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Abstract

A hydrostatic bearing is a bearing type where the friction is reduced by creating a thin film of liquid between
a bearing and its counter surface. These types of bearings are typically highly reliable and have very high
performance capabilities.

The main limitation of this type of bearing is that they are highly dependent on the shape and smoothness of
the running track surface. This means they only work properly when the running track is flat or has a constant
curvature. Improvements to these bearing systems can therefore be made by reducing the dependency to the
geometry and smoothness of the running track. A method of achieving this is through the use of a compli-
ant hydrostatic bearings [27]. An embodiment of such a bearing is by using elastic materials for the bearing
support. Such bearings will be able to follow the imperfections of the running track, whilst maintaining a
sufficient film of liquid between the surfaces.

To determine the performance of these compliant hydrostatic bearings a method has to be implemented
that is able to map the film height. In the case of rigid bearing, the film height and tilt can be determined
using three laser sensors. For the compliant bearing this is not suitable due to the elastic behavior, there-
fore a fluorescence based measurement technique will be implemented in a setup for determining the film
height. This can be achieved because the fluorescent intensity is proportional to the thickness of the solution.

A LED, with a dominant wavelength of 540 nm, will be used to excite a solution containing water and Rho-
damine B as fluorescent dye. This dye has an excitation wavelength of 540 nm and an emission wavelength
of 570 nm. The shift in colour due to this fluorescent effect is captured by a RGB camera were the different
channels can be used as a digital filter. Using a ratioed technique the increase in intensity is determined and
by using a calibration method coupled to a film height.

To obtain the performance of the measurement method, a setup has been design using a rigid hydrostatic
bearing with multiple features. The method is then validated by the use of a laser sensor which determines
the actual film height and tilt. It is found that this method can obtain an average accuracy of 6.4 % with an
average confidence interval of 95 % of 15.4 um.

A second setup has been designed which is able to test a compliant hydrostatic bearing. The goal of this
setup is to show the potential of the measurement by introducing a deformable bearing made of silicon rub-
ber. Using COMSOL, the measured results are compared to the FEM results. A noticeable difference in result
can be explained due to the fact the bearing contains air bubbles in the silicon. This silicon has therefore not
a uniform stiffness and thus behaves different than the model.

Concluding, this work shows a fluorescent based measurement method that has an operating range of 15-
1400 um. By further reducing the leakage and the noise this range can be extended and the method becomes
valuable for even more applications.
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Introduction

1.1. Background

Almost all mechanical systems contain some sort of relative motion of solid components. Where two systems
are sliding or rolling over each other, friction and wear will occur. The performance of a mechanical system
is majorly influenced by friction, lubrication and wear. If a passenger car is taken as an example, almost 1/3
of the energy consumption goes to overcome friction [14].Furthermore, wear and friction also determines
the precision, accuracy and lifetime of mechanical systems. The continuous pursuit of higher-performing
systems requires higher design demands in the industry. One method to improve the efficiency and reduce
friction between the moving parts, is the use of bearings. Over the years bearings have been designed to min-
imize friction and to meet the requirement set by the industry. But a rising demand for better performing
bearing keeps existing.

Bearings can be divided into two types. The contact bearing, such as ball-bearings or slider bearings, are
widely known for their versatility and used in almost all mechanical systems. The big disadvantage of these
bearing is that they still have contact between the surfaces which means friction occurs. Due to the friction,
the system wears down and consequently, these components need to be replaced. A replacement of compo-
nents means that the system needs to be shut down which results in extra costs costs for a company.

The other type of bearings are contactless bearings, such as hydrostatic bearings or magnetic bearings. These
bearing systems do not have contact between the two surfaces. This means no friction will occur and there-
fore there is no wear and the lifetime improves drastically. These systems are mostly used in high tech systems
were precision and accuracy needs to be as high as possible. Therefore more research is being carried out into
contactless bearings.

In this report, I will focus on hydrostatic bearings and in particular compliant hydrostatic bearings, see figure
1.1.A. A compliant hydrostatic bearing has an elastic layer within the bearing so that it can deform. Although
compliant hydrostatic bearings are very suitable for non-constant tracks, the design aspect is a more com-
plicated and there sits the problem. Most hydrostatic bearings are designed for a certain load capacity. This
load capacity depends on the distributed pressure between the bearing and the running track. Because this
pressure profile is depending on the film height it is crucial to know the film height between the bearing and
the running track. Due to compliance and elasto-hydrostatic effects, the film height is not easily predicted.
That is the reason why verifying the fly height by doing experiments becomes valuable.

1.2. Research approach

In this thesis the goal is to find and implement a measurement method that is able to measure the film thick-
ness of a compliant hydrostatic bearing. Multiple methods are found in literature that are able to measure
a film thickness. In order to compare these multiple methods, I have defined some criteria of which these
methods should comply with.

Using the requirements as a guideline, methods found in relevant literature can be divided into three
categories: Optical, Acoustic and Electromagnetism. Methods like magnetic reluctance [5], capacitance [6]
[9], ultrasound [23] [8] or light of internal reflection [17] are limited by their resolution or have the disadvan-
tage to only measure discrete points. Another method such as optical interferometry [18] [11] has the proper
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Figure 1.1: (A.Left) Classic hydrostatic bearing with corresponding pressure profile(B.right) Compliant hydrostatic bearing and its corre-
sponding pressure profile

Design requirement Quantification | Definition
Film height range 1-1000 pm Defined as 10 - hy with hg
being the film height
Resolution of method 1-5 um, Because small changes in

the fly height have great in-
fluence on the load capac-
ity and these need to be

captured
Large measurement area >80x80mm? | Self defined
Applicable on elasto surface - Because an elasto-

hydrostatic bearing will
probably be of some sort
elastic material and the
method should work with
that.

Non intrusive method - Be able to test different
bearing, so the bearing
should not have to be
altered to be tested.

Fast measurement - An instantaneous film
thickness map is required.

Table 1.1: Design requirements

resolution but has the disadvantage of being limited by its area of measurement. This method is expensive,
hard to implement and requires a scanning motion. Therefore it is not suitable for compliant bearing mea-
surements. Other methods such as dye attenuation [20] [25] and fluorescence [13] have the ability to make a
2D map of the film height with a sufficient resolution to obtain the deformation of a compliant hydrostatic
bearing. Both methods use a colour shift to obtain the film height, but dye attenuation, in contrast with flu-
orescence, needs some adaptations to measure the colour shift. Because the desired method is non intrusive
and does not need adaptations to the bearing itself, it has becomes useful to use fluorescence as the method
to implement. Besides the ability to measure the film height, fluorescence can also give information about
the lubricant behaviour [22]. Husen (2018) has succesfully used fluorescence to obtain the thickness of a thin
oil film. This experiment has been used in air-oil-wall configuration. However, hydrostatic bearings need
a counter surface, this method will be used to measure the thickness between a transparent wall-lubricant-
bearing wall configuration. In this thesis I will make use of fluorescent behaviour to obtain film height maps.
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1.3. Thesis Layout

Chapter 2 will give some background theory about hydrostatic bearing and fluorescence. This theory is used
in the design of two measurement setups. Chapter 3 will explain all the design steps made in the construc-
tion of the measurement setups. Chapter 4 is a paper containing the results of this thesis. Chapter 5 will
elaborate on the measurement itself. Multiple settings have been tested to obtain the best result. Chapter 6
will consider the FEM model used. Results concerning the FEM model will be discussed as well. Chapter 7,8
and 9 will contain the discussion, conclusion and recommendations respectively. A critical look will be taken
on all the considerations and this will be used in the conclusion. Recommendations for further research will
finalize this thesis.






Theory

2.1. Hydrostatic bearings

2.1.1. Classic hydrostatic thrust bearing

A hydrostatic bearing is a contactless bearing. It creates a layer of liquid or gas between two surfaces, such
that the two moving parts are not in contact with each other. This is also called full film lubrication. Due to
the layer of liquid or air, a system is created which has almost no mechanical friction and therefore almost no
wear. A cross-section of a schematic classic hydrostatic bearing with pressure distribution is shown in figure
2.1. In this example, a cylindrical hydrostatic trust bearing is used. The system works as follows:

The bearing is being fed through an external pump with a certain supply pressure(1). In order to reduce the
supply pressure to the rescess pressure, the liquid is fed through a restrictor(2). The restrictor has as purpose
to create a variable recess pressure which results in giving the bearing its stiffness. Restrictors come in two
different types. 1. There are linear restrictors that have a linear relation between the pressure drop and flow
rate through the restrictor. Such a restrictor is called a capillary tube. 2. there are non-linear restrictors. Here
the relation of the pressure drop is non-linear with the flowrate. These types of restrictors are called orifice
restrictors. What type of restrictor is chosen for a system does not matter for the function it delivers, but the
orifice restricotr does make calculations more complex.

So the restrictor lowers the supply pressure to the recess pressure. Via the recess the liquid is pushed outside
the bearing through the gap between the surface and the bearing (3). This gap is in order of 100 micrometers
[26]. This can be considered as a thin film and such a thin film has the property of having a laminar flow. This
thin film is important because it determines the pressure profile between the bearing and the surface. This
pressure profile determines the load capacity of the bearing and the load capacity is one of the most impor-
tant characteristic of the bearing[21].

Classic hydrostatic bearings are considered rigid, which means that deformations of the bearing compared
to the height of the film is negligible. This also means that when the bearing is being pressurized the film
thickness is equal throughout the whole film. In order to measure the film height of the bearing, A measure-
ment of one discreet point can be done. Forces that are not normal to the bearing can make the bearing tilt.
Therefore, three discrete measurement points are desired, because the bottom side of the bearing does not
deform. Although having great performance characteristics such as high load capacities and low friction, still
some disadvantages arise. A limitations is that a perfectly straight running track is desired which is hard to
obtain.

2.1.2. Reynolds equations

A hydrostatic bearing is noting more than two static parallel plates separated by a thin film of liquid. This thin
film of liquid creates a pressure distribution in y direction when the liquid is flowing. This flow is caused by
a pressure difference between the entry and the exit of the path. Because the film is considered a thin film,
laminar flow is assumed between two stationary parallel plates. The flow is resisted by shear stresses in the
liquid. Figure 2.2 gives an example. At the boundary of these plates the flow velocity is zero and in the middle
a maximum is reached. Pressure across the flow is assumed to be constant which results in §p/6y = 0. The
equilibrium of the force of an element with a width z [4] is
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Figure 2.1: Classic hydrostatic bearing with highest recess pressure and its distribution for an infinitely long bearing.

Figure 2.2: Pressure induced poiseuille flow, (Rowe 2013)

d d
pzéy—(p+ d—Z6x)z5y—rz5x+(r+ d—;dy)z5x=0 2.1
which leads to:
dr dp
-~ _F 2.2
dy dx (2:2)

If we substitute 7 = n‘;—; in equation 2.2, it leads to:

d*u _dp

= 2.
"4 = dx 2.3)
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Integrating equation 2.3 twice and applying its boundary conditions u =0 at y =0 and y = h, and Z—;ﬁ =0

aty= % results in:

ap
=—FP2_yn 2.4
u 2n dx " -yh (2.4)
Integrating this to find the volumetric flow:
zh3 dp
=—— 2.5
9 12n dx (2:5)
If we look at two parallel circular plates this equation becomes:
—nrh®dp
= — 2.6
9 6n dr (2.6
If we now integrate this flow rate for p, = 0 and r = R; the flow rate of the bearing becomes:
—np h3
o= P 2.7
(bearing 6nIn(Ry/ 1) 2.7

2.1.3. Compliant hydrostatic thrust bearing

To make a system that does not have the limitation of only performing on a straight running track, compliant
hydrostatic bearings are being developed. Such a compliant hydrostatic bearing will consist of an elastic
material that is in contact with the fluid film. Figure 2.3 shows a schematic example of such a bearing with
its deformations. This means that the bearing itself will deform due to the pressure profile(4). So when a
higher load is applied to the bearing, the bearing will fly lower and therefore the pressure underneath the
bearing surface gets higher. This results in a deformation of the elastic material and consequently leads to
a higher load capacity. This higher load capacity will make the bearing fly higher and thus resulting in a
lower pressure. This is a iterative process which will lead to a equilibrium. Compared to a classic hydrostatic
bearing the compliant one will have better performance characteristics. But to determine these performance
characteristic such as load capacity, hard complex calculations are needed. Therefore it becomes valuable to
do fast measurements instead.

In the past research has been done into these compliant hydrostatic bearings[27] [26]. But that research was
only conducted for small deformation. For instance, the Prins Willem Alexander lock, which has a waviness
of 0.5 mm/m with corresponding nominal film height of 0.1 mm and width of the bearing of 0.75 m [27].
Current research is being done in large deformation compliant hydrostatic bearings with a waviness of 100
mm/m. For these large deformable surfaces film height profiles are desired.

