problems require the use
of finite element or finite difference methods. Analytical solutions for the static Reynolds equation exist, but
only for simple geometries. However, when the dynamics need to be studied the method of linear pertur-
bation is used, in combination with finite element methods. The perturbed Reynolds equation is found by
substitution of a perturbed fly height and pressure. These fly height and pressure are consisting of a static
part and a dynamic part that introduces a sinusoidal ’squeezing’ motion around a static solution, see equa-
tion A.16.

h = h0 +δh(t ) = h0 + h̃e jωt

p = p0 +δp(t ) = p0 + p̃e jωt
(A.16)

The stiffness is found by taking the partial derivative of the load capacity with respect to the fly height.
The damping is obtained by differentiating the load capacity with respect to the velocity. Both equations for
dynamic stiffness and damping are derived in equation A.17
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(A.17)

Now the perturbed Reynolds equation is determined, see equation A.18. This is done by substitution
of equation A.16 in equation A.15 while neglecting higher order terms in δ. With this perturbed Reynolds
equation, the perturbed pressures can be calculated in the thin film of air. These perturbed pressures are
used in equation A.17 to get the frequency dependent stiffness and damping.
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In equation A.18 the static solution is needed, these static solutions which are indicated by a 0 subscript
are found by solving the static part of equation A.15. After a small perturbation around this static solution the
stiffness and damping is found.





B
Restrictor measurements

To obtain the exact mass flow properties of a restriction element a measurement is done. This particular
measurement is also performed by: [54] [21] and [43] but for different restrictor types. Using the same set-up,
the mass flow of the needle restriction elements discussed in section .. are measured.

B.1. Measurement procedure
The air pressure before entering the restrictor is measured while deflating a pressurized tank of 2 litres. To
measure the air pressure a NXP MPX5700A absolute sensor is used in combination with a NI-USB-6211 (16-
bit) data acquisition system. The computer program Labview is used to log the pressure data with a time step
of: 10ms. The pressure sensor has a 7 bar pressure range so the tank is pressurized just below this value.
Pressurizing the tank is done by closing valve 2 and opening valve 1, when the tank has a pressure between
6 and 7 bar valve 1 is closed. Now the measurement is started while valve 2 remains closed, this is done to
measure the correct ambient air pressure. After a few seconds valve 2 is opened and the tank deflates through
the restriction. During this deflation the upstream air pressure is measured.

Source Proportional valve Valve 1 Valve 2Tank Restriction Ambient

Sensor

Figure B.1: Restriction measurement set-up

The mass inside the tank is calculated using the tank’s volume and the ideal gas law. By taking the deri-
vative of the mass over time the mass flow is determined, see equation B.1. It is assumed that te temperature
and the volume remain constant during the measurement. The minus sign indicates that there is a negative
flow from the tank through the restrictor.

ṁ =−∂p

∂t

V

Rs T
(B.1)

B.2. Data processing G30 Measurement
The upstream pressure is measured for six G30 size blunt needles when deflating the compressed air-tank, see
figure B.2. The initial tank pressure is around 7bar, it can be seen that all needles have the same characteristic
except the third measurement, which has a higher pressure drop. The pressure data from the measurement
shows some high frequent scatter when zoomed-in. The raw pressure data is analysed using the fast Fourier
transform (FFT) method, a power spectral density plot is made to determine the dominant frequencies in
the signal, see figure B.3a. The discharge of the tank is a slow process that is represented by the high spectral
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Figure B.2: Absolute pressure of G30 needles

density for frequencies under: 0.25Hz. Another peak is visible at a frequency of: 1Hz. The noise on the sig-
nal is captured in the: 1Hz < f < 50Hz band and can be filtered using a low-pass filter. So before further
processing is done the data is filtered using a first-order low-pass filter with: a pass-band-frequency and a
stop-band-frequency of 1Hz and 1.5Hz respectively. In figure B.3b a section of the original unfiltered measu-
rement signal and the filtered signal are plotted. It can be seen that the high frequency noise is removed and
a smooth signal is obtained.
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Figure B.3: Processing of raw data

It is decided to remove the third measurement since it deviates too much from the other needles. The
data of the five remaining restrictor needles is analysed further and the mass flux versus quadratic pressure
difference is plotted, see figure B.4. All five measurements have a similar mass flux and a sudden increase
in mass flux at high pressure differences. This unexpected increase in mass flux at the beginning of each
measurement is called: "measurement flag" and is observed in [54] as well. In [54] some tests are done to
explain the origin of this unexpected measurement ’flag’.

According to [54] the temperature in the tank plays a role. Some tests were done with filling the tank and
resting it for a couple of hours to be sure the temperature inside the tank equals the ambient temperature,
this did not remove the ’flag’. It could be that the air temperature is underestimated at the start of the measu-
rement resulting in a higher mass flux. This higher air temperature might be a result of initial dynamic effects
before the system reaches a steady-state. It is considered to measure the real-time temperature inside the
tank but it takes too much time to implement an airtight thermocouple. Instead the ambient air temperature
is measured twice during each measurement and used in further calculations. The initial start-up effects at
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the beginning of each measurement are removed in further analysis.
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Figure B.4: Mass flux G30 needle restrictions

B.2.1. G30 measurement results
The results from the measurement are processed in appendix.. and will be further analysed. The flow models
that are discussed in the theory section are applied on the measurement data, see figure B.5. The discharge
coefficient for the ideal- and Jobson fit are in the displayed in the legend and are: 0.42 and 0.31 respecti-
vely. The best fit for the adiabatic Fanno flow model is achieved with a friction coefficient of: 0.072 which
corresponds with a rough wall.
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Figure B.5: Mass flux measurement with flow model fittings

From figure 2.6 it can be seen that the critical transition from laminar to turbulent flow occurs at a qua-
dratic pressure difference of: Pcr i t i cal = 5×1010 Pa2. At this point the Fanno fit in figure B.5 starts to deviate
from the measurement data. This is because a constant wall roughness may only be assumed in the case of
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full turbulent flow. For this reason the Fanno flow model does not fit for pressures below the critical transition
pressure.

