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Summary

At Nexperia in Nijmegen assembly machines are developed for the back-end of the semiconductor produc-
tion process. At one stage, machines are used to pick dies from a silicon wafer and place them on a flexible
web on reel. The web is wrapped on a drum (cylinder) which is rotated by an electric motor. After a die is
placed on the web, the web is shifted such that the next die can be place on the web. The current motion
system is able to translate the web with a stroke of 50 mm within 50 ms. This demands large torques and fast
response times from the electric motor, resulting in cooling the electric motor and high levels of sophistica-
tion on its motion system design.

A possible alternative solution could be to apply contactless air film actuators which make use of air bear-
ing principles. The main advantage of such a technique is that it actuates directly on the web and therefore
eliminates the moving mass of the drum. This drastically reduces the actuation force required to accelerate
the web, which reduces unwanted deformations and excitations of the machine frame. Because the substrate
is not in direct contact with the bearing surface, the web does not experience any wear, stiction or backlash
effects. The result could be a cheaper alternative motion system with less components and less disturbances
than the current motion system.

The goal of this thesis is to investigate the possibilities of using opposed air film actuators for positioning thin
flexible substrates. The aim is to design and built a demonstrator which can actuate a piece of web in one
degree of freedom with similar performances as the current motion system. This generates a viscous traction
on the substrate that moves it in positive x-direction. During this thesis we want to show if the theoretical
model of the motion system complies with the performances of the manufactured demonstrator.

An illustration of opposed air film actuators is shown in figure 1. Here pressurized air is applied at the inlets.
This creates an air film on both sides of the substrates which levitates the substrate. At the same time a net
flow is generated in positive x-direction. The air flow is shown by the blue arrows. The net flow produces a
viscous traction on the substrate which moves the substrate in positive x-direction, shown by the red arrow.
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Figure 1: Cross section of opposed air film actuators, where a net flow is realized in positive x-direction shown by the blue arrows. This
results in a motion of the substrate in positive x-direction shown by the red arrow.

To predict the performance of the motion system, the air film actuators are modelled with the use of the
Reynolds equation for compressible air. With this model properties in-plane and out-of-plane of the fluid

can be predicted, such as mass flow through the air film, actuation force applied on the substrate and vertical
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stiffness applied on the substrate. The air film actuators are optimized for low air consumption while gener-
ating sufficient force to accelerate the substrate with 160 m/s?. As air is a compressible fluid, it takes time to
build pressure up in the ducts. Therefore the response of the actuation force on the substrate is dependent
on the pressure build up in the system. The transient behaviour of the air flow in the system is described by
a pneumatic circuit model with lumped components. For a fast pressure build up in the system, the volumes
in the ducts are minimized and proportional valves with a low response time are used.

To verify the theoretical model of the motion system a demonstrator is designed and manufactured. The
demonstrator consists of two manifolds with their bearing surfaces facing each other and where the sub-
strate is placed between the two bearing surfaces. A single manifold contains 16 air film actuators in the
bearing surface from which 8 are able to actuate the substrate in positive x-direction and the other 8 are able
to actuate the substrate in negative x-direction. Three experiments with the demonstrator are described in
this thesis.

In the first experiment, measurements were performed on the inlet restrictors to show the relation between
flow and pressure. Multiple restrictors showed similar performances which indicated that the inlets were
well produced. From the results could be verified that the inlet restrictors behave as orifice restrictors, which
agrees with literature.

In the second experiment the behaviour of the air film actuators was measured. Initial tests showed that the
substrate was vibrating and did not float fully contactless, as one had to overcome some friction before the
substrate moved. This was not expected. The least amount of friction was observed at a fly height of 17 um at
a supply pressure of 5 bar. At this fly height and supply pressure a maximum actuation force of 209 mN was
reached in one direction with a total air consumption of 84.4L/min. Despite the vibration of the substrate,
the modelled flow, pressure and actuation force did show good resemblance with the measured results.

In the third experiment the step response of the pressure and the position of the substrate were measured.
The theoretical model gave a good approximation of the measured response. However, the plant contained a
larger damping constant than predicted. Therefore a lower speed was achieved than initially expected. When
all air film actuators were used, a maximum net actuation force of 96.5 mN was reached. With the theoretical
model it was determined that the motion system is able to move the substrate 50 mm in 405 ms with a system
bandwidth of around 87.0 Hz.

Based on these findings the theoretical models showed good resemblance with the measured results of the
demonstrator. Better performances could be achieved by reducing the damping constant in the motion sys-
tem. Other recommendations for improving the models and the demonstrator can be found in section 5.2.
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Introduction

In this chapter an introduction will be given about air film actuators. First in section 1.1 a motivation will be
given for the use of air film actuators to actuate thin flexible substrates. Secondly, in section 1.2 two different
basic concepts of air film actuators developed at the Delft University of Technology will be presented to show
the state of the art air film actuators. In section 1.3 the advantages of opposed air film actuators are explained.
In section 1.4 the focus and research goal of this thesis are presented. Finally, in section 1.5 an overview of the
chapters will be given of this thesis.