2.1.4. Restrictors

To maintain a stable bearing it is required to have some form of a flow control device. A restrictor will be able
to control the flow resulting in a stable bearing that has a stiffness as well. In the situation where there is no
restrictor the recess pressure would be equal to the supply pressure. If the bearing has a certain film height
and you would increase the load, the film height becomes smaller and the recess pressure has to become
higher to carry the extra load, but the supply pressure can not increase and therefore the film height becomes
zero. If we add a restrictor, which determines the flow and the pressure drop, the supply pressure is not equal
to the recess pressure. This means that if the load is increased, the film height will decrease and therefore the
outflow of the bearing decreases. Due to continuity the flow from the restrictor also decreases and therefore
the pressure drop becomes smaller. This means that recess pressure becomes higher and the bearing will be
able to carry the extra load. The flow continuity is as follows:

(restrictor = {bearing (2.8)

The two kind of restrictors are explained as follows:
1. Capillary restrictor
A capillary restrictor is a tube with length /. and a diameter of d.. To ensure the resistance of the restricor
work properly (Re > 5000) a ratio of 20 should be achieved [26]. This is to obtain the effect of restricting the
flow for low Reynolds numbers and negligible losses at the entrance and exit. The flow over such a restrictor
is give by:
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Figure 2.3: Schematic compliant hydrostatic bearing with corresponding pressure distribution.
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2.9
1281l (2.9)

Where p; is the supply pressure, p; is the recess pressure and 7 is the viscosity of the liquid.

2. Orifice restrictor
An orifice is a hole with a very small length to diameter ratio. The flow rate for an orifice restrictor is as follows

q=CiAo, | —2(p5p_ PJ (2.10)

where C; is the discharge coefficient of the orifice. This is typically equal to 0.55 for a Reynolds number
of Re = 105. The A, is the area of the orifice. This restrictor is also dependent on the density of the liquid.
Therefore it is also dependent on the temperature of the liquid.

2.1.5. Load
The load of the bearing is dependent on the pressure distribution under the bearing surface. For a circular
bearing pad this can be found by rewriting equation 2.6 and integrating this across the bearing lands gives

pr-p= %’ln(Ril) (2.11)
If we know that p; = p, this equation becomes
—py— %m(}%) (2.12)
The bearing load can then be calculated using
Ry
W= " pQrr)dr (2.13)

The load of a bearing can be increased using a pocket in the bearing. Figure 2.4 gives schematically the
load distribution of a bearing with and without a pocket. This pocket will have a greater area of where the
recess pressure is present. The equation to calculate the load becomes
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| Pocket |
P P
Figure 2.4: Pressure distribution over the bearing surface with and without pocket.
R>
W= pranfR p@rr)dr (2.14)
1

if we now implement equation 2.12 and integrate by part the load will become:

W np:(Rs — R?)

(2.15)
21n(§—f)

2.2. Fluorescence

In this section, fluorescence will be explained. Furthermore, derivation of the fluorescence principle will be
used to obtain valid equations which will give the relation between film thickness and fluorescence.

2.2.1. How does fluorescence work

Fluorescence dye which can be dissolved in liquids can absorb light of one wavelength and re-emit light of
a higher wavelength. This fluorescence process has three stages [12]. These three stages are schematically
shown in figure 2.5

* Excitation: An external energy source supplies a photon that is absorbed by the fluorescent dye. The
fluorescent dye, which initially is in ground state (Sp), then is excited by this photon to an electronic
singlet state (Sy).

* Excited-state lifetime: The time of which the molecule normally exists in such a state is between 1 and
10 ns. In this time the molecule undergoes a change due to its environment. By dissipation of energy,
the molecule goes into a relaxed electronic singlet state (S»). This new state is from a lower energy level
than its first excited state. from this new state it will start emitting. There are also other means by which
the molecule returns to its ground state, such as coalitional quenching, fluorescence energy transfer
and intersystem crossing. The quantum yielding is a property of the fluorescent dye, which is the ratio
of photons absorbed and photons emitted, which give a relative level of these processes.

* Fluorescence emission: In this stage the molecule emits a photon of its energy level. This energy level is
lower due to the dissipation of energy in the previous state. Therefore the photon has a higher wave-
length. This difference in wavelength is called a stoke shift and is the main property of the fluorescent
dye.

The excitation and emission wavelengths of these fluorescent dyes, as well as the intensities, are deter-
mined by their chemical structures. These emission absorption spectra, as what they are called, define the
properties of the fluorescent dye. Such dyes can be dissolved in liquids and the fluorescence can be measured
at low concentrations [22]. An example of such an emission absorption spectrum is given in figure 2.6. You
can clearly see the stoke shift of this dye. The fluorescent dye in this example is Rhodamine B and has a shift
from 545 nm to 575 nm.
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Figure 2.6: An emission absorption spectrum of Rhodamine B, where the dashed line is the absorption wavelength (545 nm) and the
coloured line the emission wavelength (575 nm)

(1]

2.2.2. Fluorescence theory
The basic fundamentals of fluorescence are described in the previous section. These fundamental can be
put into equations and are described in this section. With these equation measurement can be performed
resulting in film heights [7].

We consider a rectangular differential volume of fluid properly mixed with a fluorescent dye and cross-
section A, schematically shown in figure 2.7. The fluorescence, E emitted by this differential volume when
excited by a uniform intensity Ijy is given by

F = Iipcey,, . CpdV (2.16)
where:
* Iincis the incident light cast upon the differential element with intensity I.

* €1, is the molar absorption (extinction coefficient) at the incident light wavelength, that determines
the amount of incident light intensity is being absorbed.

¢ Cis the concentration of the fluorescent dye in to the fluid.

¢ ¢ is the quantum efficiency. This determines how much of the absorbed energy is being converted to
fluorescent energy.

dV is the differential volume element, this is the control volume over which fluorescence takes place.
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Light source Camera

Excitation Emission

Film layer

Figure 2.7: Schematically shown how fluorescence works on a differential element dx.

Because the length of the volume element is infinitely small we can divide equation 2.16 by area A, that
results in
It = Lincey, . Cpdx (2.17)

Where I is the intensity of the fluorescence normal to area A. In this equation it is assumed that the
incident light intensity is constant through the fluid, this is valid for thin films. A more accurate representation
of the fluorescence equation can be obtained if the Lambert-Beer law [24] is implemented for the excitation
intensity. The Lambert-Beer Law takes into account the absorption of light intensity when going through a
finite fluid.

Le(x) = Lince “ M (2.18)

If we consider the differential element shown in figure 2.7. The fluorescent intensity becomes:

dlf = I (x)e) Cpdx (2.19)

This means for a given fluid thickness t, the total intensity emitted by the fluorescent fluid is:

t t
Ifo dIfo I (x)e) Cpdx =
0 0

t (2.20)
fo Iince 4 %%e(1) Copdx
Which results in:
Ii(1) = incpl1 — ™41 (2.21)
For small values of t a Taylor expansion can be used resulting in
It(8) = Iincper Ct (2.22)

This means the relation between the fluorescence intensity and the incident light intensity becomes lin-
ear. This relation is also called optically thin. The relation is called optically thick when the relation between
It and Iin is exponential. What is thick or thin depends on the product of €, C.






Design of an experimental setup

In order to validate the model and compare it to measured results a design of an experimental setup is needed.
This is done in two different setups. The first setup has been made to validate the fluorescent measurement
method, where the bearing itself is a non deforming bearing and the recess height is known. This first setup
has the advantage that it is easy to handle and to implement the proper settings. Furthermore, it only uses
gravity to give a load to the bearing. This load depends on the weight of the bearing and the manifold. The
second experimental setup will be larger and force regulated. Then, after the validation of the fluorescent
measurement technique, the setup will be used to test a deformable hydrostatic bearing which is used to test
two load cases.

3.1. Setup A
3.1.1. Analytical design

For this setup a hydrostatic bearing is designed which has a diameter of 60 mm and a recess diameter of 20
mm. From these dimensions and the load that is going to be applied, the recess pressure can be determined.
In setup A no external force is applied, so the load comes from the weight of the bearing and the manifold.
Both have been weighted and found was that they deliver a force of 12 N. A force derived from the pressure
can be determined as follows:

Fe f pedA (3.1)
A
This equation, as derived in the previous section, can be described as follows:

_ ape(RE—R})

F= (3.2)
21n(§—f)

By rewriting this equation the recess pressure becomes the unknown and can be solved from this equa-
tion. This means that for a load (F) of 12 N, the supply pressure is p; = 10491 Pa. Now that we have the recess
pressure required to carry the load, we can calculate the flow rate of the bearing. This flow rate as explained
in the previous chapter, equation 2.6 depends on the film height and on the recess pressure. A film height (h)
commonly used in literature is 100 micrometer [26]. This results in a flow rate of Q = 5.62 - 1076 st = 0.34ﬁ.
This flow rate can be used to determine a restrictor. As explained in the previous section, due to continuity,
the flow must be equal through the restrictor and through the thin film. To determine a restrictor also a wa-
terpump must be used. A membrame pump has been used which can deliver a flow rate of 4.3 L/m and can
apply a pressure of 2.4 bar. This amount of pressure is too high for this setup, so a pressure reducing valve is
used to bring the pressure back from 2.4 bar to 0.5 bar. With 0.5 bar of supply pressure the restrictor can be
determined. For the restrictor an orifice restrictor is used. This orifice restrictor is chosen because it is very
easy to implement in the design, but the disadvantage is that the discharge coefficient is not easily predicted.
Therefore an additional measurement needs to be carried out. To determine the actual discharge coefficient,
a laser sensor measurement has been performed determining the film height by different supply pressures.
The analytical film height and supply pressure can be fitted to the measured one by varying the discharge

13
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coefficient. Using equation 2.10 a figure can be plotted with a variable discharge coefficient. Before this can
be done, an initial value for the discharge coefficient needs to be determined as well as a orifice diameter. A
common discharge value is found to be 0.6 [28]. With this initial discharge coefficient a diameter(d,) for the
orifice can be determined, this was found to be 1.2 mm. Figure 3.1 gives the measured results plotted with the
analytical film height with a discharge coefficient of 0.65. Using a coefficient of 0.65 could fit the measured
film height and pressure figure sufficient.

Analytical film height with Co=0.65 and the measured film height

06
Measured Film Height
055 Analytical Film Height C j = 0.65
05

o

I

[9)]
T

Pressure (bar)
o
S

0.35

03

025

02 1 1 1 1 1 1 ]
85 90 95 100 105 110 115 120 125
Filmheight (um)

Figure 3.1: Determining the discharge coefficient by comparing measured results with a analytical approximation

In table 3.1 a summary of all the used variables is given:

Variable Value
h 100pm
w 12N
Pr 10491 Pa
Ds 50000 Pa
Q 5.62-10761°
d, 1.2 mm

Table 3.1: Design variables

3.1.2. Hydraulic scheme

To further design the experimental setup a hydraulic scheme was made. This hydraulic scheme gives a clear
overview of what is going on, shown in figure 3.2. In this scheme an overflow valve is implemented to regulate
the the pressure difference and to maintain a constant pressure. Furthermore, a pressure reducing valve is
installed to regulate the supply pressure going into the restrictor and the bearing.
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Pressure reducing valve
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Figure 3.2: Hydraulic scheme of the experimental setup

3.1.3. Bearing and Frame Design

In figure 3.3 a cross-section is given of the hydrostatic bearing used in setup A. In this design both the man-
ifold and the bearing are made from aluminum. To first validate the measuring method a stiff material such
has aluminum is used because we would like a non-deformable surface. This non-deformable surface acco-
modates the use of a laser sensor in order to determine the film height. Thereafter a comparison with the
fluorescent measuring method is made. The gasket is made from rubber, in order to make the bearing water-
tight. The orifice restrictor has been made of PMMA, by using a laser-cutting machine the exact dimensions
could be applied. The frame of the setup has been made by using Thorlabs newton profiles. The sensing
equipment and the bearing itself could easily be attached to this frame. The tray was made from PMMA,
resulting in a transparent plate. To suspend the bearing but also guarantees it stays in the same position, a
flexure has been used. This flexure is nothing more than a polycarbonate plate which is connected to the
bearing. This plate is very flexible and therefore has a very low stiffness in the z-direction and rotationally,
but has a very high stiffness in the xy-plane. This means it can freely move up, down and rotate but keeps
its position in its plane. Figure 3.4 give an overview of the setup used (left) and a schematically drawn setup
(right). The camera was placed 210 mm beneath the bearing surface and the LED was placed on the same
height as the camera but with a distance of 120 mm. During a measurement the setup will be cover with a
black cloth in order to minimize the influence of external light.

Qin

—_— —— Manifold

Orifice restrictor

I B Rubber gasket

Bearing
— _T_ Recess
. ¥ Q
< - out

Pressure distribution

Figure 3.3: Schematic overview cross-section of a hydrostatic bearing design
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Manifold

Flexible plate

Bearing
PMMA tray

RGB camera

LED

Figure 3.4: (Right)Schematic overview of setup A and (Left) the actual setup

3.2.Setup B

To implement the measurement method using a compliant hydrostatic bearing, some adaptation needed to
be done. Multiple load cases will be used and therefore it becomes useful to add a force actuator. A pneumatic
cylinder has been chosen as force actuator. The pneumatic cylinder has been connected to the frame by a
3D printed holder piece. This force actuator needs to be connected to the manifold and bearing, therefore a
coupling has been designed in a way that it facilitates the force to the bearing. Furthermore, a new manifold is
designed such that it is able to connect the bearing to it as well as the coupling piece. Moreover, the setup has
been rotated 90 degrees such that the alignment is horizontal. This still guarantees a full film and therefore
should not affect the measurement. Figure 3.5 shows the schematically setup and Figure 3.6 shows the actual
setup. The camera is placed at the side of the setup, with a connector piece for the LED in order to guarantee
the distance between the camera and the LED is the same. In Setup A the alignment of the bearing was
accomplished by self-alignment due to the nature of the flexure. Because the bearing is now being actuated
by the pneumatic cylinder, some sort of alignment needs to be done. The frame to which the tray is connected
to is able to be adjusted such that the bearing and the tray will be aligned. This method would not have been
precise enough if a rigid bearing was used, but due to the compliance of this flexible bearing it will self-align,
creating an even distributed film height. During a measurement the setup will be placed in a large black box.
This light proof box will exclude all external light guaranteeing a proper measurement. Figure 3.7 shows the
setup with the LED turned on and placed in the box.