The ideal orifice and jobson flow models are used in turbulent orifice flows and are generally not appli-
cable when a capillary is considered. Despite this fact the models are fitted on the capillary flow. It can be
seen that the Jobson fit shows good agreement with the data for both laminar and turbulent flow regimes, the
ideal orifice fit shows less agreement. The length of the capillary is short (17mm) so this might be the reason
that the Jobson (orifice) equation has a good fit. For small squared pressure differences: P 2 −P 2

a < 1×1010,
none of the theoretical models shows a good fit. For these small pressure differences a 3rd order polynomial
is fitted, see figure B.6.
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Figure B.6: Mass flux measurement G30 with 3rd order polynomial fit

Restriction measurement
To understand the mass flow through this needle type of restriction, flow measurements are performed. This
is done by using the measurement set-up discussed in appendix ... The goal of this measurement is to find the
flow model that suits best to this type of restrictor element. This restriction model can then be implemented
in extended air-bearing studies to achieve an optimized air bearing design. Multiple restrictor elements are
measured, to get an indication of manufacturing tolerances and their influence on the mass flux. From the
rather tight tolerances in table 2.1, one expects minor mass flux deviations between the individual needles.

B.2.2. G26 measurement results
Blunt (G26) syringe needles with an inner diameter of: d = 248µm are measured. Six needles are tested, each
needle is measured once due to a lack of time, therefore this measurement should be used as indication of
mass flow only. A data fit that is valid for both small- and large pressure differences is not found. This has to
do with the fact that the flow is in the laminar to turbulent transition zone. A cubic polyfit has been found
that fits the data at the total pressure range, see figure B.7.
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Figure B.7: Mass flux measurement G26 with 3rd order polynomial fit





C
General flow equations

C.1. Laminar pipeflow equations
In [55] the momentum equations for fully developed flow are derived using the Navier stokes equations A.4.
It is assumed that the medium is incompressible, Newtonian and there is a no slip condition at the wall. The
flow profile for a pressure driven (Poiseuille) flow is parabolic and depicted at the right hand side in figure
C.1. The flow profile for one moving plate and no pressure gradient (Couette flow) is depicted at the left hand
side in figure C.1.

y = +h
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y = –h
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umax

Figure C.1: Incompressible viscous flow between parallel plates: Couette flow and Poiseuille flow (from [55, p. 269])

The flow in the channel due to a pressure gradient is described by:

u(y) =−d p

d x

h2

2η

(
1− y2

h2

)
(C.1)

The maximum velocity occurs at the centreline (y = 0), inserting gives:

umax =−d p

d x

h2

2η
(C.2)

These flow profiles are valid for developed laminar pipe flow with radius R and length L, the volume flow
(Q) through the pipe is derived:

Q =
∫

ud A =
∫ R

0
−d p

d x

R2

2η

(
1− r 2

R2

)
2πr dr = πR4∆p

8ηL
(C.3)

The mass flow through the pipe can be found by multiplication with the density, for the compressible
flow case the ideal gas law from equation A.13 is used. Rewriting and integration of the volume flow equation
gives:
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ṁ = ρQ = 1

Rs T

∫
πd 4

128ηL
pd p = πd 4

256L

∆p2

ηRs T
(C.4)

C.2. Thin film flow
Analytical functions for mass flow and pressure can be derived in the case of 1D thin film flow between two
parallel plates. The steady-state polar Reynolds equation describes this type of flow and is used as starting
point:
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r ph3

12ηRs T
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= 0 (C.5)

Since the plates are parallel, the gap height is not a function of the spatial coordinate, removing all con-
stants gives:

∂
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r p

∂p
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)
= 0 (C.6)

When solving the part between the brackets a solution for pressure is found with two integration constants
C1 and C2

p(r )2 =C1 lnr +C2 (C.7)

The pressure at the inner- and outer radius is known, this gives two boundary conditions: p(r = ri ) = pi and
p(r = ro) = po . Implementing these in equation C.7 gives the solution for laminar flow through a long thin
parallel film [52], see equation C.8.
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)
(C.8)

The mass flux through a boundary in this parallel film is found using the pressure distribution in equation
C.8 and its derivative w.r.t to r . The mass flux can be found by using part of the Reynolds equation, see C.9.

ṁ = r h3

12ηRs T
p
∂p

∂r
(C.9)

Substitution of C.8 in C.9 and integration along an edge from: 0 to 2π, gives the dimensioned mass flux
through the thin parallel film, as a function of the pressure difference, see C.10.

ṁ[kgs−1] =Gt f (p2
i −p2

o) = πh3

12ln(ro/ri )ηRs T
(p2

i −p2
o) (C.10)

All constants are grouped in one parameter Gt f , called the thin film conductivity. This constant describes
the inverse of the flow resistance through the thin film.



D
Extra dynamics single inlet bearing

Supplementary graphs illustrating the influence of different design variables on the dynamic behaviour of
the single-inlet-centrally-fed aerostatic bearing, for design see table 2.2.

(a) (b)

Figure D.1: Stiffness and damping at different frequencies and restrictor radii

(a) (b)

Figure D.2: Stiffness and damping at different frequencies and supply pressures
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(a) (b)

Figure D.3: Stiffness and damping at different frequencies and inlet conductivities
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Figure E.1: Overview of manufacturing methods

E.1. Lathe
This method is used in [21] to obtain shallow pockets in a flat surface. Although it is possible to get pockets
with well defined radii and micrometer depth it takes lots of trial and error to get the desired specifications.
Another downside is that only circular pockets can be made. And there’s no way to make multiple pockets in
one step since the design has to be axisymmetric. A positive aspect of the lathe is that it can be used to flatten
the surface of a cylinder quite well as is proved by [21]. He achieved an average roughness of Ra = 0.3µm and
an acceptable waviness of 3µm peak to peak.

Because this method is thoroughly tested in [21] it is not useful to repeat it. Time is put in finding a
faster and more reliable method to create shallow pockets. However the lathe can be used to construct a flat
structural base that can be used as manifold and as support for another layer that has micro scale pockets in
it.