1.1. Motivation

Nowadays semiconductor components are produced at high rates for multiple applications in e.g. the au-
tomotive, portable devices, industrial, communication infrastructure, consumer and computing industries.
One of the major companies producing these devices is Nexperia in Nijmegen. They are a global leader in
Discretes, Logic and MOSFETs devices. Nexperia focuses on the efficient production of reliable semiconduc-
tor components at high volume rates. Currently, they are producing 85 billion semiconductor components
annually. In order to keep high production rates, they develop assembly machines for the back-end of the
semiconductor production process.

film frame carrier

dicing tape die

diced wafer

Figure 1.1: Pick and place dies from a diced wafer to a flexible web. The web is wrapped around a drum which rotates to position the
web.

One of their machines is to pick dies from a wafer and place them on a flexible web as is schematically shown
in figure 1.1. The input to this system is a diced silicon wafer with a diameter of 200 mm or 300 mm which
lays on a dicing tape. The dicing tape is attached to a film frame carrier. Each individual device of the wafer
is called a die. The typical dimension of a die is between 0.15 mm by 0.15mm to 5.0 mm by 5.0 mm and has
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a thickness between 35 to 600pum. So a single wafer may contain over 100.000 dies. The dies are picked and
placed from the diced wafer to a flexible web on reel. The web is a polymer based foil on which a conducting
material can be laminated. By etching the conducting material, antennas can be created on the web which
can receive radio waves and conduct electric currents. Therefore the web has the function to be a carrier for
both the dies and the antennas. On the web the dies can be further processed depending on the wishes of
the customer. The current motion system uses a drum (cylinder) on which the web is wrapped. The drum is
rotated by an electric motor to position the web. With this motion system it is possible to position the web
with a stroke of 50 mm within 50 ms and ensure a 3 um (10) die placement accuracy. The motion system has
a maximum die placement of 72.000 components an hour, which corresponds to 20 dies per second. For this
performance the drum needs to be accelerated with at least 80 m/s? for the long stroke of 50 mm. This de-
mands large torques and fast response times from the electric motor, resulting in cooling the electric motor
and high levels of sophistication on its motion system design.

A possible alternative actuation solution, for a more elegant design, could be to apply contactless air film
actuators which make use of air bearing principles. Such a technique actuates directly on the web and there-
fore eliminates the moving mass of the drum. This greatly reduces the required actuation forces and reaction
forces, which reduces unwanted deformations and excitations of the machine frame. Furthermore, the air
film provides a zero in-plane stiffness connection between the substrate and the fixed world. Therefore, the
substrate is less affected by in-plane disturbances. Both the lower reaction forces and reduced disturbances
are beneficial for positioning the substrate. The result could be a cheaper alternative motion system with less
components and less disturbances than the current motion system.

1.2. State of the art air film actuators

Since the start of 2006 the Mechatronic System Design group at the Delft University of Technology conducts
research on contactless air film based actuators that generate viscous forces on a thin substrate. Such air film
actuators have been used for transporting or positioning silicon wafers or glass substrates. The developed
actuators are based on air bearing principles. Air bearings are particularly useful when applied for precision
applications. This is due to low noise because the substrate is not in direct contact with the bearing surface.
The substrate does not experience direct disturbances of surface imperfections. Because there is no friction
the bearing surface does not experience any wear, stiction or backlash effects. Through the years the Mecha-
tronic System Design group developed two different basic concepts of air film actuators: the variable pressure
concept and the deformable surface concept. These concepts are briefly discussed in subsections 1.2.1 and
1.2.2. An overview of four other contactless substrate handling systems with the use of air are described in
appendix A.

dam substrate

restrictor

Figure 1.2: Cross section basic air film actuator of the variable Figure 1.3: Top view of four air film actuators of the variable
pressure concept. The plus symbols indicate areas of high pressure pressure concept with substrate removed. Blue arrows indicate the
and the minus symbols indicate areas of low pressure. The blue air flow and red arrows indicate the viscous traction force generated
arrows indicate the direction of the air flow. in each pocket acting on the substrate. For example, the shown flow
results in a motion of the substrate in positive x-direction.
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1.2.1. Variable pressure concept