3.2.1. Bearing design

The design of a compliant hydrostatic bearing is done with silicon rubber and a mold. The silicon has a white
color such that it reflects the incident light. To make sure the light is reflected diffusely the mold counter
surface has been finely sanded such that it creates a fine roughness on the surface bearing. To connect the
bearing to the setup, an aluminum piece is placed on top of the mold when the silicon is still liquid resulting
in when it is hardened the aluminum piece is form enclosed to the silicon rubber. Figure 3.9b shows a cross
section of the bearing. The Young’s modulus is required to obtain the analytical deformation of the compliant
bearing. Because greater forces will be applied than with setup A, a larger diameter of the bearing is chosen.
This diameter will be 80 mm. The undeformed compliant bearing does not contain a pocket, this is because
the effect of pocket forming will occur when applying higher loads.

To obtain the Young’s modulus of the silicon rubber a tensile test has been performed. Three test pieces
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Figure 3.5: schematically overview of measurement setup B

Figure 3.6: Side view of setup B
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Figure 3.7: Measurement with LED shined upon the compliant hydrostatic bearing
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Figure 3.8: Stress/strain curve for three test dogbones of silicon rubber.

were obtained by casting the silicon into a dogbone mold, see Figure 3.9a. These pieces were tested and
a force/displacement diagram was obtained. This force/displacement was, by using the dimensions of the
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dogbone, redefined to a stress/strain curve. Figure 3.8 shows the stress/strain curve obtained. The Young’s
modulus can be determined as follows:

_Aa
" Ae

This resulted in a Young’s modulus of 0.3 MPa and this value is used in the deformations analyses in a later
chapter.

E

(3.3)

Aluminum

H =60 mm

Silicon rubber

Thickness = 2 mm

(a) Dogbone and its dimension used in the tensile test

d=80mm

(b) Cross section of the compliant hydrostatic bearing

Figure 3.9: Dogbone dimensions the bearing mold design

3.2.2. Restrictor

With this setup, multiple and higher loads are applied. Therefore a higher supply pressure needs to be used
to maintain a measurable film height. The supply pressure used for this setup will be 0.8 bar. Besides increas-
ing the supply pressure, the restrictor has been altered as well. For this setup it is chosen to take a capillary
restrictor instead of a orifice restrictor. The reason this is chosen is because the orifice restrictor needs a dis-
charge coefficient determination. A capillary restrictor is easier to determine by applying different pressures
and measuring the flow. In figure 3.10b is the measured flow plotted against the pressure difference. For the
restrictor dimension, there has been chosen for a diameter of 1.3 mm and a length of 25 mm, shown in figure
3.10a. If the restrictor equations are being used a resistance of this bearing is: Ryestrictor = #‘ﬁlc =3.1-1079.
However, when determining the resistance value by measuring the flow rate and the pressure a different out-
come is the result. This results in Ryeasured = % =9.3-107!'1. This differs a lot and a possible reason for this
difference can be the due to the capillary length. This length is perhaps to small and therefore turbulent flow
arises resulting in a lower resistance value. The resistance value determined by the measurement will be used

in chapter 6 in the finite element analysis of the bearing deformation.
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(b) Measured flow plotted against the pressure difference

Figure 3.10: Design of the capillary restrictor and the measured flow
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3.2.3. Analytical Deformations FEM

To compare the analytical FEM model of a compliant hydrostatic bearing COMSOL Multiphysics is used.
Within COMSOL the flow equations are implemented and thus the pressure profiles and film heights are
calculated. The pressure profile is then applied to the surface of the bearing and with solid mechanics the de-
formations are determined. Then, after the deformations a new pressure profile is determined. This iterates
to a film height profile. These deformations and film heights can be determined for multiple external loads.
In this thesis there has been looked at 4 load cases: 50 N,75 N,100 N,150 N. Chapter 6 will further elaborate
on this.
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Abstract

A LED induced fluorescent technique
based test setup is introduced , which is
used to measure the water film thickness of
compliant hydrostatic bearings. Fluorescent
particles have the characteristic of absorbing
light of a certain wavelength and emitting
light of a higher wavelength. A LED with a
wavelength of 540 nm (green light) is used
to excite the Rhodamine B fluorescent par-
ticles, which have a excitation wavelength of
545 nm. The emission wavelength of the par-
ticles is 570 nm (red light) and this colour
shift is captured by a RGB colour camera
where the red and green channels have been
used as an optical filter. The increase of in-
tensity due to the excitation of the thin film
can be coupled to the thickness of the film.
The performance of the technique is wvali-
dated by comparing the film height to a laser
sensor measured film height for a rigid bear-
ing containing features with known dimen-
sions. A film thickness measurement tech-
nique is presented that is able to measure
15-1400 ym and an average accuracy of 6.4%
is achieved.

Index Terms
bearings, Fluorescence
thickness measurement

— Deformable hydrostatic
technique, Film

1 Introduction

A hydrostatic bearing is a bearing type where the
friction is reduced by creating a thin film of liquid
between a bearing and its counter surface. These
types of bearings are typically highly reliable and
have very high performance capabilities. An exam-
ple of such a bearing is shown in figure 1.A

The main limitation of this type of bearing is
that they are highly dependent on the shape and

smoothness of the running track surface. This
means they only work properly when the running
track is flat or has a constant curvature. Improve-
ments to these bearing systems can therefore be
made by reducing the dependency to the geometry
and smoothness of the running track. A method
of achieving this is through the use of a compliant
hydrostatic bearings [1]. An embodiment of such a
bearing is by using elastic materials for the bear-
ing support as seen in figure 1.B. Such bearings will
be able to follow the imperfections of the running
track, whilst maintaining a sufficient film of liquid
between the surfaces. These type of bearings could
be implemented in a wide variety of applications,
such as axial and radial water pumps [2] [3], cut-
ting and milling tools or stadion rooftops.

Fig. 1: (A.Left) A classic hydrostatic bearing (B.right)
A compliant hydrostatic bearing, both with correspond-
ing pressure profile over the bearing surface

A common performance parameter for hydro-
static bearings is their load capacity and the re-
sulting film height [4]. Therefore it is useful to map
these parameters and use them to compare differ-
ent bearings. Inherently, load can be measured with
relative ease through the use of force sensors. How-
ever, determining the film height for compliant hy-
drostatic bearings is a more complex issue. Clas-
sic hydrostatic bearings are considered rigid and
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the film height considered constant over the sur-
face. This means the film height can be determined
by defining a set of points, while taking tilt of the
bearing in consideration. For the compliant em-
bodiment this obviously does not apply, since the
film height will not be constant due to elastic de-
formation. Because film height and its correspond-
ing pressure profile are not easily predicted, it is
desired to obtain the film height by measurement.
The whole bearing surface is desired to be known
and therefore this is a key criterium for a measure-
ment method.

In literature various methods can be found that
measure thin films. Methods like magnetic reluc-
tance [5], capacitance [6] [7], ultrasound [8] [9] or
light of internal reflection [10]. However, these
methods are either limited by their resolution or
having the disadvantage to only measure discrete
points. A different method such as optical inter-
ferometry [11] [12] has the proper resolution but is
limited by its area of measurement. This method
is expensive, hard to implement and requires a
scanning motion. Therefore it is not suitable for
compliant bearing measurements. Other methods
such as dye attenuation [13] [14] and fluorescence
[15] have the ability to make a 2D map of the
film height with a sufficient resolution to obtain
the deformation of an elasto-hydrostatic bearing.
Both these methods use a colour shift to obtain
the film height, but the dye attenuation method
needs some adaptations to measure the colour shift.
In terms of general use, a method is desired that
is non intrusive and does not need adaptations
to the bearing itself. Fluorescence based meth-
ods have seen to show great potential. Beside the
ability to measure the film height, fluorescence can
also provide information about the lubricant be-
haviour [16]. A fluorescence method to obtain a
the thickness of a thin oil film has been successfully
used|[17]. However, his research made use of a air-
oil-wall configuration. Because the nature of hydro-
static bearings, this configuration needs to be ad-
justed for feasibility and therefore not directly suit-
able. Such a measurement system has been imple-
mented for elasto-hydrodynamic-lubricating bear-
ings[18], where a transparent plate-water-wall con-
figuration has been used. In his work, a fluorescence
measurement method was researched for small (0-
20 pm) film heights and a region of interest of 40x40
mm?, where only the fluorescent emission wave-
length used to determine the film height was investi-
gated. This is in general not sufficient for compliant
hydrostatic bearings, where significantly larger de-
formations are expected in relation to the bearing
dimensions [2]. In this work, an adjusted method
based on the work presented in [17] is implemented
in a setup, which is able to measure significantly
larger film heights (50 - 1000 pm) and larger re-

gions of interest (80x80 mm?).

2 Methods

The basic fundamentals of fluorescence are as fol-
lows [19]: When a fluid, containing a fluorescent
dye, is excited by an external light source with
a certain wavelength A;, the excitation energy of
this external light source will bring the fluorescent
molecules into an excited state. The molecules will
be in this state for a certain amount of time (ns) in
which they will dissipate some of its energy. When
returning to the ground state, the energy level has
been reduced and therefore will emit light of a
higher wavelength A,. This change in absorption
and emission wavelength is called a stoke shift.

Light source b g Camera

Excitation Emission

Film layer

i

Fig. 2: Schematically shown how fluorescence works on
a differential element dx.

We consider a rectangular differential volume of
fluid properly mixed with a fluorescent dye and
cross-section A, schematically shown in figure 2.
The fluorescence, F, emitted by this differential vol-
ume when excited by a uniform intensity Iy is
given by:

F = Lycen, CopdV (1)

inc

where:

e [, is the incident light cast upon the differen-
tial element with intensity I.

e c),. is the molar absorption (extinction coef-
ficient) at the incident light wavelength, that
determines the amount of incident light inten-
sity is being absorbed.

e C is the concentration of the fluorescent dye in
to the fluid.

e ¢ is the quantum efficiency. This determines
how much of the absorbed energy is being con-
verted to fluorescent energy.

e dV is the differential volume element, this
is the control volume over which fluorescence
takes place.
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Because the length of the volume element is in-
finitely small we can divide equation 1 by area A,
resulting in:

If - Iince)\incC(bdx (2>

Where It is the intensity of the fluorescence nor-
mal to area A. In this equation it is assumed that
the incident light intensity is constant through the
fluid, this is valid for thin films. By integrating this
equation this results in:

t t

If :/ d]f :/ [incé)\C(ﬁdl‘ =
0 0

If(t) = IincerCt

3)

This means the relation between the fluorescence
intensity and the incident light intensity is linear.
Therefore, the thickness can be determined by the
ratio of I;p. and Ig.

2.1 A ratioed image technique

The measurement method in this work is primarily
based on the work of Husen (2018)[17]. Husen im-
plemented fluorescence to determine the thickness
of a fluid when there is only liquid-wall interaction,
see Figure 3. He states that the film thickness is
proportional to the ratio of I;,. and I;.

Iy
4
Iinc ( )

Where h is the film thickness, It is the intensity
of the emitted fluorescence and Ii; is the intensity
of the incident light which has another wavelength.
For these two different wavelengths it should apply
that Ainc < Ar. This ratio(R) is only valid when
the liquid can be seen as an optically thin liquid,
meaning that R behaves linearly to h. To make use
of this ratio, multiple images need to be taken and
processed:

h

Ey, — D

R= 1
Ey..—D

— Rp—o (5)

Where E), and E),  are the images containing
the fluorescent intensity and the incident light in-
tensity, respectively. These images can be obtained
using a RGB camera can be used where the R,G,B-
channels can be used as a filter. The advantage of
a RGB camera is that the E), and E),  can be
obtained simultaneously. D is the baseline image
where a lenscap is placed on the lens to make sure
the background noise of the camera sensor will not
affect the measurement. Finally, R,—¢ is the ratio
of the two images when there is no liquid present.
To address the leakage of the incident light through
the Ap;-filter, the Rj—o will have to be subtracted.
Only the increase of fluorescent intensity relative to

inc

Q Monochrome camera

Filter

Light source

Reflected
incident light:
Incident Light
Fluorescent light

Film containing]
fluorescent dye

=

Fig. 3: Approach of a fluorescent measurement method
used by [17].

h

the incident light is measured. From this ratio the
film thickness can be achieved.

h=aR (6)

Here a is a scaling constant to determine the ac-
tual film height. This constant is dependent on the
concentration of the fluorescent dye, the quantum
efficiency of the dye, the lambertian surface and the
reflectance of the multiple interfaces. Determining
a can be difficult because the parameters that make
up a are hard to specify, such as the reflectance of
the lambertian surface or the exact quantum effi-
ciency. In order to obtain a for the setup this scal-
ing factor will be determined by calibration. This
way the actual film height will be measured and R
is also known, therefore a can be obtained.

2.2 Setup approach

In order to adjust the principle Husen presented
in a way that it can be used to measure hydro-
static bearings a new interface has to be intro-
duced. Changing the bearing to obtain desired op-
tical properties is undesirable from a design stand-
point, since the bearing is the designed machine
component, the running track is therefore further
investigated.