91



92 E. Manufacturing

Table E.1: Lathe summary

Pro Cons Comments
• proved method
• well defined radii
• ability to make flat surface and pocket
• cheap ’in-house’ method

• not easily repeatable
• axisymmetric designs only
• one pocket at the time

In theory it is not possible to make micrometer scale features on a normal lathe.
Only with a lot of patience and trial and error it is possible.

E.2. Pulsed laser micromachining
A short pulse UV laser is available in the lab that is used to cut or engrave micro scale features in various
materials. The challenge with this laser is that it takes a lot of testing to find the right machine settings. A re-
cent study [24] is done by a student investigating the manufacturability of silicon cantilevers using this laser.
In this research a few laser recipes are described that may be useful. Unfortunately this research focuses on
cutting instead of engraving micrometer features in a surface. Therefore tests with different settings and ma-
terials must be performed to know if this is a promising manufacturing method. Samples were made using
stainless steel and silicon.

The quality of the engraved samples is quantified by examining: debris, geometric accuracy, surface
roughness and waviness. After using the laser the samples need to be cleaned to improve the quality. In
the lab two methods of cleaning are available: ultrasonic cleaning and wet etching. The problem with the la-
ser is that there is little known about the settings. Finding the optimal settings for every material and desired
profile can take months. Therefore a limited number of settings and samples is tested to get some knowledge
about this manufacturing method . Two features are made in the surface: a circular hole and a laser etched
square. The quality of the holes should be good enough to be used as a restrictor and the etched squares gives
an indication of how well a pocket or groove can be made in the material.

The following parameters can be adjusted: firing rate, laser speed, diode current, number of drill levels,
drill steps, hatch pattern, repetitions and laser power. As a starting point parameter values are taken from
[24].

Table E.2: Laser settings of different materials

Material Firing-rate Speed Diode current Level Step Lines Gap Repetition Energy output
Stainless steel, thickness 100µm 50kHz 20mms−1 6.44A - - 1 20µm 10-50 10-100
Silicon wafer, thickness 300µm 15kHz 15mms−1 6.5A - - 15µm 10 100

E.2.1. Stainless steel
In the lab thin 100µm thick stainless steel sheets are available that are used to engrave small squares as dis-
cussed. The laser parameters are given in table E.2, all parameters are kept constant except the number of
repetitions and the energy output. These two are varied in steps of 10, this gives a matrix of 5×10 squares
where bottom left is the most repetitions and least amount of power and bottom right most power and repe-
titions, see figure E.2. After etching the sample is cleaned using a ultrasonic cleaner, this removes most of the
burned material making the sample easier to analyse. To analyse the etched sample the Bruker white light
interferometer is used 1. In figure E.3 the first two columns of the sample are pictured, it can be seen that
top left the square is very shallow and the depth increases when going to bottom left. In the second column
the power is increased to 20 % and more material is removed. Figure E.4 gives the red and blue part that are
highlighted in figure E.2.

Desired is an etch depth between 1µm and 3µm since this is a characteristic depth for a shallow pocket.
From the measurements using the white light interferometer it can be concluded that the laser etched poc-
kets exceed this limit by tens of microns. With very low power the pockets are shallow, however the surface
becomes very rough and the pocket is undefined, see the sample in the left bottom corner of figure E.2 and
the measurement in figure E.5a. Increasing the power results in a better ablation of the material, see figure
E.5b. More settings are tested using stainless steel but the production of a well defined shallow pocket using
this method did not give the desired results.

1blabla Bruker link
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Increasing Power

Decreasing repetions

Figure E.2: Etched squares sample

Figure E.3: 3D image of left part of the sample

(a) Blue part of figure E.2 (b) Red part of figure E.2

Figure E.4: Surface profiles of etched stainless steel sample

(a) Sample with: 10% power and 50 repetitions (b) Sample with: 100% power and 50 repetitions

Figure E.5
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The creation of small holes that can be used as a restriction is discussed in [43]. Nice well-defined orifice
restrictions were created in stainless steel using this laser. The outer diameter of the hole was 140µm on top
and 90µm at the bottom, this difference is a result of the taper angle of the laser beam. The taper angle of
15deg is not an issue in thin sheets like the 100µm think stainless steel sheet that is used in [43]. However
when a thicker material is used it might be the case that the laser beam cannot penetrate the sample and no
hole is created. The creation of orifice restrictor holes in stainless steel as described in [43] is not repeated
here.

E.2.2. Silicon
Since the tests in stainless steel did not give the desired results other materials are tested, this section descri-
bes the etching in mono-crystalline silicon. A silicon wafer can possibly be used as a bearing surface since it
is extremely flat. A polished wafer has a roughness below 1nm and a flatness that is smaller than 1µm. In [24]
research is done in cutting through silicon wafers and testing the roughness of the cut-plane and mechanical
properties. Etching micrometer pockets in Silicon is not treated in this report, therefore multiple test samples
are made. As a starting point some general laser settings that are used to cut the wafers are now used to etch
shallow squares in the surface, settings can be found in table E.2.

In the silicon test samples the laser power, number of repetitions and line density of the hatch profile are
varied and the results are obtained using a white light interferometer. After the samples are processed by the
laser they are cleaned using the ultrasonic cleaner. Again a matrix of squares is etched where along the x-axis
the power increases (10−100%) and along the y-axis the number of repetitions (5−30) increases, see figure
E.6. The squares are filled with a line type hatch with a spacing of 10µm between the lines. The etched square
in figure E.6a has high power and only 5 repetitions, the average depth of the pocket is 31µm. Decreasing
the number of repetitions makes the pattern in the pocket rougher because repeating smoothers the surface.
Now the number of repetitions is doubled to 10 in figure E.6b and the pocket depth increases to 50µm.

The influence of the laser power on the pocket depth can be seen in figure E.6c. The power is too low
to evenly evaporate the silicon, this results in a rough surface that has a depth of around 15µm. When the
power is lower than 50% the results become worse, this is not an option to obtain a well defined pocket of a
few micro meters.