The first concept was developed by Wesselingh [31]. The main goal of his research was to investigate the
properties and applicability of an air film based actuator for precision positioning tasks of thin substrates. The
used substrate was a wafer with a diameter of 100 mm and a thickness of 525 um, resulting in a mass of 9.5 g.
Pressurised air was used to provide the bearing functionality while the air flow generated was also used to
drive the substrate. Both this bearing and motor function were realised in a single unit, the so-called actuator.
Each actuator cell had dimensions of 10 mm by 10 mm consisting of a dam area and pocket area as shown in
figure 1.2. The pocket area had dimensions 8 mm by 8 mm with a recess of 20pm. Each pocket contained
two inlets with gauge pressure and two outlets with vacuum pressure. The air film thickness between the
dams and the substrate was 15um. Each four neighbouring actuator cells formed a group, as is depicted
in figure 1.3. In such a group the pressure at each of the eight inlets, indicated with a plus symbol, can be
controlled independently by valves. With this the air flow in each actuator cell generates a viscous force on
the substrate. In total 36 actuator cells were used which covered 50 % of the substrate area and which could
actuate the substrate in every planar direction. In point-to-point positioning, accelerations were reached up
t0 0.600m/s?. Also a 50 Hz position control bandwidth and 6 nm (10) servo error were achieved.

1.2.2. Deformable surface concept

The second concept was developed by Vuong [30]. He created an air film based actuator with a deformable
surface to actuate and levitate a thin substrate. The used substrate was a wafer with a diameter of 200 mm
and a mass of 58 g. Each air actuator consists of a hollow tube with an outer diameter of 5mm and a length
of 13mm. On top is a hexagon actuator head that acts as the bearing surface. Each hexagon has a width of
14 mm (distance between two opposite sides). The gap between two neighbouring hexagons has a width of
1 mm. Because of the shape, a single air actuator is called a ‘flower’ (see figure 1.4). That is why the total
system is called the ‘Flowerbed’ In total 61 flowers are used. Each flower is connected to a stationary top
membrane and a movable bottom membrane. Both membranes are made from spring steel with a thickness
of 50 um. Both membranes have the function to act as rotational hinges, such that a flower can rotate. Here
the top membrane is the pivot point as shown in figure 1.4. Whereas the bottom membrane moves hori-
zontally by a piezo actuator. The force generated by the piezo actuator is shown with green arrows. The top
membrane has the additional function to seal off the vacuum chamber. With this a vacuum pressure can
be created beneath the actuator heads of the flowers. A gauge pressure of 2.50 bar is supplied beneath each
flower such that there is a high pressure from the middle of each flower head. In figure 1.4 areas with high
pressure are indicated with a plus symbol. Furthermore, a vacuum pressure of —0.1 bar was supplied via a
side port. With this a vacuum pressure is created in the gaps between the flowers. Areas with vacuum pres-
sure are indicated with a minus symbol. Therefore air flowed from the middle of the flower to the gaps.

| inlet with
; 9auge pressure

1
| viscous force
~

substrate

gap with
I vacuum pressure

> X tilted flower top bottom

membrane membrane

Figure 1.4: Cross section of the deformable surface concept called Figure 1.5: Top view of nineteen flowers of the deformable surface
the "Flowerbed". In this example, each flower head is slightly tilted concept with substrate removed. In this example, each flower head
in positive x-direction due to a piezo actuator. The plus symbols  is slightly tilted in positive x-direction which results in a motion of
indicate areas of high pressure and the minus symbols indicate  the substrate in positive x-direction. The red arrows indicate the
areas of low pressure. The blue arrows indicate the direction of the = viscous traction force generated by each flower acting on the
air flow. substrate.

When a flower is tilted air will flow mainly in the direction with the least amount of flow resistance. For
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example, the heads of the flowers in figure 1.4 and 1.5 are slightly tilted in positive x-direction. Therefore the
air film thickness on the right side of the actuator head is larger than the air film thickness on the left side
of the actuator head. This results in a lower flow resistance to the right than to the left. Thus a larger flow
is generated to the right than to the left as indicated by the blue arrows. Because the flow is larger to the
right than to the left, a net viscous force is generated on the substrate in positive x-direction. These viscous
forces are shown in figure 1.4 by the red arrows for each individual flower. In the work of Krijnen [12] control
has been applied to the Flowerbed. From his work the motion system was able to reach a maximum force
of 70 mN, resulting in a maximum acceleration of 1.2 m/ s2 of the wafer. Also a 60 Hz control bandwidth and
104 nm (20) positioning error have been achieved.

1.3. Opposed air film actuators

In the past researches, air film actuators have seen promising results for handling thin substrates. These
air film actuators have been used on one side of the substrate. An alternative configuration would be to
use air film actuators on both sides of the substrate, as suggested by Vuong [30] and Snieder [26]. Such a
configuration is similar to conventional opposed pad bearings. Double sided substrate actuation has four
advantages over single sided substrate actuation:

1. The air film actuators do not need vacuum pressure to achieve a steady fly height. This because the
substrate is preloaded between the opposed air film actuators. Therefore the substrate finds an equi-
librium position between the opposed air film actuators.

2. Opposed air film actuators can use gauge pressures above 1 bar downstream the inlet, such that larger
traction forces and thus larger substrate accelerations can be achieved. In previous research projects
vacuum pressure was needed to preload the substrate. As vacuum pressures cannot go below —1 bar,
the gauge pressures downstream the inlets were limited to about 1 bar.