By making the running track transparent, the pro-
posed method remains relevant while the required
images can be made. The proposed configuration
can be seen in Figure 4a. The introduction of this
transparent plate creates and additional interface
for the incident light source to be reflected on. In
this work this plate is assumed to be smooth and
perfectly flat. Furthermore, the effect the plate has
on the light properties will be canceled out. The
reason for this is because both the incident light
and the fluorescent light decrease in intensity due
to the partly reflecting of the light. The percentage
of the light that is being transmitted is for both
the same. In the method for determining the film
height a ratio is taken, resulting in a factor that is
canceled out. Figure 4a gives a schematic overview
of the method proposed in this paper.

To obtain a reliable measurement system that can
be used for compliant bearings, the choice was made
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to divide the development into two setups. Setup
A will have a constant mass and will make use
of a rigid bearing with cavities of which the di-
mensions are known. This setup will be used to
do initial experiments to obtain the specifications
such as accuracy and resolution of the measure-
ment method, while having minimal additional af-
fects such as deformation that could influence de-
termining the specifications. Also setup A is useful
to obtain the best camera settings. Setup B will
be used for a compliant hydrostatic bearing where
multiple load conditions can be applied through the
use of a pneumatic cylinder. Figure 4 will give a
schematic overview of the two design approaches.
Furthermore, the final adaptions made to [17] is the
use of water instead of oil as operating fluid. From
the perspective of applications such as gate-locks [1]
and water pumps, the use of water becomes neces-
sary. The use of water will have no implications on
the method presented by [17]. It does have an effect
on the embodiment of the test setup, because a wa-
ter solvable fluorescent dye needs to be used. This
will influence the spectral sensitivity that is needed
to be observed.

2.3 Setup A

Figure 5 shows measurement setup A. The bearing
is suspended by a flexible plate and also connected
to the manifold. The flexible plate has a stiffness
in-plane, such that the bearing will stay in the
same position, but has low rotational stiffness and
low out-of-plane stiffness. The only force applied
to the hydrostatic bearing comes from the weight
of the manifold and the bearing itself, being equal
to F = 12N. Additionally, a laser sensor is added
to measure the film height and underneath the
transparent plate a LED and a CCD camera are
placed. For the measurement only one LED is
used, this is placed a 120 mm from the camera.
This distance is based on the specular reflection
not influencing the measurement. During the mea-
surement the setup will be placed in a completely
dark environment, preventing external light from
influencing the measurement.

The hydrostatic bearing used in this setup is
made of aluminum and has a diameter of 60 mm.
The bearing is designed with a recess, with a diam-
eter of 20 mm and a depth of 400 ym. The bearing
also contains four features with dimension of 10x10
mm?, shown in Figure 6. These features have four
different depths that are originally designed to be
100 pm, 200 pm, 300 pm and 400 pm in depth
respectively. These different features are used to
check the range of the measurement method as well
as the resolution. Using a Bruker ContourGT-K
white light interferometer the actual depth of the

feature and the recess is determined after applying
a layer of matt white paint so the reflection of
the bearing surface is diffuse. This layer of paint
is important to get an even distribution of light
along the bearing surface and therefore a clear
fluorescent signal. The realized depths are 95 um,
165 pm, 270 pm and 330 pm respectively, and the
recess depth is determined to be 355 pm.

For this setup multiple sensing devices are
used. A MEL Mikroelectronic M7L/0.5 laser
displacement sensor is used to measure the actual
film height and the tilt of the bearing. This laser
displacement sensor has an operating range of 500
pm and a resolution of 0.2 ym. One laser sensor
is placed above the bearing and on three different
places a measurement is done so the actual height
and tilt can be measured. The camera used is a
Pixelink PL-D795. This camera contains a SONY
IMX264 camera sensor, with the spectra response
for the indiviual RGB-channels shown in Figure 7.
Furthermore, The LED used is a LUXEON-C circu-
lar LED that has a dominant wavelength of 535 nm.

An important criterium for the measurement is
the fluorescent dye and its concentration. In this
work Rhodamine B is chosen as dye. This is cho-
sen because it is solvable in water and has a stoke
shift that is measurable by the CCD camera, such
that the channels red and green can be used as fil-
ter, see Figure 7. The properties of Rhodamine B
are that it has an excitation wavelength of 540 nm
and an emission wavelength of 570 nm. To obtain a
useable result, the concentration of the fluorescent
dye needs to be chosen properly. In equation 2 the
incident light is assumed constant. A more accu-
rate representation of the fluorescence equation can
be obtained if the Lambert-Beer law [20] is imple-
mented for the excitation intensity. The Lambert-
Beer Law takes into account the absorption of light
intensity when going through a finite fluid.

I, (LC) = Iince_e(/\)cx

(7)

The intensity of the reflected light beam can be
approximated by a Taylor expansion resulting in
It = IineCeh+Iine. According to Husen(2017) [21]
the first term of this linearization can be neglected
if it is of an order 10~2, defined by variable A.

A= Cex (8)

where A is the absorption, C is the concentration,
€ is the absorption coefficient of the fluorescent
dye and x is the distance the light travels. The
absorption coefficient of Rhodamine B at the
wavelength of the light source (535 nm) is 1.08 - 10°
Lmol 'em™!. The distance the light will travel is
up to 600 yum. The concentration of Rhodamine B
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(a) Setup A, where a classic hydrostatic bearing is used under (b) Setup B, where a compliant hydrostatic bearing is used
one load condition. under several load conditions.

Fig. 4: Two measurement design approaches used in this paper.
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Fig. 6: schematically the bearing surface containing four Fig. 7: The spectral respons of a SONY IMX 264 camera
features and the recess, with a depth of approximately —Sensor with excitation and emission of Rhodamine B.
100, 200, 300 and 400 pm respectively for the features

and 400 pum for the recess.

A of 2.6 - 1073 which is sufficient to be neglected
for the reflection of the incident light beam.
is chosen to be 4 uM. This results in an absorption This also determines whether the solvent is opti-
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Fig. 5: Side view of test setup A.
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cally thick or thin. When the solvent is optically
thin the relation between the fluorescent light
intensity and film thickness is linear. This optical
thickness is determined by the concentration,
quantum efficiency, thickness and absorption
coefficient. ~ For this measurement method the
solvent is supposed to be optically thin, because
we can measure the reflected incident light beam
and assume that it is the incident light beam. In
Figure 8 the fluorescent light intensity is plotted
against the film thickness, also, the linearization
at h=0 of the fluorescent light intensity is plotted.
For this measurement method, the incident light
will be assumed linear up to a film thickness of 1
mm, because the absorption becomes in order of
1072

fluorescent light intensity as function of thickness
Linearization of fluorescent light intensity

Fluorescent light intensity (counts)

Film tickness (mm)

Fig. 8: The fluorescent light intensity as function of the
film thickness and the linearization of the fluorescent
light intensity at h=0.

To get the information from the RGB camera and
convert it to a film height some steps need to be
taken. First, the different channels of the camera
will be used as a digital filter, described before. If
we look at the two different dominant wavelengths
of the LED and the fluorescence it can be seen how
the red and green channels can be used as a filter
(Figure 7. To minimize the effect of leakage, de-
scribed in section 2.2, we first have to take an image
where the film height h = 0. Another adjustment
that needs to be made is a mask around the region
of interest, being the surface of the bearing. Fig-
ure 9b shows the result of such a mask. This mask
makes sure only the area of the bearing is excited
by the light and the background noise of the liquid
which is not underneath the Bearing is minimized.
Furthermore, in the post-processing a Gaussian fil-
ter is used to reduce the independent pixel noise.
By using a Gaussian filter a trade-off was made be-
tween the spatial resolution and precision.

(b)

Fig. 9: (a) The bearing surface exposed to the LED
without a mask. (b) The bearing surface exposed to
the LED with a mask.

2.4 Setup B

In measurement setup B a compliant bearing is
being implemented. This means the setup needs
some adaptations. To apply multiple load condi-
tion in order to see the increase in recess height
a pneumatic cylinder is added. Furthermore, to
measure the force applied to the bearing a force
sensor is added to the setup. Setup B is shown
schematically in figure 10. During the measurement
the setup will be placed in a box. This ensures the
measurement will not be influenced by external
light. The same solution of water and fluorescent
dye utilized in setup A is used in this setup as well.
In setup B the camera and the LED used are the
same as setup A. To measure the force applied to
the bearing a OPTOFORCE HEX-70-XH-200N
force/torque sensor is used. Also a force needs to
be applied, this force is created by a pneumatic
cylinder. The cylinder used is a SMC C55 with
bore diameter of 25 mm? and a stroke of 80 mm.

The compliant bearing is made using silicon
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Qin

Force sensorl Rubber gasket

Pneumatic cylinder

Flenge Manifold

[

CCD
camera

Silicon Bearing

Fig. 10: schematic side view of measurement setup B.

rubber, which was casted using a 3D printed mold.
To make sure the bearing can be connected to
the manifold, an aluminum part is made which is
used as top part where the silicon rubber is form
enclosed. The silicon rubber has been tested in a
tensile test to obtain the Young’s modulus. This
silicon rubber has an effective Youngs modulus for
small strains equal to E = 0.3 MPa, which will be
used for a finite element method comparison. Due
to small deformations of the compliant bearing,
assumptions can be made to model this bearing
linear elastic [1].

Because the silicon is unable to be spray painted,
a PLA 3D printed plate is introduced to ensure
a similar reflection from the compliant hydrostatic
bearing as from the classic bearing. This plate has a
thickness of 0.5 mm and is therefore flexible enough
to follow the deformation of the compliant bearing.
The plate can be painted matt white and therefore
resulting in a similar reflection of the incident light.
The plate has been printed with a tube in the mid-
dle, ensuring water to be able to flow underneath
the PLA plate. This tube can be placed in the out-
let of the compliant bearing, shown in Figure 11.

Fig. 11: Schematic overview of the PLA plate placed in
the compliant bearing

2.5 Finite element analysis

To validate the measured film height of the com-
pliant bearing, a FEM model has been made using

COMSOL multiphysics. A 2D axisymmetric model
has been created using the actual bearing dimen-
sions. Furthermore, flow boundary equations have
been applied on the surface of the bearing and a
coupling has been made between the pressure cal-
culated by the flow equations and the solid mechan-
ics boundary load. The flow equations used for this
model are as follows [4]:

—h? dP
12y =
m3
with Q being the flow in [?]7 h being the film
height in m, 7 being the dynamic viscosity in [Pa-s]
and r is the radius in m. The pressure solved by the
flow equation can be applied to the bearing result-
ing in a deformation. The deformation determines
the film height and thus the flow. This process it-
erates to an equilibrium.

Q 9)

3 Results

Calibration needs to be carried out to plot the flu-
orescence intensity given a known film thickness.
Figure 12 gives the schematic diagram. A feeler is
placed on one side under the rigid hydrostatic bear-
ing [18] of setup A, that has a thickness of 500 pm.
This means a linearly decreasing gap is formed and
by filling the tray with the solution the gap will be
filled as well. During calibration the water is no
operative, thus the is no lubrication effects present.
The weight of the bearing and the manifold will
make sure the bearing is in contact with the feeler
and the surface. By mapping the result from the
created gap and the fluorescence intensity, the film
thickness can be obtained.

Figure 13 shows the result of the film thickness
calibration. It was found that the scaling factor,
as seen in equation 6, of the measurement needs to
be 5714. Another observation made was the need
for an offset. The film height where the bearing
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Bearing

Feeler
Transparent Plate

Fig. 12: schematic calibration setup.

Confidence interval Accuracy
Feature 1 206 pm + 13.4 pum 1.9%
Feature 2 225 pm + 14.7 pum 19.6%
Feature 3 401 pm £ 17.1 pym 4.2%
Feature 4 467 pm + 15.4 pm 4.9%

Table 1: Confidence interval and accuracy for the four
features on the bearing surface

was standing on the transparent plate was not been
found to be zero and therefore equation 6 needed to
be adjusted.

h = aR — boget (10)

This offset occurs because the white primer paint
on the aluminum also absorbs some of the Rho-
damine B particles which led to a slightly red col-
ored surface. This effect happens once and will not
increase over time. After first scaling the measure-
ment, the offset was found to be 450 pm.

3.1 Setup A

Figure 14 gives the film height map and also gives
the film height at a cutline in the middle just above
the inlet, at a distance 1.1 times the radius from
the middle. All measurements have been repeated
four times and are being presented in this work as a
representation of the repeatability of this method.
To investigate the accuracy of the method used, the
film height is also measured by a laser distance sen-
sor and the surface is measured by a whitelight in-
terferometer. The height and tilt were measured
with the laser sensor, resulting in a film height 115
pm and a negligible tilt. From the four measure-
ments a 95% confidence interval is taken, resulting
in a mean film height of 122 ym + 14.4 pm. This
results in a accuracy of 6.1%. For the recess this re-
sulted in a mean recess height of 462 ym £ 10.7 pm
with a accuracy of 1.7%. The results for the fea-
tures are shown in Table 1.