Other tests are done with different hatch profiles such as: lines with a closer spacing, lines under an angle
and net or honey type of hatch profiles. The roughness inside the pocket becomes better when a denser hatch
profile is used, however the pocket becomes deeper since there is more laser beam exposure at the surface.
The best result in terms of a shallowness is found with low power settings (50%) and a very dense line hatch
(2.5µm between the lines). The result is given in figure E.7, it is clear that the pocket is very rough and not
well defined with a depth of around 6µm. This is a shallow pocket but since a depth of around 2µm is desired
the result is still infeasible.

Until now only: the power, number of repetitions and the hatch density are varied, the laser firing rate and
the speed are kept constant at the values given in table E.2. When there is less exposure by the laser on the
surface, the pockets might become shallower therefore the laser firing rate and speed are varied, an overview
of the sample is given in figure E.8. The number of repetitions is: 15, the line hatch distance is 2.5µm and the
power is fixed at 100% since this gives the best ablation and surface quality. After laser engraving the samples
are cleaned in an ultrasonic cleaner for 2min and examined using the white light interferometer. Height pro-
files of the four corners of the sample matrix are given in figure E.8. As expected the upper left corner (yellow
sample) has the shallowest pocket with a depth of around 8µm since the amount of energy applied to the
surface is minimal.

Various tests have been done with lower number of repetitions and different speeds and firing rates. Sam-
ples with zero repetitions give the shallowest results so these will be discussed further. Squares with a line
type of hatch with 2.5µm between the lines are etched with a power of 100% while the firing rate and speed
are varied, see figure E.9. Again the surface is examined using the white light interferometer, see figure E.9
to get an indication of the etching depth. With some of the settings a shallow pocket is etched with a depth
between two and three micrometer. Unfortunately the bottom of the pocket has a very rough surface so the
geometry is not well defined. When the pocket depth decreases the roughness of the etched surface becomes
more important. The roughness can improved by increasing repetitions or hatch line density. The problem is
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Increasing Power 10-100%

Increasing repetions 5-30

(a) Green etch (b) Red etch

(c) Blue etch

Figure E.6: Surface profiles of etched Silicon with varying repetitions and power



96 E. Manufacturing

Figure E.7: Silicon sample: power=50 %, hatch line distance=2.5µm

this generates more exposure and a deeper etch, so other methods need to be found.

In [24] potassium hydroxide, also known as KOH, is used to etch the silicon wafer and obtain a better edge
and surface roughness. The KOH etchant removes silicon preferably along the (100) plane so it will influence
the existing geometry that is cut by the laser, further more it attacks oxides such as SiO2. This last feature
is useful in removing recast material and debris to make a ’clean’ cut. Wet etching the laser etched samples
with a KOH solution might improve the surface quality since sharp peaks might dissolve faster than a flat
surface. A solution is made with 30% KOH and 70% H2O, according to [41] the etch rate in (100) direction
is: 0.024µmmin−1 when the solution is at a temperature of 20◦C. Now a number of samples with rough but
shallow pockets are put in the wet etch bath and the results are given in figure E.10. As one can see there
is no improvement concerning the roughness inside the pocket, even after three hours of etching. Outside
the pockets the surface of the polished wafer gets rougher due to the anisotropic etch behaviour of the KOH
solution. This indicates that the material dissolves due to the KOH solution but unfortunately is does not
result in a flattened shallow pocket. There are other wet etch solutions like hydrofluoric acid that may give
better results, however these are very toxic and are not allowed to use at the chemical lab facility at the faculty.
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Firing rate 10-55 kHz

Speed 10-28 mms−1

(a) Yellow etch (b) Orange etch

(c) Green etch (d) Pink etch

Figure E.8: Surface profiles of etched Silicon with varying speed and firing-rate
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Firing rate 1-5 kHz

Speed 35-53 mms−1

(a) Green etch (b) Blue etch

(c) Pink etch (d) Orange etch

Figure E.9: Surface profiles of etched Silicon
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(a) No etch (b) No etch (c) No etch

(d) 80min etch (e) 80min etch (f) 80min etch

(g) 180min etch (h) 180min etch (i) 180min etch

Figure E.10: Multiple samples with different wet etch durations

To conclude, the short pulse UV laser can be used to create micrometer scale pockets in a polished sili-
con wafer. However the minimum depth of the pockets is around 8µm which is not shallow enough in this
specific air bearing application. The roughness inside the etched pockets is a function of: laser power, hatch
line density and number of repetitions. Tuning all laser parameters is a delicate task but some settings are
available. A great number of tests have been done and creating a desired pocket depth of (2µm) is probably
not possible with short pulse laser etching.

Table E.3: Pulsed laser micromachining summary

Pro Cons Comments
• Advanced geometries possible
• Flat silicon wafers can be used
• Pockets with a depth of 8µm possible
• ’in-house’ method

• Non-linear process so hard to find parameters
• Unable to make shallow pocket
• Very slow process
• Laser ablation introduces roughness

This could be an option for somewhat deeper pockets.
A laser with higher pulse frequency might be able to
produce shallow pockets.
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E.3. Oxygen plasma etching of Topas®

A plasma is an ionised gaseous substance that, when given momentum is able to clean or etch a surface. Besi-
des the etching that is done using the momentum of the plasma, chemical reactions between the plasma and
substrate occur, resulting in material removal. At the faculty an oxygen plasma cleaner is available to clean
different kinds of substrates. Unfortunately oxygen is the only gas that is connected and cannot be used to
etch silicon, for this a different type of gas like: C F4, SF6 or C HF3 must be used. These are not available so a
different type of material is taken that can be etched by an oxygen plasma. Cyclic olefin copolymer (COC) is a
relatively new class of polymers that is also used in optics. The surface roughness is very low and similar to a
polished wafer while the waviness is determined by the structural layer that is used, the sheet thickness and
residual stresses in the sheet. This oxygen plasma cleaner has never been used to etch features in a surface
and it is unsure if it is suitable for such purpose. A few test are performed using Topas® that has a glass tran-
sition temperature of around 70◦C. No extensive theoretical study is done on the etch rate of this material in
this specific set-up, since it is probably easier and faster to just do some tests.