3. On both sides of the substrate similar pressure profiles are applied. Therefore deformations and pitch-
ing rotations of the substrate are eliminated (theoretically).

4. With double sided substrate actuation, traction forces are generated on both sides of the substrate.
Therefore twice the amount of traction is generated on the substrate compared to single sided substrate
actuation with similar conditions

These advantages are beneficial for actuating thin flexible substrates. As explained in section 1.1, for Nexperia
air film actuators could be an alternative solution for positioning their webs. Therefore, the focus of this thesis
is to exploit the use of opposed air film actuators for positioning thin flexible substrates.

1.4. Research goal

The goal of this research project is to investigate the possibilities of using opposed air film actuators for po-
sitioning thin flexible substrates. The aim is to design and built a demonstrator to show if the theoretical
model of the motion system complies with the manufactured demonstrator. Therefore, the research goal of
this thesis is stated as follows:

"Demonstrator design and validation of opposed air film actuators for contactless positioning of thin flexible
substrates, to be applied in the semiconductor industry."

The demonstrator should be designed that it can reach similar performances for the long stroke as the current
motion system from Nexperia. The demonstrator should be able to actuate a piece of web in one degree of
freedom, namely in x-direction. The motion system should move the substrate with 50 mm in x-direction
within 50 ms. Here the substrate is at standstill at the start and end of the displacement. For this translation
a £1mm positioning accuracy is chosen.

1.5. OQutline of this thesis

Now that the research goal is defined an overview will be given for the coming chapters of this thesis. In
chapter 2 the theoretical working principles of an air film actuator using compressible air will be explained.
At the end of the chapter the performance of a basic air film actuator will be evaluated. Next in chapter 3 the
theory is used to design a demonstrator which can actuate a piece of flexible substrate with the use of air film
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actuators. Thereafter, in chapter 4 three different experiments are explained and the results are compared to
the theoretical model. With this the performance of the demonstrator can be determined. In chapter 5 the
conclusions and recommendations for future work are described. In appendices A to F additional informa-
tion is given for specific subjects, such as the derivation of the Reynolds equation, realisation of the design
and additional measurements.






Theory and working principles of air film
actuators

In this chapter the theoretical working principles of an air film actuator will be explained. First in section
2.1 the approach to find solutions for the fluid flow fill will be explained. Secondly in section 2.2 the main
assumptions used to model the fluid will be discussed. In section 2.3 the Reynolds equation will be presented
and simplified to calculate the pressure field in a compressible fluid film. In section 2.4 the in-plane fluid
properties will be evaluated which describes the motor function of an air film actuator. In section 2.5 formulas
will be derived for restrictors, which are important for describing the mass flow through different sections. In
section 2.6 the out-of-plane fluid properties are discussed, which explains the bearing function of an air film
actuator. Finally, in section 2.7 the performance of a basic air film actuator will be evaluated with the theory
developed in the sections before.

2.1. Approach

As described in section 1.2 several concepts have been made for an air actuator which can move a thin sub-
strate by manipulating the flow of an air film. In order to know the performance of the actuator, one needs
the velocity field of the fluid. As in many other fluid problems, from the velocity field the other properties are
directly derived. Any fluid problem in general must satisfy the three basic conservation laws of mechanics
plus a thermodynamic state relation and associated boundary conditions:

1. Conservation of mass (continuity).

2. Conservation of momentum (Newton’s second law).

3. Conservation of energy (first law of thermodynamics).

4. Astaterelationlike p = p(p, T).

5. Appropriate boundary conditions at interfaces, inlets and outlets.

As can be found in literature [32] these equations can be solved by two different methods. The first method is
to use a control volume approach where a finite region is defined. With this, a flow balance can be made for
the flow ‘in’ and flow ‘out’ of the region, which is based on the ‘Reynolds transport theorem’. But by doing so,
the properties at the boundaries are often averaged or one-dimensional values. Control volume analysis is
accurate for any flow distribution and lead to useful estimates of gross effects (such as mass flow and energy
change) for the given problem. However, this method is not suited for describing the detailed flow pattern at
every point (x, y, z) in the field.

The second method is to use a differential approach for seeking the point-by-point details of a flow pattern.
This approach is based on the basic conservation laws which are, in this case, applied to an infinitesimal con-
trol volume (or infinitesimal fluid system). From this results the basic differential equations of fluid motion
where appropriate boundary conditions can be applied to. These differential equations of motion are quite
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difficult to solve and analytical techniques are limited to simple geometries and uniform boundary condi-
tions. But with the use of numerical methods, more complex geometries and boundary conditions, can be
solved to an approximated solution. This second method is well suited for describing the pressure field and
velocity field in the air film from which the performance of the actuator can be deduced. That is the reason
the differential approach is used in this thesis for solving the conservation of mass and momentum equations.