3.2 Setup B

The results for the compliant hydrostatic bearing
are shown in Figure 15. With these measurements
a supply pressure of 0.8 bar is used and three load
cases are applied: 50 N, 100 N and 150 N respec-
tively. The result is that the elastic material will

deform more creating a larger pocket so the bear-
ing can carry the higher load. Figure 16 shows the
deformation measured using fluorescence and the
FEM modeled film height. The fluorescent mea-
surement is first being calibrated in a similar way
as setup A, but due to the alignment of the setup
being horizontally, a calibration ring is added. This
calibration ring has an increasing known thickness
from 500 pm to 1000 pm. It was found that the
scaling factor is 6666 and a offset value of 450 pm.
An identified issue with measuring the film height
of a compliant hydrostatic bearing is caused by the
stickiness of the silicon. This causes fluorescent par-
ticles to remain on the silicon, causing a saturation
effect on the surface and a discoloration of the sur-
face from white to pink. This results in a mea-
surement which has no reference. To resolve this
problem, a 500 pum tick matt white painted PLA
piece has been added to the bottom of the com-
pliant bearing. On this new surface, this particle
sticking occurs in a similar way to the previously
presented rigid bearing. This plate is also taken
into account in the FEM model. As seen from Fig-
ure 16 the error, compared to the FEM, in defor-
mation is the largest with the 150 N measurement.
Although giving the same film height at the edges,
the rounded maximum error is found to be 300 pm.
The 100 N measurement gives a similar shape with
a rounded maximum error of 200 pm. The measure-
ment with a load of 50 N gives a lower film height
than predicted by the FEM model, with a rounded
maximum error of 100 pm.

In the figure it is clearly shown that the higher
force applied, the larger the recess it creates. This
happens due to the fact that the pressure under-
neath the bearing increases when the load becomes
higher. The result is that the elastic material will
deform more creating a larger pocket so the bearing
can carry the higher load

4 Discussion

This work presents a measurement setup that can
be utilized to determine large deformation effects
in the fluid film of compliant hydrostatic bearings.
A number of limitations have been observed in the
setup and approach. Because the area of interest
is large (80x80 mm?), not all the fluorescent light
is captured by the camera. This means small
fluctuation are not well captured resulting in a
somewhat high maximum deviation. To improve
this the setup could be altered to capture the all the
fluorescent light. Furthermore, the PMMA counter
surface is assumed to be perfect transparent but
due to small scratches and dents this is not the
case. These scratches on the plate can cause noise
in the measurement. To improve a measurement
the PMMA could be polished to remove the
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Fig. 14: Film thickness map using fluorescence.
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Fig. 15: The film height map of the compliant bearing for 50 N, 100 N and 150 N respectively

scratches. The limitation of this setup is measuring the fluorescent wavelength(570 nm) intensity is too
small film heights (under 15 pm). This is because small compared to the LED intensity (570nm). For
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Fig. 16: The fluorescent film height of cross-section of the compliant bearing and the FEM for 50 N, 100 N and

150 N respectively

measuring smaller film height adaptation to this
setup need to be made, such as a light source with
a small bandwidth wavelength.

Setup A
For the measurement method calibration it was
found an offset is needed. This offset can be ex-
plained by sticking of Rhodamine B particles to the
surface. The surface of the Aluminum bearing has
been painted with a matt white prime. This layer
of paint has some roughness where the Rhodamine
B particles can get stuck behind. This results in a
slight red coloring of the surface and therefore a off-
set is needed to counter this. This means the when
the fluorescent signal is compared to the Rj—g value
it created an error, due to the ‘red’ light of the flu-
orescence adds up to the 'red’ light reflected from
the surface with Rhodamine B particles, and this
needs to be compensated in the calibration by an
offset. This effect does not change over time and
therefore the offset value can be assumed constant.
The noise of the results observed in Figure 14 can
be explained by the ratio in equation 5 that needs
to be taken. Small perturbations in the raw image
signal seen in the red channel and the green channel
will lead to a large perturbations of the film height
signal. Moreover, the light emitted from the Rho-
damine particles compared to the LED light emit-
ted in the same wavelength of the Rhodamine parti-
cles is small. This means that small changes in film
height are complex to measure due to this leakage
effect. To minimize this leakage effect a light source
can be chosen which has a small bandwidth around
the dominant wavelength. Moreover, the use of a
two optical filters and a monochrome camera will re-
duce the leakage even further, although this comes
at the cost of lower intensity and thus more dif-
ficult to measure signals. The observed features
accuracy for feature 2 differs from the other fea-
tures. A reason for this can be due to the cleaning
process. When cleaning the surface of the bearing
with isopropanyl, the Rhodamine particles will be
removes. When not properly cleaned some particles
will remain in the feature and therefore resulting

in a lower accuracy. Furthermore, comparing the
accuracy of the measurement to other fluorescent
measurement methods [18] [15]. It is found that
this method is in between the accuracy found in
literature, 1 % from [15] and 20% from [18] respec-
tively. Where in the case of [15] an optically thick
solution is used, where, to obtain a usable height
map, two fluorescent dyes need to be dissolved. In
the case op [18] the method obtaining the height
map does not include a ratio to be taken. This ra-
tio does remove an error due to spatial variance of
the light source.
Setup B

The FEM model of the compliant hydrostatic bear-
ing uses a isotropic uniform silicon part with a mod-
ulus of elasticity of 0.3 MPa. In the actual bearing
the method of fabrication does not include the use
of a vacuum pump to remove air from the silicon.
This result in a non uniform stiffness of the mate-
rial. Furthermore, the FEM model has been used
to validate multiple modulus of elasticity. Those
different Young’s modulus have a small effect on
the deformability of the silicon in the finite element
analysis. This does not explain the the difference
in measurement compared to the FEM. The tube of
the PLA plate has been designed to be greater than
the diameter of the compliant outlet. This results
in a certain stiffness between the PLA plate and
the compliant bearing. This effect has not been in-
cluded in the FEM model. Moreover, because the
PLA plate is not included in the design of the com-
plaint bearing and is later added, the plate is able
to freely relative to the bearing surface. This could
result in different film heights compared to the FEM
model.

5 Conclusion

A LED induced fluorescence technique is used to
measure the water film thickness of a classic hydro-
static bearing and a compliant hydrostatic bearing.
The current work demonstrates a measurement sys-
tem with an operating range of 15 - 1400 um and
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95% average confidence interval of 15.2 ym and an
average measurement accuracy of 6.4% for the clas-
sic hydrostatic bearing. To obtain a height map,
calibration must be performed using a calibration
ring or a feeler with known dimensions. Limita-
tions using this method are at the bottom of the
operating range, due to the low fluorescent signal
compared to the incident light. This can be resolved
using a light source with a smaller bandwidth and
the use of a monochrome camera. Furthermore, at
the top of the range, limitations occur due to the
optical thickness of the measurement. By chang-
ing the concentration the range can be extended
to larger or smaller film heights. Further improve-
ments that can be made by using a fluorescent dye
that has a larger stokeshift, this would minimize
the leakage. This method is developed for hydro-
static bearings, but can be used for the measure-
ments of other lubricating films or boundary films
where other measurement techniques are not easily
implemented.
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Measurement Analysis

This chapter will elaborate on the measurement system. In order to achieve a representative result multiple
settings had to be analysed as well as the measurement itself. To achieve the most accurate result, the mea-
surement method has been analysed. In this analysis multiple camera settings have been tested, as well as
multiple LED’s. Furthermore, time dependence has been investigated and the confidence interval has been
determined. All these different settings and variable led to a result that has the least signal noise.

5.1. Measurement system A

Measurement setup A was used to determine the performance of the measurement. To do this all the settings
and variables need to be analysed to come up with the best result. In this section multiple settings have been
tested and the results are discussed.

5.1.1. Laser sensor measurement

To determine the actual height of the bearing a laser sensor is used. This laser sensor has an operating range
of 0-500 pm with an accuracy of 0.2 um. Using this sensor on three location on the manifold the height and
tilt can be determined. Figure 5.1 shows schematically what this looks like. The results of this laser sensor
measurement are shown in table 5.1. In this work the film height will be assumed to be uniform at 115 ym.
The reason is that the noise of the fluorescent measurement prevents to measure deviations < 1 pm.

D Laser sensorD
i

Top view manifold : ! Side view
e T T °
: Manifold
@

Hydrostatic
bearing

@ Laser measurement point

--- Hydrostatic bearing

Figure 5.1: Schematical overview of triangulate film height of the bearing
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Position | Height measured (ym)
Top left 114

Top right 116
Middle 115

Table 5.1: Laser sensor measured results for three locations on the bearing

5.1.2. Camera settings

A Pixelink CCD camera was used in combination with additional software. This software is useful for ad-
justing settings of the camera. The camera itself lets you adjust the aperture and the focal point. Within the
camera a SONY IMX264 sensor [2] captures the image. This sensor has a spectral response shown in figure
5.2, where the emission wavelength of the LED (530-540 nm) and the emission wavelength of Rhodamine B
(570 nm) are shown. The figure shows that the red and green channels of the image can be used as a filter. Al-
though the dominant wavelength of the LED is between 530 and 540 nm, it also emits some some light in the
570 nm range, shown in figure 2.6. This 570 nm wavelength emission from the LED will interfere with the 570
nm emission from the Rhodamine B particles. The effect is called leakage and this is preferably minimized. A
method of minimizing this is by taking a image where h=0. By taking the ratio of the h=0 image the intensity
of the red channel relative to the green channel is determined, so a increase of the red channel relative to the
green channel can be coupled to the film height.

Sensor: Sony IMX250/252/264/265 - courtesy of Sony Deutschland GmbH L.
A LED emission

10 . wavelength
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[ so0nt Emission wavelength
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Figure 5.2: Spectral response of the camera sensor with LED emission wavelength and emission wavelength of Rhodamine B

The settings used for the aperture and focal point have been manually set. The aperture is set to com-
pletely 'open’ and the focal point has been adjusted so the image is in focus. Next, the settings of the cam-
era set by the Pixelink software have to be determined. Most settings have been set to default, but it was
found that the setting of the white-balance play a crucial roll. First, the button AUTO needs to be pressed
so the mosiac image will become a demosiac image. The white balance setting can be manually adjusted,
this means the individual channels can be changed to obtain a image to your own preference. They can be
set to a value between 0-8. Because the signal the red channel receives is low this is set to a value of 8. The
blue channel does not play a role in the image process, so this is set to zero. Now the green channel needs
to be determined. Multiple measurements have been done with different values of G-channel. Figure 5.3
shows the film height for multiple settings of the G-channel and figure 5.4 shows at the cross-section the
film height. Although being Gaussian filtered, the noise differs between the different settings, and from these
measurements it is found that RGB = [8,0.7,0] results in the least amount of noise.
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Figure 5.3: 4 Film height maps for with varying white-balance settings of the camera. With R=8 and B=0 and different values for the green
channel have been used: 0.5, 0.7, 1.5 and 2.5 respectively.
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Figure 5.4: Film height at cross-section for different white-balance settings of the camera

5.1.3. Mask
While doing measurements it was found that applying a mask helps to reduce noise. This mask eliminates
light from the LED to perpetrate the liquid which is not under the bearing. This also would exclude fluo-
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rescent light from the liquid in the tray from influencing the the measurement. The mask is made of black
cardboard in which a circle is cut out, such that the region of interest, the surface of the bearing, can be illu-
minated. Figure 5.5 shows two measurements, one with and one without a mask. What is shown in this figure
is that the height map without a mask has a larger and more deviating film height. Furthermore, the offset
for the measurement without a mask is 2.5 times larger than the measurement with a mask. The mask also
makes sure the film height measurement is more accurate due to the resulting uniformity of the film height.
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(a) Film height map of the bearing without a mask (b) Film height map with a mask

Figure 5.5: Two measurements one with a mask and one without a mask

5.1.4. LED location

The position of the LED is insensitive to the incident angle [15] and it is demonstrated experimentally that
it is very robust to varying incident light intensity and camera angle up to 70°. The effect of the light source
location will therefore not be taken into account in the measurement setup. The only thing of importance is
that the specular reflection will not reflect directly into camera resulting in a green spot. For both setups the
LED is placed at a distance of 120 mm from the camera in the same plane. Both the camera and the LED are
placed 210 mm from the bearing surface.

5.1.5. Multiple LEDs

Because the LED is placed on one side, it was thought that this has effect on the fluorescence. Therefore,
measurements have been performed with 1, 2 and 3 LEDs. A LED mount has been placed on the camera lens,
shown schematically in figure 5.6. The idea is that more LEDs will give a more uniform light distribution over
the bearing surface.

LED

Figure 5.6: Schematically camera setup with mount for 3 LED’s
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Three measurements have been performed where 1,2 and 3 LEDs respectively have been switched on to
obtain a result. Although a more uniform film height was expected, this was not observed in the results. The
film height map of the three different conditions are shown in figure 5.7. In this figure it is clear that when
adding more LED there arise spots where the film height is almost zero. For 1 LED this is not the case and the
film height stays uniform. Except for the amount of LEDs the three measurements conditions are the same.
This means for measuring film heights it is found 1 LED gives the most uniform result. This is probably due to
slight changes in wavelengths from the different LED’s. These different wavelengths can interfere with each
other and with the fluorescent signal resulting in severe fluctuation per area.

1LED 2 LED

Figure 5.7: The film height map for multiple used LEDs.