The first test is done a with maximum power of 99W because more power should give higher etch rates.
To see if material gets removed by the plasma part of the Topas® sheet is covered with a PDMS mask and the
plasma is turned on for 30min, a picture of the result is in figure E.11a. In this picture the Topas® is at the top
and the PDMS mask at the bottom. It can be clearly seen that the Topas® is bend and burned as a result of the
heat during the process. Another test is done with less power 60W and a duration of 15min, this result is in
figure E.11b. This last test left some mask material at the Topas® because of the high temperatures. Despite
the lower power and etching time this substrate is still effected by heat. Both etched samples are examined
using the white light interferometer and no height step can be seen at the interface of the mask and Topas®

sample. The absence of a height step is probably a result of the low glass transition temperature, this causes
flow of material during the etch process. A solution could be to use a COC that has a much higher glass tran-
sition temperature, this is done in the following section.

(a) Oxygen plasma etch of Topas® (Tg=70◦C), 99W, 30min

(b) Oxygen plasma etch of Topas® (Tg=70◦C), 60W, 15min

The Topas® COC that is used in the previous section was not suitable to use in the plasma etcher, now
Topas® (6015S-04)[1] with a glass transition temperature of 158◦C is tested. Part of the sheet is covered with a
PDMS mask and then placed in the plasma cleaner, the result after 30min of etching at 99W is given in figure
E.12. A clear height step of around 200nm can be seen at the place where the mask is applied on the Topas®

substrate. This is a promising result so another test is done with the same material but now with an etching
time of 2h, the result is given in figure E.13. After two hours of etching a clear height step of 2.5µm can be
seen in the surface. These figures of the surface profile are at a location where the PDMS mask nicely covers
the substrate. At figure E.13c a zoomed in picture of the tip is depicted, the interface is very rough due to
inappropriate adhesion of the mask. Adhesion can be improved by making sure the PDMS has a very good
surface finish without debris, further both the mask and the Topas® substrate must be cleaned properly using
an ultrasonic bath.

This method can very well be used to create micrometer pockets in a flat surface, more tests will be done
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using a mask with circular features. Reducing the etch time will result in a shallower pocket, finding the
correct etch time is done by trial and error. The plasma flow over the surface affects the etch rate as well, tiny
mask features and using a thick mask will slow down the etch rate.

(a) 2D height map at mask interface (b) 3D height map at mask interface

Figure E.12: Topas® (Tg=158◦C) oxygen plasma etch at: 99W, 30min

(a) 2D height map at mask interface (b) 3D height map at mask interface

(c) Weak mask adhesion at tip, 50x zoom in

Figure E.13: Topas® (Tg=158◦C) oxygen plasma etch at: 99W, 120min

More tests are done using Topas 6015S-04 and 6017S-04 where the last one has a glass transition tempera-
ture of Tg = 178◦C. Both Topas grades are used and no significant difference in etch rate or surface quality is
detected. In figure E.14 a circular pocket with a diameter of 5mm is etched. The sample is etched for 75min,
this gives an average pocket depth of: 1.5µm. At some spots the materials is not removed resulting in small is-
lands. This is probably caused by improper cleaning of the surface before etching. Contamination functions
as an extra unwanted mask.

The mask thickness is also important when a uniform material removal is desired, especially when small
features need to be etched. An example is in figure E.15 where a hole with a diameter of 0.5mm is etched. The
used mask was too thick compared to the small pocket’s diameter. This resulted in malfunctioning plasma
flow through the mask gap and deposition of material. A bulge can be clearly seen instead of a shallow pocket.

E.3.1. Groove manufacturing
When an air inlet or outlet needs an uniform pressure distribution at a certain bearing radius, a groove can
be used as virtual pocket [52]. A groove can be made by using a mask insert with a smaller diameter than
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(a) 3D height map of circular pocket (b) 2D height map at centre

(c) 2D height map

Figure E.14: Topas® (Tg=158◦C) oxygen plasma etch at: 99W, 75min

(a) 2D height map of small pocket (b) 3D height map of small pocket

Figure E.15: Oxygen plasma etch of Topas® (Tg=158◦C), 99W, 75min
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the pocket diameter. In this initial attempt the insert is centred by hand, therefore the groove may vary in
width. The result after 5h of etching is in figure E.16, the depth is around: 7.3µm. It can be seen that the
overall surface roughness of the sample stays good, even after 5h of etching. The mask thickness that is used
to create this small groove is only 0.5mm this results in proper material removal.

(a) 2D height map of groove (b) 3D height map of groove

Figure E.16: Oxygen plasma etch of Topas® 5h etch time

Table E.4: Topas oxygen plasma etching summary

Pro Cons Comments
• Advanced geometries possible
• Excellent defined geometry
• Every pocket depth is possible
• Uniform material removal, low roughness
• ’in-house’ method

• Etch rate has to be empirically determined
• Any contamination weakens mask adhesion
• Only possible with polymers with high Tg

• Mask thickness and surface contamination influences etch

A proper method to create any shallow geometry.
in a flat surface
Etch parameters like: mass thickness and etch time
must be determined empirically.

E.4. Wet etching Si wafer
In section E.2 experiments are done using a KOH wet etch to improve the surface texture of the laser etched
silicon. It is possible to wet etch a circular pocket of a few micrometers in depth in a cleanroom lab facility.
Unfortunately using the cleanroom is very expensive and therefore not suitable to make some prototypes in
a cheap manner. Besides the costs, it takes a couple of weeks of training to be allowed to use the cleanroom.
The question arises whether it is possible to manufacture these micrometer pockets outside an expensive
cleanroom facility. Therefore tests are done in the chemical lab at the faculty.