2.2, Assumptions

In order to solve the differential equations one needs to make assumptions on how the fluid model behaves.
These assumptions simplifies some equations which become easier to solve, while the accuracy of the physics
which the equations try to capture do not suffer. The list below explains the chosen fluid model with associ-
ated assumptions and properties of the fluid.

1. The used fluid is assumed to be compressible clean air.

2. The fluid is modelled as an ideal gas. Thereby the equation of state is given by the ideal gas law
__P
=)

3. The fluid viscous forces dominate the fluid inertial forces. This implies that the flow is laminar with the
Reynolds number less than 2300.

4. There are no slip’ conditions at the boundaries. The fluid and boundary surface have the same velocity
at the interface (ugyiq(@surface) = tgyrface)-

5. The fluid behaves as an isotropic Newtonian fluid where the shear stress is linearly proportional with
the velocity gradient (sz =u- g—;‘).

6. Stokes” hypothesis applies: isotropic dilatations do not produce viscous stresses (A + % -1 =0).

7. There is no heat transfer across the fluid boundaries (Q =0, adiabatic process). Furthermore, any adi-
abatic expansion/cooling is compensated by viscous heating, so the temperature is assumed not to
change much.

8. Because the viscosity of air is slightly dependent on temperature, the fluid viscosity is considered con-
stant. This is also known as an isoviscous fluid (u(T) = w).

9. Because the specific heats of air are slightly dependent on temperature, the specific heats of the fluid
are considered constant (cp(T) =¢p, &w(T) = ¢y, x = z—‘u’ = 1.4).

10. The fluid film thickness is much less than the fluid film length and width (H <« L). The dimensions in
x- and y-direction are of the same order.

2.3. Pressure field in thin film fluid

Pressure is the compressive stress at a point in a hydrostatic fluid. As explained in appendix B it is the pressure
gradient which drives the fluid flow. The pressure distribution in the fluid can be described by a scalar field.
This pressure distributing can be determined with the ‘Reynolds equation’ which is shown in equation 2.1. A
full derivation of equation 2.1 is shown in appendix B.

0x

dy

0x

0 (p-h3‘0_p)+ o} (p-hf@_p)_ o} (p-h~(u1+u2))_ o} (p-h-(v1+v2)) o}
oy

12-4 ox 12-4 dy 2 2 =gk eD
Here p is the density, h is the film height, u the fluid dynamic viscosity, p the pressure, u; the velocity of the
lower surface in x-direction, u; the velocity of the upper surface in x-direction, v; the velocity of the lower
surface in y-direction and v, the velocity of the upper surface in y-direction. The modelling of an air film
actuator can be explained by a simple flow in two dimensions (x and z) between two surfaces. In this model
it is assumed that the flow has infinite width in y-direction and that there is only a pressure gradient in x-
direction. Therefore the terms in y-direction in equation 2.1 are omitted for this model. An illustration of this
model is shown in figure 2.1 (a). Here the lower surface (manifold) supports the upper surface (substrate) by
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Figure 2.1: Section of a manifold which supports a substrate by a thin film of compressible air.
(a) a flow is generated by a pressure difference p» — p3 and by the velocity of the substrate of uy.
(b) pressure distribution in the fluid between p» and p3.

a thin film of air with height /. As explained in appendix B, the pressure is uniform in z-direction. But there
can be a pressure difference between p, and ps. Also the substrate could have a velocity of u, in x-direction.
This pressure gradient and substrate movement may drive a flow in the fluid, which results in a velocity pro-
file u (z) across the film height.

Furthermore, the compressible fluid can be modelled by the ideal gas law (assumption 2), therefore the den-
sity in equation 2.1 can be replaced by p = %T' Here p is the fluid pressure, Rq is the specific gas constant

of air and T the temperature of the fluid. By also omitting the terms in y-direction equation 2.1 results in
equation 2.2.

3. . ) .
) n-p ﬁ_p)_i(h(uﬁuz) P)_;t(hp) 2.2)

ox\12-u-Rg-T 0x) 0x\ 2-Rg-T ) 0t\Rg-T
Because it is assumed that the temperature does not change much (assumption 7), T can be assumed con-
stant in the fluid. Therefore the term T can be brought out of each partial derivative. Therefore both R; and
T can be divided from equation 2.2 because they are both constants. This results in equation 2.3.

3- . .
0 (h p 6_p) 0 (h (U + up) P) 0 ) 2.3)

el . - =—(h-
ox\12-u ox) ox 2 A

Furthermore by assuming the flow is steady, the partial derivative with respect to ¢ becomes zero. Also, it is
assumed that the second term of equation 2.3 is negligible compared to the first term. This is because the
substrate velocity u; is either zero or very small. Also the manifold is not moving, thus u; = 0m/s at all time.
This simplifies equation 2.3 to equation 2.4.