5.1.6. Noise reduction

During image processing a smoothing is used to reduce independent pixel noise, necessary to obtain a usable
result. Within the MATLAB environment this Gaussian smoothing can be implement by using the Gaussian
filter command. The Gaussian filter blurs the image by a Gaussian function. This filter takes an normal distri-
bution, with a self defined standard deviation, of the surrounding pixels, resulting in a reduced noise image
and reduced detail. When a Gaussian filter is applied a trade-off must be made between the spatial resolution
and the precision. This work applies a standard deviation of the Gaussian distribution of 15. Figure 5.11 show
the red and green channel filtered and unfiltered as well as the ratioed film height filtered and unfiltered. It
was found that for the result it does not matter whether the signal is first filtered and then the ratio is taken or
vice versa. Both methods result in exactly the same result.
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(a) Red and green channel unfiltered and filtered (b) Ratioed film height filtered and unfiltered

Figure 5.8: Example of the use of a Gaussian filter

Furthermore, to obtain an even further reduction in image signal noise multiple images are taken which
have been averaged. In this work this has not been used, but will be used as recommendation to obtain an
more accurate result. Figure 5.9 shows the difference between one image taken and the average of 5 images
taken. The latter demonstrates that most but not all of the noise is reduced.
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Figure 5.9: One image signal and the signal of the average of 5 images

5.1.7. Calibration

To use the fluorescent signal and couple it to a film height a calibration must be done. This has been done by
placing the bearing on a feeler on one side and by placing the other side directly on the PMMA. The thickness
of the feeler is 500 um, with this known thickness the signal result can be coupled to an actual height. Figure
5.10 shows a schematic overview of the setup. This setup is used to find the scaling factor a, which is a
value determined by the concentration, quantum efficiency, molar absorption and the lambertian surface
reflection. These parameters are hard to determine precisely and therefore the calibration becomes valuable.
Because the change in height is known it can be scaled. This is shown in figure ?2. The scaling factor can be
determined by a = % = % = 5714. The scaling factor is applied and the result is shown in Figure 22. It
was found that on the side were the bearing was placed on the PMMA the fluorescence was not zero. So an
offset needed to be subtracted from the film height result. Figure 5.12 shows the scaled and offset bearing
film height, the offset was found to be 450um.

Bearing

Feeler
| Transparent Plate

Figure 5.10: schematic overview of the feeler and the bearing
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Figure 5.11: Determine the actual film height using a scaling factor and an offset

Scaled and offset film height

600

500

u

E 400

300

Film height

200

100

0 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000
Width (counts)

Figure 5.12: Film height scaled and offset

5.1.8. Confidence interval

To obtain the performance of this measurement method a confidence interval was used. This confidence in-
terval uses the number of measurements and the standard deviation to obtain a result. A confidence interval
can be describe as follows:

s
Mean+ Z - —— (5.1)
vN

Where the mean is the average of the measurement. Z is determined by the percentage of confidence, in
the case of 95% this is 1.96. S is the standard deviation calculated with the following equation:

2lx; _xavg|2
n

(5.2)

With x; the observed value. N in both formulas is the number of measurements taken. By applying these
equations the confidence interval can be obtained. Figure 5.13 shows the mean of multiple measurements
and the upper and lower confidence interval. This resulted in a mean film height of 98 yum + 14.3um. With
this result also the accuracy can be obtained. This can be found by the following formula:
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Xmean — Xlaser

Accuracy = ———— (5.3)

Xlaser

The film height was measured to be 115 um, this can be used to obtain the accuracy. The accuracy was
found to be 14.7%.
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Figure 5.13: the mean of multiple measurement with 95% confidence interval

5.2. Measurement system B

Measurement setup B has multiple consideration regarding measuring. The silicon rubber was not sufficient
in reflecting the incident light properly. This resulted in a adaptation of the bearing, described below.

5.2.1. Particle sticking

When performing the first measurements it was found that the bearing was changing in colour. This was
caused by fluorescent particles sticking to the bearing surface which has a certain roughness. Figure 5.19
shows the change of colour. This effect slightly happens to the classic aluminum bearing, resulting in a offset
in the calibration. For the compliant bearing this is different. The particle sticking keeps happening over time
resulting in a increased film height. Where for the aluminum bearing this is effect happens once resulting is a
constant offset, for the compliant the effect keeps increasing resulting in an increasing offset. To show this in
an example six measurements have been done, each measurement 30 seconds in a row. Figure 5.15 shows the
film height map over time and figure 5.16 shows at height = 600(counts) the film height over time. This very
clearly shows that the film height increases over time, which is the result of increasing amount of particles
sticking to the compliant bearing surface. Another observation made was the uneven increase of particle
sticking throughout the surface of the bearing. This results in certain areas having a "higher’ film height then
other areas. This is a problem because the film height cannot be calibrated due to the changing amount of
particles which have stuck to the surface. To obtain a measurement method for compliant bearings a method
has to be developed where this effect is neglected.

The idea arises that the Rj-( image can be taken at the end of the measurement so the amount of red in
the image without a fluorescent liquid can be compared to the red in the image with a fluorescent liquid. This
has been done and resulted in film height being negative. This means the amount of fluorescent light with
liquid is less than the amount of fluorescent light without the liquid. This cannot be the case. The reason
why this happens is probably cause by the fact the amount of fluorescent light is so small compared to the
'red’ light reflected from the bearing surface containing all does fluorescent particles that are stuck to it, the
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A
(a) Compliant bearing before being used with the solution of water and Rho-(b) Pink coloured bearing surface as a result of the Rhodamine B particles
damine B sticking

Figure 5.14: Colouring of the bearing surface
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Figure 5.15: Film height map of the compliant hydrostatic bearing over time

difference in increase of fluorescent light is not noticeable.

To solve this problem a PLA piece is 3D printed. This PLA has a thickness of 500 ym and is therefore
flexible enough to deform according to the compliant bearing. This piece has a mouth piece that can be
placed inside the bearing outlet. Figure 5.17 shows schematically how this is done. This PLA piece is able
to be painted with the matt white primer paint, used on the rigid bearing as well. By using this piece the
fluorescent particles will not stick to the surface anymore and therefore it has no effect on the measurement
of the film height. The addition of the PLA plate brings some extra stiffness to the bearing. Although being
flexible enough to deform as much as the silicon, the stiffness does increase. This has been taken in to account
in the FEM, using a Young’s modulus for PLA of E = 3.5 GPa [10]. The tube of the PLA has some additional
stiffness because it is being placed in the outlet of the silicon bearing. Between the tube of the plate and
the outlet friction will occur. This fiction in combination with the elastic nature of the silicon will create
additional stiffness to the plate. This effect has not been implemented in the FEM model.
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Figure 5.16: Film height at cross-section over time

Figure 5.17: Schematic overview how the PLA piece is placed in the bearing

5.2.2. Calibration

To calibrate the compliant hydrostatic bearing a feeler is not good to use anymore. Due to compliance it
is unknown where the film height is zero. Furthermore, the setup is placed horizontally so the tray cannot
be filled with water. To still calibrate the setup a calibration ring is introduced. This calibration ring has an
increasing thickness from 0.5 mm - 1 mm and therefore can be coupled to the fluorescent signal. Figure 5.18
shows schematically how this calibration ring looks like. The ring is not closed entirely because the solution
needs to flow somewhere and it is not desired that a film height is created. With this calibration ring the same
step can be repeated as used for setup A. The result for this calibration ring gave a scaling factor of a = 6666
and an offset value of b = 400um. The film height map and the film height at a cross-section are shown in
figure 5.19a and 5.19b respectively.
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Figure 5.19: Calibration ring film height map
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Finite Element Analysis

6.1. Fluorescence simulation

A model using finite element analysis has been used to look at sensitivities regarding a fluorescent mea-
surement. This analysis has been done by using COMSOL multiphysics [16]. In order to perform the analysis
multiple effects have to be implemented in the model, as well as the influence of the transparent plate PMMA.
All the assumptions that have been taken into account are described in this section. These assumptions are
made next to the fluorescence equation described in chapter 2. The model uses the geometry as used in
section 3, the measurement setup A.

6.1.1. LED

First up is the LED. For the LED we use a small circular Luxeon C LED [19] which can be seen as a point source.
This LED has a certain excitation bandwidth but its dominant wavelength is 530 nm, the color is therefore
green. The spectral power distribution of the LED is shown in figure 6.2, where we look a the green power
distribution. Next to the spectral power distribution of the LED we also have to look at the polar radiation
pattern, this is shown in figure 6.1. These two characteristics of the LED have been modelled accordingly.
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Figure 6.1: Polar radtion pattern of multiple colors from LUXEON C leds

6.1.2. Effect of point source

By assuming the LED behaves as a point source it affects the way the light rays enter the fluid of the hydrostatic
bearing. This means the light rays will not enter the fluid parallel, but will expand from the source. Resulting
in an increasing distance a light beam travels through the fluid along the surface of the bearing. An example

47
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Figure 6.2: Power distribution of the LED used in the measurement setup

of this effect is shown in figure 6.3. So we have to implement this effect in the model. The way this is done is
by calculating, with the use of geometric equations, the distance at every point on the surface of the bearing.
This distance is then used to scale the model appropriately.
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(a) A point source with its light rays
(b) modeled light intensity as parallel light rays

Figure 6.3: How a point source is modeled as if it were parallel light rays

6.1.3. Lambertian reflection
In the model the assumption is made that the reflection surface of the hydrostatic bearing is a lambertian
surface. This means no matter what the angle of incident is it will always reflect back according to lambertian
cosine law [3]. The lambertian law says the following:
Ireﬂected:IinCcos(H)(6.1)

This is shown schematically in figure 6.4. This means the reflection of the reflected light of the incident
light at the two sides of the bearing is less then in the middle of the bearing. This effect is also used in the
model.

6.1.4. Inverse square law
Because we make use of a LED where we model it as a point source we have to implement the inverse square
law to model the intensity arriving at the bearing surface. The intensity of light radiating from a point source
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Ireﬂected = Iincc:oS 0

Figure 6.4: schematic overview of the Lambertian cosine law
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Figure 6.5: Intensity profile on the surface of the bearing due to inverse square law

is inversely proportional to the distance squared.

1
Toc — (6.2)
r
So if we implement this to our model this means we get an intensity profile that is quadratic. If the dis-
tances used in setup A would be implemented in the model, the intensity profile would look like something
shown in figure 6.5

6.1.5. Reflection and transmittance
For the model it is also important to look at the effect of reflection and transmittance. Furthermore, the
refraction of the light beam should not exceed the critical angle. How reflection, transmittance and refraction
schematically looks like is shown in figure 6.6. With Fresnel equation the transmittance can be calculated per
layer the light travel trough. To do so it is important to know the different refractive index of the material. This
is shown in tabel 6.1.

By using derived Fresnel’s equation [3], the reflection and transmission through the medium can be cal-
culated. The equation is for reflection R and transmission T is shown below.
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Material | Refractive index
Air n=1
PMMA n=1.49
Water n=1.3

Table 6.1: Refractive index of multiple materials
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Figure 6.6: The reflection and transmittance of light trough different mediums with refraction

n n
R=r2=|——2p 6.3)

n +np
T=1-R (6.4)

This means that the reflectance per layer transition can be determine. This is for R, = 0.04 and for

Rp—w = 0.0055. The reflectivity of the bearing is assumed to be 1. So if this is combined to determine the
light intensity that is incident on the water layer, the incident light intensity becomes linc = Ty—p Tp-w =
0.96-0.995 = 0.955. This means that the light recorded at the camera is 95.5% of the light that is imposed at
the layer of water. The fluorescence light emitted from the water will also transmit 95.5% of the total light
it emits. This is because both these signals go through the same layers. The ratio remains the same and
therefore this effect can be neglected. For the case when Rj,—( the light also has the same layer it has to go
through making the ratio effective to use.
The part reflected from the layer should effectively also be added to light intenisty signal received by the
camera. Because this only applies for lightbeams that are specular reflected this does not have to be taken into
account. The specular reflected light beam will not shine upon the camera, because the camera is positioned
directly underneath the region of interest and the light source is placed at a distance from the camera, such
that the light beams will hit the region of interest with an angle.

6.1.6. Wavelength analysis

For the analysis there has been looked per wavelength what the effect is of excitation, absorbance and emis-
sion. This has been done for the wavelength 500 till 580 nm with incremental steps of 10 nm. Per wavelength
the LED has a certain relative intensity, this intensity is being absorbed by the liquid for a certain amount,
from this absorption the light is being emitted according to the emission bandwith of the fluorescent parti-
cle. Furthermore, the bandwith is being measured by the RGB-camera. Each channel absorbs some amount
of this light, which is taken into account. By summing all the fluorescent en reflected light per channel the
total excitation and emission can be determined. This is being used in the results for the COMSOL analysis

6.1.7. Model

All the effects explain above have been implemented to determine the light intensity as function of width of
the bearing. By using the equations explained in chapter 2, the fluorescent signal can be obtained. To obtain
the results, the liquid film is modeled according to the dimension of the actual bearing with a film height of
100 pm. By using the the partial derivation equations, as a "physics’ in COMSOL, the simulated signal can be
obtained.
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Figure 6.7: Film height modeled analytically with and without added Gaussian noise

6.1.8. Results of the COMSOL analysis

Figure 6.7 contains the film height determined analytically. Also a noise is added to the independent signals
to obtain a results that is comparable to the measurement. The result from this figure is that when applying
a small Gaussian noise the result also deviates from the mean. Figure 6.8 shows the different channels for
the Ry,-¢ measurement and the fluorescent measurement, for both the analytical and the measured one. For
the analytical channels a Gaussian white noise is added, which is not clearly visible. This resulted in the film
height in figure 6.7. If the figures are compared it is clear that the lines do follow the same shape. However, for
the fluorescent signal the green and red signals are of lower intensity. Due to the layer of liquid the intensity
decreases, even if only water is used as liquid. Because only the ratio is of importance and both the green and
red channels are decreased with the same amount in light intensity the ratio will remain the same. Therefore,
this will not effect the measurement.
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Figure 6.9: Geometry of compliant bearing used in COMSOL

6.2. Structural simulation

In order to compare the measured thickness profile with the simulated one, a FEM model has been build
using COMSOL multiphysics. By analysing the outcomes of the Reynolds equations applied to the bearing
surface, a pressure profile can be made. The pressure profile can than be used to apply as a boundary load of
the silicone rubber. This process keeps iteration until a solution is found. In order to perform all these steps
a model has to be build first.