A short summary of steps that are normally taken in a cleanroom to wet etch a pattern in a silicon wafer
are:

1. Extensive cleaning of the wafer using: RCA1[17], RCA2[10] and hydrofluoric acid (HF) cleaning steps

2. Application of a photoresist masking layer

3. Photolithography, development and cleaning

4. Anisotropic KOH wet etch step

5. Removal of photoresist

At the faculty few of the aforementioned facilities are available so some alternatives are tried. To clean the
wafer the oxygen plasma cleaner is used together with a brief cleaning using isopropyl alcohol. The plasma
cleaner is able to remove organic contamination [47] and might therefore be a replacement for the chemical
RCA-1 cleaning procedure. This cleaning procedure does not remove metal ions from the silicon wafer so
these remain present. The same holds for the native oxide layer that is normally removed by the extremely
aggressive hydrofluoric acid. After this alternative cleaning of the wafer a mask has to be applied to protect
some parts against the etchant. Applying a photoresist of the right thickness and properties on the wafer
is not very easy. This because the photoresist needs to bond to the surface which might be hard since the
surface is not properly cleaned. Furthermore there are issues regarding the pre-baking, UV lightning, deve-
lopment and photoresist removal processes. An easier way is sought to cover certain parts of the wafer and is
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found in using Kapton® tape. This tape is made of polyimide and does not contain any other materials or a
separate glue layer. It adheres air tight to the cleaned silicon surface and with a small mask and knife a circle
can be made, see figure E.17a. Other methods to make features in the tape can also be used like: laser cutting
the tape or using an automatic cutter tool.

(a) Silicon wafer covered with Kapton® tape (b) Silicon wafer surface after 3h KOH etch

The masked wafer is put in a 30 wt% KOH aqueous solution at a room temperature of 20◦C, this gives an
etch rate of 0.024µmmin−1[41]. To see if the mask holds the etch time is set at 3h which should give a pocket
that is deeper than 4µm. After the the etch is done the Kapton® tape is removed and the result is in figure
E.17b. It can directly be seen that the etchant got underneath the Kapton® mask, this occurred around the
circle and at the edges of the wafer. This under etching makes that there’s no well defined pocket. In figures
E.18a and E.18b the profile of the wafer surface at the location of the pocket is given. There appears to be a
low frequent waviness at the surface with a circle contour in the valley. There are two challenges that need
to be solved: improve the mask to limit the under etching and remove more contamination from the surface.
The first measure makes sure that the surface outside the pockets does not change and improves the pocket
shape. The second measure improves the etch process, since any contamination affects the etch rate in a
certain direction. A better cleaning of the wafer also improves the adhesion of the Kapton® mask. At this
first attempt the wafer is only cleaned before the tape is applied, cleaning again right before starting the etch
might give improvements. If under etching remains a major problem it might be possible to use a photoresist
mask, however this introduces new challenges.

(a) A 2D profile (b) A 3D profile

Figure E.18: Surface profiles of the 30 wt% KOH etched wafer, etching time: 3h

One more test is done using a hot KOH etch bath of 60◦C. This higher temperature is chosen since it
reduces the etch time and this might be beneficial to reduce under etching. Before applying the Kapton®

tape the wafer is ultrasonic cleaned in acetone and cleaned in the oxygen cleaner. After applying the tape
the masked wafer is again cleaned in the oxygen cleaner. Then the 30 wt% KOH etch at 60◦C is performed
for 12min, the results are in figure E.19. Again under etching of the mask occurred, this was visible during
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the etching and it is visible in the surface profile as well. The circle that can be seen is etched due to an
imperfection in the wafer surface. As said before a knife is used to cut out the mask, this damages the wafer.
This groove is attacked by the etchant and is therefore visible, unfortunately there is no sign of a pocket being
etched. This concludes that wet-etching a well defined pocket in a silicon wafer is a hard task when not all
facilities are available. In a cleanroom all the chemicals and devices are available but this comes at high costs
as stated before.

(a) A 2D surface profile (b) A 3D surface profile

Figure E.19: Surface profiles of the 30 wt% KOH etched wafer, etching time: 12min, temperature:60◦C

E.5. Surface waviness
Now it is clear that shallow pockets can be made in Topas®, the next step is to inspect the waviness across the
bearing surface. In an ideal case the air bearing is designed to function at a nominal fly-height of 10µm. This
means that the bearing- and counter surface must be almost perfectly flat or have a perfect fit. The sensitivity
of the flatness on the bearing’s characteristics must be determined in a final design model. In this section the
flatness of the Topas® sheets is mapped. Some methods to improve the flatness are proposed and tested on
test pieces.

E.5.1. Topas® sheets
The Topas® sheets have a size of: 190×150mm2, the flatness of half a sheet is measured using the white light
interferometer, see figure E.20. The measurement is corrected for tilt to get a clear picture of the waviness
over the surface. The Topas® sheets are produced by melting small pellets of material and put it in a mould.
The small bend in the sheet is probably caused by the non-linear cool down process of the mould. When a
bearing with a diameter of 50mm is desired, a flat ’sweet-spot’ in the sheet might be available. A closer look
is taken at the centre part of the figure E.20 sheet, a circular shape is cut-out, see figure E.21.

(a) 2D height map of sheet (b) 3D height map of sheet

Figure E.20: Flatness of Topas® sheets

The part of the sheet with the two cut-outs is the flattest part found. From figure E.21 it can be noticed
that the disk has a concave surface profile with a peak to peak flatness of around 13µm. This is unfortunately
too much in an bearing design so a solution has to be found. There are three options to solve this problem:

• Reduce the bearing area
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(a) 2D height map of sheet (b) 3D height map of sheet

Figure E.21: Flatness of 50mm diameter disk cut-outs

• Flatten the Topas® bearing surface

• Find a counter surface with an exact opposite surface topology

E.5.2. Reduce bearing area

It is more facile to obtain a flat surface when a smaller bearing diameter is used, this is the first and easiest
option. However, decreasing the bearing’s surface area, limits the load capacity and makes it harder to im-
plement other bearing features due to scaling. So this first options might be used but the other options are
investigated first.

E.5.3. Flatten the Topas® bearing surface

The second option is to remove the waviness or minimising it, to reach an acceptable value. This can be done
by: deforming the surface or by material removal. Permanent deformation of Topas® is done by heating the
material to the glass transition temperature (Tg ) and then apply it on a flat counter surface. This process is
called ’hot embossing’ and is a common method to create microfluidic devices in Topas®[23]. In hot em-
bossing a shape, for instance a microchannel is transferred from a mold to the Topas® surface. The main
parameters to influence this process are: temperature and pressure. In this case there is no transfer of micro
size features but only the application of a flat counter surface, for which a silicon wafer is used.