3.
i(h p_a_p):() 2.4)

ox\12-u 0x
In equation 2.4 there are two dependent variables h(x) and p(x). For a section of length I where & (x) is

constant and where p, > p3 (see figure 2.1 (a)), one can integrate equation 2.4 twice with respect to x. Subse-
quently, by filling in the boundary conditions results in equation 2.5 which is plotted in figure 2.1 (b).
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px)=\-—— x+p3 for0<x<1 (2.5)

2.4. In-plane fluid analysis

Now that the pressure field is defined, other important fluid parameters can be derived. In this section pa-
rameters that are accompanied with motion of the substrate in x-direction will be discussed. As explained in
section B.5.1 the velocity profile in x-direction between two parallel surfaces can be described by equation
2.6.

0
u=-- -(zz—h-z)-£+(u2—u1)-%+u1 (2.6)

1
U

(DO =

s

~~

Poiseuille flow Couette flow

The first term in equation 2.6 describes a Poiseuille flow. This is a flow that is driven by a pressure gradient,
while the top and bottom surfaces are stationary. This is shown by u(z) in figure 2.2. The second term in
equation 2.6 describes a Couette flow. This is a flow that is driven by motion of the top surface and/or bottom
surface. For example, in case the bottom surface is stationary (#; = 0m/s) and when the pressure gradient is

Zero (g—ﬁ = 0N/m?), the Couette flow is driven by the top surface (u). This is shown by u(z) in figure 2.3.

Figure 2.2: Poiseuille flow in x-direction. Here g—i <ON/m3, up =0m/s and u; =0m/s.
The left graph shows the velocity profile and the right graph shows the shear stress profile.

Figure 2.3: Couette flow in x-direction. Here g—z =0N/m°3, up >0m/s and u; = 0m/s.
The left graph shows the velocity profile and the right graph shows the shear stress profile.

The pressure gradient can be derived by differentiating equation 2.5 with respect to x. This is shown in equa-

2.2
tion 2.7. For py > p3 the pressure gradient is minimum for g—;’ (x=0D= —’;?l—_pp;.
9 2_ 2
@w__ Pa"Ps for0<x<l 2.7)
0x Py 2
2-1\/ -2 x+p;

Next, one can determine the volume flow in x-direction per unit depth by integrating equation 2.6 across the
fluid height. This results in equation 2.8.
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h 3 ap uy+ up
= -dz=- -— -h 2.8
ey fo ua)-dz 12-4 0x 2 (2.8)
——

Poiseuille flow ~ Couette flow

Furthermore, the fluid can be assumed to behave as a Newtonian fluid (assumption 5 from section 2.2). This
means that by definition the shear stress in the fluid is proportional to the velocity gradient. The proportion-
ality constant which relates the two is the viscosity: 74, = u- ‘3—’;. From this and by substituting the derivative
of equation 2.6 follows equation 2.9.

1 op Uy — U
Ty = (2= 5 bl ——+p 2.9
X ( 2 ) ax H Ty (2.9)
Poiseuille flow Couette flow

To illustrate this, the shear stress profile for a Poiseuille flow is shown in the right graph of figure 2.2. Here the
shear stress is linear with the fluid height. Furthermore, the shear stress profile for a Couette flow is shown
in the right graph of figure 2.3. Here the shear stress is constant across the fluid height. In both figures on
the far right side, the shear stresses are drawn on a fluid element in positive sign convention. This shows that
the faster moving fluid pulls the slower moving fluid forward. While the slower moving fluid pulls the faster
moving fluid backward.

Finally, one can determine the viscous force in x-direction per unit depth acting on the substrate (Fy,j).
This viscous force can be obtained by integrating the viscous shear stress in x-direction between p» and ps.
Because the shear stress on the top of a fluid element is defined in positive x-direction, the shear stress acting
on the substrate is defined in negative x-direction (third law of Newton). Therefore a minus sign is in the
integral. The result is shown in equation 2.10. Note that £ is taken constant between p» and ps.

X3

X =

Uz — Uy 1
X2 2

uy — Uy
-l
h

~~

Poiseuille flow Couette flow

X3 1
fo,yzf ~Tx () -dx=—| 2 hep() + (2.10)
X;

2

h-(p2—p3)+u-

2.5. Restrictors

For air to enter the air film and to limit the air flow, a restrictor is added to the manifold. There are various
restrictors which can be used. Three basic restrictor elements will be discussed in this section.

For further analysis a similar model is used as in section 2.4, except now the model has a finite width of b in
y-direction. Also an inlet restrictor is added for air to enter the fluid film. An illustration is shown in figure 2.4
(a). Here p; > p2 > ps3 such that the air flows from p; to p» to ps. Note that in the model a wall is added on the
left side so that the fluid can only flow to the right. This system can be viewed as two resistances connected in
series. Such an analogy is similar to an electric circuit. This is shown in figure 2.4 (b). The mass flow through
the inlet restrictor must be equal to the mass flow through the air film, in order to have mass continuity. Let
us now express the mass flow for three different restrictors: capillary restrictor, thin film restrictor and orifice
restrictor.