6.2.1. Building a compliant hydrostatic bearing using COMSOL

First, we start by using 2D axissymmetric design plane. Now it becomes easier to apply Reynolds equations
to a certain boundary. The bearing shape can be modeled as only a half of the cross section, this is shown
in figure 6.9. The top part given the material properties of aluminum and the lower part is given self defined
material properties shown in table 6.2

Property Value
E 0.3 Mpa
Poisson ratio 0.49
Density 1 %

Table 6.2: Material properties of self defined silicone rubber

Next up is to determine which multiphysics are needed for the analysis. To apply Reynolds boundary
equation we are using 'General form boundary PDE’. Furthermore, to use the outcome of this Reynolds equa-
tion regarding the boundary imposing the pressure onto the bearing surface, the physics 'Solid Mechanics’
was used. The last physics/mathematics is the 'Global ODE and DAE), this tool can solve the equation for a
given certain load, which is useful when we want to determine it for multiple load cases.
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Figure 6.10: Settings for the Global ODE in COMSOL

Parameter Value Description
v 8.9e-4 [Pa-s] Dynamic viscosity water
HO00 50e-6 [m] Film height from which it start iterating
WO 50 - 150 [N] Applied to load to the bearing
Ps 0.8e5 [Pa] Supply pressure
Qc 9.3e-11 [%] The resistance of the capillary restrictor, determined in chapter 3

Table 6.3: Parameters used in COMSOL

For the ’General form boundary PDE’ the first thing to do is to set the dependant variable to P. Next, the the
general form PDE1 should be selected and the Reynolds equation can be filled in for the conservative flux at
1. The bottom line should be selected and the equation corresponding to the Reynolds equation is:

173

T= -r-PTr (6.5)
12v

Next up, a Flux/source should be added. Therefore the point at the bottom closest to the red axissymetric
line should be selected. Here the Flux/source can be set to Qc- (Ps— P). And lastly the boundary Dirichlet
condition needs to be added. by selecting the outside point at the bottom, and by setting the value to zero.
To use the solid mechanics three extras needs to be added. That are, a fixed constraint, a boundaryload and a
prescribed displacement. For the fixed constraint the top line should be selected. For the boundary load the
bottom line needs to be selected and the load type set to pressure. For the pressurs P should be filled in. The
prescribed displacement can be set to zero in r direction when the bottom line is selected.

At last the global ODE and DAE should be filled in accordingly to figure 6.10.

The following step is to fill in all the parameters. These parameters can be found in table 6.3

Two last things need to be adjusted before the simulation can run. In component-definitions-variable a
variable needs to be implemented. That is total film height H and this should equal H = HO+ w. This consists
of the HO, the calculated film height for the applied load and the deformations of the silicon due to the im-
posed pressure profile w. The last thing is a integration needs to be added over the boundary layer. This is the
integration of the pressure over the bearing surface resulting in a load. This can be done using the command
intopl. The calculated load W is compared to the self defined load W0. The model will iterate to a load
which is equal to the self defined load, see Figure 6.10.

6.2.2. Results of COMSOL simulations

The results coming from the COMSOL simulations can be chosen properly. The film height, pressure distri-
bution, flow and deformations of the bearing can be plotted in 2D and 3D. Figure 6.12 shows the film height
of the hydrostatic bearing for 4 load cases. This is for 50 N, 75 N, 100 N, 150 N.

And if we look at the film height corresponding to the different load cases at a cross-section through the
middle, we can see the results plotted in figure 6.11. What can be noticed is that the film height in the middle
of the bearing does not change that much, but it is clearly shown how the bearing creates a pocket. By creating
this pocket, the pressure distribution changes resulting in a higher load capacity. Furthermore, although the
film height in the middle does not change a lot. The film height at the edges does becomes smaller. Between
the 50 N and the 150 N this difference becomes 300 ym.
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Figure 6.11: Film thickness of the compliant hydrostatic bearing for four loadcases at cross-section
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Figure 6.12: Film height of the compliant hydrostatic bearing for different load cases



Discussion

This chapter will discuss the main results of this study. First, the fluorescent measurement of setup A will be
discussed, and thereafter that of setup B. Then, the COMSOL simulated results will be discussed

7.1. Measurement setup A

7.1.1. Fluorescence

By using fluorescent particles dissolved in water a fluorescent liquid can be achieved. In this measurement
a trade-off has to be made by the concentration dissolved in water. The more fluorescent dye is added the
more clear the fluorescent signal will becomes. However, the incident light reflected from the surface of the
bearing would be less due to Beer-Lambert’s law and therefore the measured reflected incident light cannot
be used as comparison signal. For small film heights (>15 ym) a higher concentration is desired to obtain a
signal which is useable. Another aspect of using these fluorescent particles is that they stick to certain bearing
surfaces. This means that when taking an image these particles sticking to the surface will create an error in
the measurement, therefore a offset value is introduced. The offset value is found to be constant and does
not change over time, therefore it does not form a problem

7.1.2. Image noise

The noise of the image is around 10 % of the mean signal. This noise can inflict large deviation, which is un-
wanted. To reduce or minimize the noise multiple measurements (read: images) can be taken to average the
signal and therefore creating a better resolution result. An alternative method is taking a movie, consisting of
multiple images. The downside of taking a movie is that the resolution of each image is lower and therefore
make the measurement less precise.

7.1.3. Fluorescent dye

In this work there has been chosen to use Rhodamine B as fluorescent dye. This dye has an excitation and
emission wavelength of 535 nm and 570 nm respectively. The results in a stoke shift of 35 nm. Perhaps one
could improve the measurement by choosing a dye that has a larger stoke shift, such that the emitted band-
width of the fluorescence is not again absorbed by the the fluorescent dye resulting in a lower fluorescent
signal. By using another fluorescent dye with a greater stoke shift, this could mean it is not soluble in water.
Another disadvantage could be that the excitation and emission wavelengths are not in the visible spectrum
and therefore a more complex camera system is needed. Furthermore, A light source can be chosen that has
a smaller wavelength bandwidth and therefore only emitting light at the excitation wavelength of the fluores-
cent dye and therefore minimizing leakage. This could be achieved by for instance using a laser, but due to
the small area that is being illuminated, multiple lenses should be used to illuminate the whole surface of the
bearing. This would make the setup more complex.
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7.2. Measurement setup B
7.2.1. Alignment

In this measurement setup a pneumatic cylinder is used which actuates the compliant bearing. This means
it only has one degree of freedom and the bearing is only suspended by the cylinder piston. The piston of
the cylinder has a wiggle and therefore the alignment of the bearing to the plate becomes complex. The
compliant bearing can absorb some of that misalignment, but to improve the measurement validation of the
measurement a new setup could be designed which eliminates the small tilt.

7.2.2. Repeatability

Due to the PLA plate underneath the compliant bearing, it was possible to measure the film height of the
bearing. But it was found that repeatability is small. The reason for this is that the PLA is not rigid connected
to the bearing itself, therefore it is able to move independently. Furthermore the middle of the PLA piece,
the tube, sticks out the bearing with a small distance (1 mm). This results in that when the solution flow
underneath the bearing, the bearing reacts as a diffuser and therefore the PLA plate creates a vacuum between
the plat and the counter surface. Therefore measuring with this configuration is complex and most results
show a film height near zero. A new compliant design could solve this problem, where the total compliant
bearing and the PLA piece are one solid component.

7.3. COMSOL results

7.3.1. Fluorescence

The fluorescence result in COMSOL shows that the final ratioed signal does contain noise inflicted by the
red and green channel noise. Due to the ratio the smaller perturbations of the red and green channel result
therefore in larger perturbations in the ratioed result. This means that obtain a result with less noise can be-
come complex. This can however be improve by not using the ratioed technique and only use the fluorescent
signal as the film height. But by not using the incident light signal as a reference, the spatial information of
the incident is lost and therefore the film height does contain other errors.

7.3.2. Compliant bearing model

Because the bearing is modelled as an isotropic uniform silicon rubber part, the model deviates from the
actual bearing. Due to small air bubbles in the silicon, the stiffness throughout the compliant material can
differ. Another reason for this could be due to the fact that the material is modeled as linear elastic, while the
material could suffer from non linear effects. Furthermore, the silicon rubber consist of two components that
need to be mixed. This is mixed with a one on one ratio. Due to non optimal mixing, this results in different
moduli of elasticity throughout the bearing. To improve this perhaps a vacuum chamber can be used to get
rid of the majority of air bubbles.

7.3.3. Fluorescent sensitivity

The COMSOL results show that small perturbations in a received signal can give larger noise in the result. The
reason for this is that the signal are being ratioed and therefore lead to a greater noise. This can be reduced
by taking multiple measurements such that those perturbations becomes even smaller. Furthermore, the use
of a monochrome camera with bandfilter and a light source which emits light from only small bandwidth
wavelength. This could result in a smaller signal-to-noise, because the leakage effect is minimized. This
should also improve the range of the measurement.



Conclusion

In this work, a fluorescence based measurement technique to obtain film height regarding compliant hy-
drostatic bearings has been presented. This has been validated using setup A, which has a rigid hydrostatic
bearing with known features. The performance of the method is limited by its optical thickness at the top of
the operating range and at the bottom limited by the weak fluorescent signal compared to the incident light.
Both these limitations can be improved upon by using a concentration of fluorescent particles suited for the
application. Another method of increasing the lower limit is by decreasing the amount of leakage by using a
smaller bandwidth light source. Furthermore, calibration of this method has been presented by using a feeler
or calibration ring with known dimensions, resulting in a offset and a scaling factor to obtain the actual film
height. Due to the offset being constant this does not affect the result. The results of the paper show that the
measurement technique is able to measure the film height over the whole surface of a compliant hydrostatic
bearing. Because the compliant bearing has large deformations the standard deviation of the measurement
method will fall within the accuracy bound. Following, the most important conclusions of this work are sum-
marized.

¢ The measurement method has a operating range of 15 - 1400 um, limited by its optical thickness and
the fluorescent signal compared to the incident light signal.

e A calibration tool needs to be introduced to couple the measured signal to film height, in the form of a
feeler or a calibration ring.

e The method could measure with a an average accuracy of 6.4% and a 95% average confidence interval
of 15.2 ym. This can be improved by minimizing the leakage effect.

* The compliant hydrostatic bearing has a comparable shape and film height predicted by COMSOL and
therefore COMSOL can be used to check the deformations and film height of the compliant bearing.
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Recommendations

This chapter provides some recommendations for further research. The use of a fluorescent measurement
system for compliant hydrostatic bearings shows great potential as presented in this work. To do more re-
search in the field of compliant hydrostatic bearing and a fluorescent measurement method a list of recom-
mendations is given:

» To improve the fluorescent measurement a monochrome camera with optical filter can be used to bet-
ter separate the excitation and emission wavelength. Although the use of optical filter would decrease
the amount of intensity, a difference in both the excitation wavelength and emission wavelength will
be better noticeable.

¢ Search for a fluorescent dye with a greater stoke-shift. This would minimize the leakage and a more
clear fluorescent signal would be obtained

* Investigate the concentration of fluorescent dye. The fluorescent signal will be greater with a higher
concentration. This will result in a brighter intensity of the fluorescence. Investigate the effect of optical
thickness and its limitations

* Investigate the background noise, such as reflections from the frame. Only a mask has been introduced
in this work. Perhaps the frame does influence the measurement.

» Use a light source with a small bandwidth wavelength, preferably no leakage occurs.