A circular shaped Topas® disk with a diameter of 50mm is aligned and sandwiched between two silicon
wafers. This ’sandwich’ is placed in a chemical oven and heated at the glass transition temperature for 30min.
The door of the switched off oven remained closed overnight to have a very slow cool-down process, bypas-
sing steep temperature gradients. In this initial test no extra pressure is applied. Before the sample is treated
in the oven it has a similar concave surface topology as the sample in figure E.21. After treatment in the oven
the surface topology is depicted in figure E.22.
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(a) 3D height map of side 1 (b) 2D height map of side 1

(c) 3D height map of side 2 (d) 2D height map of side 2

Figure E.22: Surface topology of a Topas® disk after 30min at T = Tg

From figure E.22 it can be seen immediately that the surface is deformed. The prediction was that the
Topas® disk would ’copy’ the ’perfectly’ flat wafer surface, unfortunately something else happened. It can
be seen that the surface is heavily deformed, with a large waviness up to 50µm. This could be caused by a
slight bending of the silicon wafer and thermal effects. It is likely that the surface got deformed by non-linear
cooling of the wafer and sample and a lack of pressure.

Heat deformation of the surface to eliminate the waviness did not give the desired results, therefore other
methods that are based on material removal, are investigated. Several machining methods exist that are used
to get the desired surface finish of a work piece. The following machining methods are discussed: lapping,
polishing and grinding.

With lapping a flat surface is made by making mechanical contact with a rotating plate. An abrasive paste
is applied between the work piece and rotating plate [30], different materials can be lapped including po-
lymers. Sub-micron flatness can be achieved over large surface areas while maintaining nanometre scale
roughness. Lapping is in fact the same as polishing but then with the aid of an extremely flat counter surface.
Unfortunately the TU Delft does not have such a machine and outsourcing comes at costs and inflexibility.

At the department of materials science a polishing lab is available, this facility is used to prepare metal
samples for microscopic examination. In [21] an attempt was made to flatten the surface of a stainless steel
bearing, using this same facility. It is possible to obtain a very low roughness, giving a mirror like surface
finish. However, the waviness is determined by the flatness of the counter surface and an evenly distributed
normal pressure during polishing. These last two conditions are not the case when using the hand polishing
disks in the lab facility. It is decided not to use the facilities in the polishing lab but to build a simple test
set-up. Instead of a compliant polishing disk a silicon wafer is used as a counter surface, the wafer is placed
on a flat stone table. Then a polishing paste with abrasive diamond particles (d = 1µm) is put between the
Topas® disk and the silicon wafer, see figure E.23a.
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(a) Polishing without adding load (b) Polishing with adding load

Figure E.23: Polishing of a Topas® disc using a silicon wafer as counter-surface

Now the disc is manually displaced along the wafer while floating on a film of polishing paste. It is tried
to apply a uniform normal pressure during polishing. After a while the disc adheres at some points to the
silicon wafer. This happens when at one point the load increases causing the disc to bend a little. The highest
displacement, as a result of bending is at the centre of the disc, this results in more material removal. This
gives the concave shaped profile in figure E.23 after the polishing is done. It can be seen that this polishing
made the flatness only worse. Another test is done by applying a weight to distribute the normal force more
evenly. Then the second wafer is moved with an in-plane motion, see figure E.23b. This method distributes
the normal force more evenly but still causes bending of a non-flat sample. This causes non-uniform material
removal resulting in a concave surface profile, see figure E.25.

It can be concluded that the Topas® disk deforms during the polishing resulting in a parabolic surface
profile. Now the Topas® disk is connected to a structural layer to improve the bending stiffness of the sample.

(a) 3D height map of unpolished disk (b) 2D height map of unpolished disk

(c) 3D height map polished disk (d) 2D height map of polished disk

Figure E.24: Polishing of Topas® disc with d = 1µm abrasive particles



E.5. Surface waviness 109

(a) 3D height map of polished disk (b) 2D height map of polished disk

Figure E.25: Polishing of a Topas® disc with constant normal load Wn = 0.5kg

If the Topas® disk is only bended and if it has a very uniform thickness, polishing might be unnecessary.
Connecting the Topas® disk with a uniform layer of glue to a flat basis might be good enough. If the Topas®

surface shows a waviness after this structural adhesion step, a polishing step can always be carried out.
Very recently a grinding machine is purchased by the faculty machine shop, it is able to flatten metals and

ceramics. A work piece has to be clamped on a magnetic rotating table, therefore only magnetic materials
can be processed. First steel disks with a diameter of 50mm are milled on a lathe. Then they are flattened
on both sides with the grinding machine giving a peak to peak flatness of around 1µm, see figure E.26. The
ground surface shows a grooved pattern of high frequent peaks with an amplitude of around one micron.

This grounded steel disk has to be connected to the Topas® disk by means of an adhesive layer. Topas® is
a low surface energy plastic, meaning that it is difficult to glue. The glue must have a uniform film thickness
and must be able to withstand the high temperatures during the plasma etching process that is performed
afterwards. For these reasons the: ’3M DP8805NS low odour acrylic adhesive [3]’ is used. It can withstand
temperatures up to 150◦C and contains glass beads to control the bond line thickness. The only uncertainty is
whether it will bond to Topas® since it is not specifically designed for low surface energy materials. However,
according to [22], the surface energy can be increased by treating the sample with an oxygen plasma. This is
the same process as used in etching the sample but with shorter exposing time and without a mask.

(a) Steel disk processed on a lathe (b) Steel disk processed on a lathe

(c) Steel disk processed by grinding (d) Steel disk processed by grinding

Figure E.26: Milling and grinding of a steel disk

During curing of the glue layer a constant uniform pressure is applied by using a press. Application of
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pressure eliminates most of the trapped air bubbles in the glue layer. After glueing, the Topas top layer is
milled to obtain a diameter of 50mm. This milling introduces micro-cracks that are growing towards the
centre as a result of residual stress in the glue layer. The cracks are subsurface meaning they do not influence
the final surface topology after pocket plasma etching. The Steel-Topas configuration is depicted in figure
E.27. The glue seems to have a good adhesion to both surfaces without any delamination. Interferometer
inspection shows that this glued Topas top layer still has an unacceptable waviness, this requires further
steps.