2.5.1. Capillary restrictor

The first restrictor to discuss is the capillary restrictor shown in figure 2.5 (a). The mass flow through a capil-
lary restrictor is defined in equation 2.11. This equation is similar to the Hagen-Poiseuille equation, but then
for compressible flow. This equation holds only under the conditions that the flow is laminar (Re < 2300) and
that the tube has a large length to diameter ratio (I/d > 20) [28] [32]. The mass flow through a restrictor can
be defined by the local density p divided by a resistance term R and multiplied by the pressure difference over

the restrictor (p; — p2). Here the local density can be substituted by the averaged ideal gas law p = —g’};f;,
m-dt x-d* .
=0 e PL P2 = e e P 2.11
m=p 128-p-1 (pr—p2) 25611 Rg-T (p1-p2) 2.11
—

R-1
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Figure 2.4: (a) flow between substrate and manifold parallel to each other with an inlet restrictor for air to enter the air film. A wall is
added to the model to constrain only a flow to the right. The model has a finite width of b in y-direction. (b) equivalent model by using
a schematic overview.

2.5.2. Thin film restrictor

The second restrictor to discuss is the thin film restrictor which is shown in figure 2.5 (b). The mass flow for
such a restrictor can be derived by multiplying the volume flow (from equation 2.8) with the local density
in the restrictor. Here it is assumed that only a Poiseuille flow dominates in the restrictor. Furthermore the
thin film restrictor has a finite width of b. This results in equation 2.12. Note that assumptions 3 and 10 from
section 2.2 must hold. This means that equation 2.12 is only valid when the flow is laminar (Re < 2300) and
when the restrictor height is much less than the restrictor length (h < [/ and h <« b).

m:p. bh3 .(pl_pz):b.—hg.(pz_pz) (212)
12-u-1 24-p-1-Rg-T 1 T2
——
R71

2.5.3. Orifice restrictor
The third and last restrictor to discuss is the (inherent) orifice restrictor which is shown in figure 2.5 (c). The
mass flow for such a restrictor is shown in equation 2.13 [24] [25] [28] [32].

2 K+1
I R S [ A A e P2 2 Ve
Ca-Aori* D1 \/Rg-T 1 (Pl) (pl) ] 1fp12(K+1) 1
= 2.13
Cr A p- L.L.(Z)%_(Z)% -f&<(2)ﬁ e
d* Aori* P1 ReT x-1 ] o it =3

Here Cq is the coefficient of discharge which accounts for vena contracta' effects at the entrance to the fluid
film and for effects such as the sharpness of corners which the flow passes. The value of C4 can range between
0 and 1, but is often around 0.9. Furthermore Ay is the smallest passage area of the orifice which the fluid
has to flow through. For an inherent orifice restrictor this is often either the circular cross section area of
the orifice hole (r - d?/4) indicated in red or the cylindrical area (7 - d - h) in the fluid film connected to the
orifice indicated in green. The flow in the orifice restrictor is assumed to be isentropic, with « the ratio of the
specific heats (x = Z—s = 1.4 for air). The pressure ratio % is limited at the lower end. If the ratio is smaller

than the critical ratio (%) o (&) =0.528, then the orifice is said to be choked. This means that the
Cr1

flow reaches the speed of sound vsound = y/k - Rg- T and the maximum possible mass flow passes through

1Vena contracta is the point in the fluid where the flow diameter is at its minimum. For orifices this point is located slightly downstream
the orifice and results in an increase in velocity. This increase in velocity lowers the pressure.
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Figure 2.5: Top view and cross section view for various restrictors: (a) capillary restrictor where Re < 2300 and //d > 20,
(b) thin film restrictor where Re <2300, h < [ and h < b, (c) orifice restrictor where the smallest passage area A, is either the circular
area [7[ -d?/ 4) indicated in red or the cylindrical area (7 - d - h) indicated in green.

the orifice. The orifice can carry no additional mass flow, unless either Ay or p; is increased. At choked
conditions p, is linearly dependent on p; by the critical ratio. Important to emphasize is that equation 2.13
holds for turbulent flow of a compressible fluid.

2.6. Out-of-plane fluid analysis

With the in-plane parameters defined and expressions given for various restrictors, one can now determine
the out-of-plane parameters. With these parameters, insight can be obtained of forces in vertical direction
which act on the substrate and manifold.

In figure 2.4 the pressures at p; and ps are predefined values, which only leaves p, to be unknown. In order
to determine p, one applies the conservation of mass. Therefore the mass flow through the inlet restrictor
needs to be equal to the mass flow through the air film. The mass flow can be determined by multiplying the
local density with the local volume flow. This is shown in equation 2.14 between p; and ps. In equation 2.15
this is shown between p, and ps. The volume flow term can be further expressed by a resistance term R and
a pressure difference, as is explained in section 2.5. Here R; is the resistance in the inlet restrictor and Ry the
resistance in the air film as is shown in figure 2.4 (b).