» Redesign a compliant hydrostatic bearing such that a PLA plate is connected to the rest of the compliant
material. An improved bearing design could be tested and compared to a FEM model resulting in a
better comparison

¢ Improve methods of casting the silicon, better mixing and remove the air bubble forming in the mate-
rial. This would result in a uniform material and therefore the FEM model will be more accurate to the
actual bearing.
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Matlab code



Film height determinitaion

cl ose al
clc
cl ear al

format | ong
% par aneters

a = 500/ 0. 0875; %scal i ng factor
b = 450; %of f set val ue

% nport i mages

RhO = inmread(' Test 30 7/rh0_80.70 4. bnp");
ImL = imread(' Test 30 _7/80.70_8. bmp");
Im2 = inmread(' Test 30 _7/80.70_9. bmp");
InB = inread(' Test_30_7/80.70_10. bnp');

| enscap = inmread(' Test 30 _7/1 enscap. bnmp');

o%¢convert 0-255 to doubl e val ue between 0-1

RhO = i nRdoubl e( RhO);
Inl = inRdoubl e(l nl);
I n2 = inRdoubl e(l nR);
I n8 = i n2doubl e(1 nB);
| enscap = i nkdoubl e(l enscap) ;

%et erm ne region of interest [X,y,dx,dy]
rect = [716, 200, 1150, 1150] ;

% Crop image to region of interest
RhO = incrop(RhO, rect);

Iml = incrop(lmt,rect);

Im2 = incrop(ln2, rect);

Im8 = incrop(lnd, rect);

| enscap = incrop(lenscap,rect);

%> een channel |enscap and red channel |enscap
| enscapR = lenscap(:,:,1);
| enscapG = lenscap(:,:,2);

%eterm ne ratio of signal and R _h=0
RO = (RhO(:,:,1)-lenscapR)./(RhO(:,:,2)-1enscapl;

RL = (((Iml(:,:,1)-lenscapR)./(InmL(:,:,2)-lenscap@)-R0).*a - b
R2 = (((Im2(:,:,1)-1enscapR)./(Inm2(:,:,2)-lenscapG)-R0).*a - b
R3 = (((ImB(:,:,1)-1enscapR)./(InB(:,:,2)-lenscap)-R0).*a - b
%Jse gaussianfilter to filter result

Rl = ingaussfilt(R1,15);




R2
R3

i mgaussfilt(R2, 15);
i mgaussfilt(R3, 15);

% G ve NaN to signal outside the dianmeter where you | ook at

for i=1:1151;

for j = 1:1151;
if (i-550)"2 + (j-550)"2 > (0.5*1020)"2
RL(i,j) = NaN
R2(i,j) = NaN
R3(i,j) = NaN
end

if RL(i,j) >1000
RL(i,j) = 1000;

end

if RL(i,j) < -50
RL(i,j)=0;

end

if R2(i,j) >1000
R2(i,j) = 0;

end

if R(i,j) < -50
R2(i,j) = 0;

end

if R3(i,j) >1000
R3(i,j) = 1000;

end
if R3(i,j) <-50
R3(i,j) = 0;
end
end
end
9%Ref erence signal |ine cross-section

B = ones(1, 1100);

B(1: 400) = B(1:400)*115;
B(401: 730) =B(401: 730) *490;
B(731:1100) = B(731:1100)*115;

%Ref erence signal line features

A = ones(1,1100);

A(1:230) = A(1:230)*115;

A(231: 361) =A(231: 361) *460; %250 voor yhoogte800
A(362: 785) A(362: 785) *115;

A(786: 960) A(786:960) *410; %350 voor yhoogte800
A(961:1100) = A(961:1100) *115;

%l ot results in figure
figure

hol d on

grid on

pl ot (R1(630, 40: 1070), ' k")
pl ot (R2(630, 40: 1070), 'r")




pl ot (R3(630, 40: 1070), ' b")

| egend(' nmeasurenent 1','nmeasurenent 2','neasurenent 3')
yl abel (" Fil m height (um")

x|l abel (' Wdth (counts)")

%l ot result in height map

figure

mesh( R2)

x|l abel (" Wdth (counts)")

yl abel (' Hei ght (counts)')

c=col or bar

c.Label . String = "Filmheight (um"';

CcC =
Col orBar with properties:
Location: 'eastoutside
Limts: [-49.902141672122561 9.999434060940740e+02]
Font Si ze: 9
Position: [1x4 doubl e]

Units: 'normalized'

Use GET to show all properties

550
measurement 1
measurament 2
500 - measwement 3
450
400

w
=

Film height {um)
7]
=2

250

200

150 -

50 . ! : ! L !
a 200 400 600 800 1000 1200

Width (counts)




1000 -

80D .

&00 .

400 -]

400

600

200 400

Height (counts) 0 0 Width (counts)

standard deviation and confidence

%define enpty matrix
Mall = zeros(3,1151);

% lInsert ratios into enpty matrix
Mall(1,:) =R1(625,:);
Mall(2,:) =R2(625,:);
Mall(3,:) =R3(625,:);

%Det erm ne the nean and standard devi ati on
M _rean mean(M.al ) ;
M std std(M.all);

%et erm ne the confidence interval and variance
Minterval = (1.96/sqrt(3)).*Mstd,;

M upper = M mean+M.i nterval;

M| ower = M mean-M.interval;

var = M.interval ./ M nean,;

%eterm ne the fil mheight at different positions
mean_fl yhei ght1 = mean(M nean([ 1: 360 750: 1050]));
mean_f | yhei ght pocket = nean(M nean(400: 740));
mean_i nterval = mean(M.interval ([1:360 750:1050]));
mean_i nt erval pocket = nean(M.i nterval (400: 740));




%l ot figure with upper and | ower condfidence interval
figure

grid on

hol d on

pl ot (M upper (1: 1050),'r")

pl ot (M nean(1: 1050),"'b")

pl ot (M | ower (1:1050), " 'r")

x|l abel (" Wdth (counts)")

yl abel (' Fi Il m hei ght (unm)")

| egend(' Upper confidence 95%,' Mean of neasurenents', 'Lower
condfi dence 95%)

G600
— Upper confidance 95%
Mean of measurementa
— Lower condfidence 95%
500 F
400 -
I
=
5
Hant
2
E
iC
200 -
ol %%
ﬂ i i 1 i i [ ]
a 200 400 G600 8OO 1000 1200

Width (counts)
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Intensity plot Linearization of the absorbtion

close all
clc
clear all

%parameters
x = 10:10:6000;
X=x.*10"-6;

C = 4de-6; %Concentration
E = 10800000; %extinction in m-1 M-1
o=0.7; ¢quantum efficiency

for i = 1:600

f(i) = 100*exp(-C*x(1)*E)*0o*x(1)*C*E;
Lin = (0.27087/9e-5)*x+ 0.00013;

end

plot(x.*1000,£f,x.*1000,Lin)

grid on

legend( 'fluorescent light intensity as function of
thickness', 'Linearization of fluorescent light intensity')

xlabel('Film tickness (mm)"')

ylabel('Fluorescent light intensity (counts)')




Comsol data processing

clear all
clc
close all

$import text data from comsol
I = importdata('I 400mu60.txt');
If=importdata('If I 400mu60.txt');

gwrite string to double
I = str2double(I);
If = str2double(If);

$Wavelengths used and corresponding power distribution from LED
lambda = [500 510 520 530 540 550 560 570 580];
LED =[0.25 0.55 0.94 0.9 0.63 0.38 0.21 0.13 0.057];

$Writing relative power distribution to absolute power distribution
for i=1:length(LED)

LED partialpower(i) = LED(i)/sum(LED);

end

$Preparing data for analysis, removing text from file
I=I(4:end,5);

I rh0= If(4:end,6);

If=If(4:end,5);

Size=size(If);

num_of cutline = Size(l)/9;
x=linspace(0,0.06,num of cutline);

$Determine how many cutlines used in comsol
for j=1:9

for i=0:num of cutline-1

I2(j,i+1) = I(i*9+3);

I£2(j,i+1l) = If(i*9+7);

I rh02(j,i+1) = I_rh0(i*9+j);

end
end

$relative respons of camera sensor for RGB
green = [0.81 0.88 0.92 0.93 0.91 0.9 0.85 0.8 0.75];
red = [0.01 0.02 0.07 0.07 0.03 0.04 0.075 0.31 0.58];

$Emission intensity relative of the rhodamine B particles
emission=[0.18; 0.30; 0.29; 0.21]; %[550 560 570 580] nm

$¢Multipline data from comsol with the camera response for RG
for i = 1:9




I green out(i,:) = I2(i,:)*green(i);
I red out(i,:) = I2(i,:)*red(i);
I rh0 green(i,:) = I _rh02(i,:)*green(i);
I rh0 red(i,:) = I _rh02(i,:)*red(i);
end

% Determining the total amount absorbed by camera

If2 = sum(If2);

If spectral = If2.*emission;

If spectral = If spectral.*[0.04; 0.075; 0.31; 0.58]; %absorption of
red of camera sensor

If total red = sum(If spectral);

I green out = sum(I_green out);

I red out = sum(I_red out);

I rh0 red sum(I_rh0 red);

I rhO green = sum(I_rhO green);

% Add signal nois to data

RO = awgn(I_rh0O_red,41);

R = awgn(I_red _out,41l);

GO0 = awgn(I_rh0O_green,4l);
G = awgn(I_green_out,41);

$determin the ratio for film height
I_green_out2 = I_green out.*0.95;

ratio = (If_total red+I_red _out)./(I_green out) - I_rh0O_red./
I_rhO_green;
ratio2 = (If total red + R)./G - R0./GO;

$plot individual R,G channels

figure

hold on

grid on

plot(x,I_green_out2)

plot(x,I_rh0_green)

plot(x, (If_total red+I red out)*6*0.95)
plot(x,I_rh0_red*6)

plot(x,G*0.95)

plot(x,G0)

plot(x, (If _total red+R)*6*0.95)
plot(x,R0*6)

legend( 'Green', 'rh0 Green', 'Fluorescent Red', 'rh0 Red')
xlabel('Length over bearing surface (m)')
ylabel('Relative light intensity (%)')

$Plot ratio found

figure

plot(x,ratio2*(800/0.009),x,ratio*(800/0.009))

legend(' Filmheight Comsol with gaussian noise', 'Filmheight Comsol')
xlabel('Width (m)")

ylabel('Film height(um) ')




grid on

$Plot power distribution of LED and response of camera

figure

hold on

grid on

title('LED incident light power distribution')
xlabel( 'Wavelength (nm)")

ylabel('relative response (%))
plot(lambda,red, 'r')

plot(lambda,green, 'g')

plot(lambda,LED)

legend( 'LED incident light bandwidth')
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Manual for measuring

This manual helps to repeat the measurements. This manual will show all the step I took to do a measure-
ment.

B.1. Preparation software

First, it is useful to make sure your computer is connected to a power supply and the cables of the LED and
the camera are disentangled. Then we can start the PIXELINK software, it will probably say that there are
no cameras attached. Then we can attach the camera USB cable to your computer. It is important that the
USB cable is attached to a USB port that can deliver some power to the camera. If all goes accordingly, the
screen shown in figure B.1 will appear. In the left window at the 'Control’ tab, you can scroll down to the white
balance settings. It is important to first click on ’AUTO’ before you enter the values for RGB. The values to set
for RGB should be: [R,G,B] = [8, 0.7, 0], this is shown in Figure B.2. Next, click on the 'Capture’ tab to fill in
the location of the image and the filename of the image in the left top corner, see Figure B.3. If this is done
properly a test image can be taken by pressing the camera button on the bottom of the screen, see Figure B.3

B.2. Preparing hardware

For the preparation of the hardware a few steps need to be taken. The pressurized needs to be attached (figure
B.4) and the power supply of the water pump needs to be attached. For the air it is important to make sure
the pressure is set to zero. This can be seen on the pressure gauge connected to the air tube. Next, the bearing
surface needs to be cleaned. This can be done by using a cloth and spraying some isopropanyl onto it. With
this cloth you can clean the bearing surface, see Figure B.5. It is also usefull to clean the PMMA. The box

Figure B.1

71



72 B. Manual for measuring

[ picink Capture -

ttings  Import Images Window  About Help

== 7 = ° ROl

spture 2=

Focus
Auto-ROI

BAVER16 -

Image Fiip
Horizontal

Vertical

Figure B.2

[ piclink Copture o x

Preview Image After Capture.

Increment File Name After Capture

Capture Full ROI

Capture Measurements

Figure B.3



B.3. Measuring 73

Figure B.4

containing the fluorescent solution needs to be placed at three other boxes. This is to make sure the drainage
can flow back in the water box, see Figure B.6

B.3. Measuring

To start first place the bearing and manifold onto the pneumatic piston coupling piece. This is shown in
Figure B.7a. Next, a image needs to be taken for the Rj—¢. This can be done via the PIXELINK software,
make sure the LED USB is connected to your computer and The bearing needs to be touching the PMMA.
Furthermore, The lit of the box needs placed on top. It can be that the USB cable holes in the box let some
light trough, therefore a cloth is placed over it to minimize the influence of external light. The following step
is to measure with a film. To then do a measurement I always first put the water pump on. This can be done
by placing the banana plugs of the water pump to the power supply, see figure B.8a. Next, it is very important
to look at the tray and check if it overflows, see Figure B.8b. Sometimes the drainage tube leading back to
the water box cannot flow. You then have to wiggle the tube a little bit around and make sure the drainage
point is the ’highest’ such that the water flow 'down If this is successful, you can apply force to the bearing
by adjusting the top knob of the pressure gauge connected to the air tube. The relation of pressure to force is
1 bar is equal to 50N. Before a image is taken check the bearing surface whether a full film is achieved. Some
air bubbles can be eliminated by rotating/pushing on the bearing. Finally, take a image with the PIXELINK
software, with a changed filename, as explained before.
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(a) place some isopropanyl on cloth (b) Clean the bearing surface with the cloth

Figure B.5

(a) box on the counter (b) box in the right position

Figure B.6



B.3. Measuring
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(a) Attached the bearing to the pneumatic piston

Figure B.7

(a) Attaching the power supply

Figure B.8

(b) Cloth placed over the USB hole

(b) Check if the tray fill with liquid, in this picture it is to full
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B.4.

Summary of steps

This gives a summary of steps need to be taken to do a measurement

TO do another measurement follow again the steps perfomer above.

clean bearing surface and the PMMA

Place the bearing back on the piston

Push by hand the bearing against the PMMA
Make sure the LED is turned on

Take the Ry-( image

Turn the water pump on

Apply air pressure to the pneumatic cylinder
Take the fluorescent image

Remove air pressure and turn the water pump off
Remove the bearing from the piston

Clean the bearing surface and the PMMA
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