First the the flat wafer polishing method in figure E.23 is repeated. Bending of the Topas top layer is
constraint by the adhesive layer. It is expected to have a more uniform material removal compared to the
unconstrained case. Multiple displacement patterns like: circles, 8-figures and straight lines are tried using
different normal loads. After a while the Topas tends to stick to the silicon, this is caused by a vacuum between
the concave Topas surface and flat silicon surface. Despite the use of different procedures there is no success
in flattening the surface using this method. Professional ’hand’ lapping plates have a cross hatched or spiral
grooved surface pattern. The cutting edges of these grooves enhance material removal and drain the surplus
of diamond paste and Topas particles. The absence of these grooves, incorrect diamond paste and non-
uniform normal force all contribute to an non flat surface.

Figure E.27: Steel-Topas configuration with adhesive layer

E.5.4. Find a counter surface with an exact opposite surface topology
For proving the concept of a low stiffness air bearing it is sufficient to limit displacement to out-of-plane mo-
tion only. Finding a counter surface that fits the bearing surface precisely, is only possible when the surfaces
are formed by each other. There are two options: material removal by using abrasive particles or by hot-
embossing with a different polymer. This second polymer must have a lower glass transition temperature
than Topas to prevent bonding.

Material removal method
In this method two surfaces are placed at each other with an abrasive film in between, see figure E.28. One of
the surfaces is slowly rotated by using a milling machine. It is impossible to get the two planes perfectly paral-
lel. For this reason one of the discs is allowed to have some degrees of freedom to achieve perfect alignment
during polishing. This ensures that only a minimum of material has to be removed, reducing processing time.

The stationary surface is placed on a spherical bullet to allow roll and pitch motions around the in-plane
x and y axes. In-plane displacements are also constrained by the bullet, the out of plane displacement is con-
strained by the compressive normal force of the counter surface. This ball joint still allows rotations around
the z-axis, a pin is placed to constrain this rotation.

The two disks are made of a steel base that is adhered with glue to the Topas sheet material. Then the up-
per disk is rotated, first with a rather viscous polishing solution and in later experiments with different kind
of ’more viscous’ lapping paste. One starts with an abrasive solution that has large grain size to have a higher
material removal rate. To get a smooth surface finish the final step is done with a small grain size solution.
The normal force is controlled by a weight at the mill’s lever arm, this ensures a constant pressure between
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the surfaces.

After turning on the mill it is noticed that the ball joint has the desired effect. This is shown by a small tip-
tilt motion that compensates the parallel misalignment of the two surfaces. After a few minutes of polishing
the surfaces are inspected.

(a) Graphical representation of automated polishing set-up (b) Automated polishing set-up

Figure E.28: Bearing and countersurface polishing using an abrasive film





F
Topas

Topas® is a trade name for cyclic olefin copolymers (COC), a relatively new class of polymers. It is used in
packaging, optics and medical devices, some properties are:

• High transparency

• Extremely low water absorption

• Good chemical resistance

• High rigidity, strength and hardness

• Variable heat deflection temperature up to 170◦C

Topas® COC is an amorphous poly-olefin made by a chain copolymerisation process of ethylene (C2H4)
and norbornene (C7H10) in varying ratios, see figure F.1a [31]. In the chemical structure of COC the ethylene
part can be recognised at the X and the norbornene part at Y in figure F.1a.

The ratio of norbornene and ethylene determines the grade of the Topas. The Topas product nomen-
clature contains a four digit number. The first two digits indicate the viscosity number and last two digits
describe the heat deflection temperature (HDT ) or glass transition temperature (Tg ). Higher grades have a
higher temperature resistance as can be seen in figure F.1b.

(a) Chemical structure of COC [31]

(b) Heat resistance as function of norbornene percentage [26]

Figure F.1: Topas® COC properties

Since Topas is an amorphous thermoplastic the shear modulus (G) is a function of temperature [2], see
figure F.2. This also means that the material is suitable for fabrication methods like injection moulding, ex-
trusion and hot-embossing. After processing, Topas is known for its high dimensional stability. In figure F.2
it can be seen that when the temperature exceeds the glass transition point, the structural strength of the
material starts to decay rapidly.

Topas is very resistant to acids and bases but can be attacked by non-polar solvents such as toluene and
sec-butyl-benzene [2]. Like all olefins, Topas has a very low surface energy. This means a hydrophobic surface
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with a poor surface wettability making it hard to glue. Oxygen plasma treatment can increase the surface
energy by implementation of polar functional groups [22]. Oxygen plasma treatment is also suitable to dry-
etch polymers including Topas [36].
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Figure F.2: Shear modulus as function of temperature for different Topas grades [2]



G
Metrology specifications and settings

The measurement set-up has a number of different hardware and software elements. The specific settings of
the sensors and data acquisition is summed in this appendix.

The capacitative sensors from microsense are PME property and consist of a probe and a gage with adjus-
table jumper settings. The gage processes the sensor signal and provides an analog voltage signal which can
be fed into the data acquisition for automated and more precise measurements. To measure the supply- and
vacuum pressures, a T-piece is placed before the restrictions and a MPX5700 series pressure sensor is placed.
This sensor gets a supply voltage from the DAQ and returns a voltage signal that is proportional with absolute
or differential pressure, see figure G.2 for linearity.

Figure G.2: The MPX5700 series pressure sensor calibration data provided by NXP manufacturer.

A data acquisition system from National Instruments (USB-2611) is used to feed al the signal data to the
laptop. This device has a high sampling rate of 50 kS/s, when a total of five channels are used. Labview
software is used to read all the data provided by the DAQ and to store it with the correct time stamp. The
same labview data file is used to simultaneously operate the supply pressure valve by feeding a periodic saw-
tooth shaped voltage signal.
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(a) The capacitative probe specifications by microsense manufacturer

(b) The gage model jumper settings for a range of: 50µm and a BW: 10kHz. Note that the slave and master jumper settings should be based on the number
of probes that measure the same target to minimise interference.
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Figure G.3: Overview from the NI about the DAQ2611

Figure G.4: Labview code to actuate the valve and to harvest all sensor data
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