. P1—P3

- . = LS 2.14
mi3 = P13 - 413 = P13 R+ R (2.14)
123 = P23 23 = P23 " P2=Ps (2.15)

R

Next, one can set 7113 = ritp3. Here the densities are computed with the ideal gas law and by linearly averaging
the pressure.

pitps 1 pi-ps_petps 1 pa-ps 2.16)
2 Rg-T Ri+Ry 2 Rg-T Ry ’

From equation 2.16 the value of p, can be determined which is shown in equation 2.17.

_ Ry 2_ .2 2
p2= \/R1+Rf (pi—p3)+p3 (2.17)
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Figure 2.6: (a) pressure profiles acting on substrate and manifold. (b) resultant forces in z-direction acting on substrate and manifold.

Now that p; is defined, one can compute the pressure profile described in equation 2.5. This pressure profile
acts on the substrate and manifold, as is shown in figure 2.6 (a). Furthermore, one can obtain the resultant
force of the air film pressure acting on the substrate and manifold in vertical direction. For this one can
integrate equation 2.5 in x- and y-direction. The result is shown in equation 2.18. The resultant forces on the
substrate are the pressure force by the fluid film (F;), the pressure force by the ambient pressure (Fypp) and
the weight of the substrate (Fs,p). These forces are shown in figure 2.6 (b).

L prb 1 2 _ 12 2 3_ 3 2 24 1o pa+ P2
Ffz:ff p(x)dydx:bf _pz p3x+p§dx:_blp§ pz:_blw (218)
0 Jo 0 ! 3 p;—p; 3 p2tp3

The location of the force Fy, can be determined by equation 2.19

2 p. 2. 2P PP

Rl xp@-dy-dx T VB 2PHAphpatbepmepiespd
S p-dy-dx 2.p.1. 570 5-(p5 +p2-ps+p3)- (p2+ps)
py;—P3

By dividing equation 2.18 by its surface (b [) follows the average pressure in the fluid film as is shown in
equation 2.20.

2 P3=P3_2 Py+pa Pt
3 pi-p; 3 p2+p3

Pavg = (2.20)

For static equilibrium the forces on the substrate in z-direction should balance one another, which results
in equation 2.21. The weight of the substrate is negligible compared to the pressure forces. Therefore the
pressure force below and above the substrate must be in equilibrium.

foll =0 foll
ZFZ=O 0, Ft; = Famp +% R, Pavg = Pamb (2.21)

Furthermore, due to the asymmetric pressure profile in the fluid the substrate experiences a pitching torque.
This pitching torque is computed for the moments about the centre of mass. This results in equation 2.22.

l
Z M, = —F;,- (E - i) (counter-clockwise is defined positive) (2.22)
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Finally, the stiffness of the fluid film can be determined. The stiffness is defined as the negative derivative of
the vertical force on the substrate with respect to the fluid height. This is shown in equation 2.23. Here p» is
substituted by equation 2.17.

by = L2 4 (Patpepatry
z dh 3 dh P+ p3
; i (2.23)
_ 24 (p%_p?%).RinRf+p?2)+(\/(p%_p§)'Ri+fRf+p§)‘p3+p§
=-Zblo ]
\/(p%_pg) Ri+fRf +p§+p3

Interestingly, in equation 2.23 only R; and Ry are dependent on h. If R; = 0(N/m?)/(m?/s) the stiffness be-
comes zero for every value of h. So, in order to have stiffness the inlet restrictor needs to be taken into account
in the design. But the derivatives of R; and Ry with respect to h are highly non-linear. An alternative way is
to approximate the stiffness with a Taylor series using a first order central finite difference. This is shown in
equation 2.24.

3 Fr, (h+Ah)— Fg, (h—Ah)

() = 2-Ah

(2.24)

2.7. Basic air film actuator

The previous sections describe the flow between two parallel surfaces which are separated by a height h. By
using sections with different values of & and by placing inlets and outlets at beneficial places, one can ma-
nipulate the applied force F, on the substrate. This may result in a net force which can actuate the substrate.
Let us demonstrate this with a basic air film actuator which is covered by a substrate. In figure 2.7 the layout
is shown for a single actuator cell. In figure 2.7 (a) the top view is shown of the actuator with the substrate
removed. The manifold consists of three sections: pocket, dam and side. In this example, the pocket contains
four inlets with pressure p, and four outlets with pressure ps. For this model the pressure in y-direction is
assumed to be uniform.
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(a) Top view of a basic air film actuator cell with the (b) Cross section A-A with substrate.

substrate removed.

Figure 2.7: Basic air film actuator cell. Only the air film above one actuator cell and below the substrate is analysed.

In figure 2.7 the fluid above the pocket has a length [, a width by and a height hp. The fluid above the dam
has a length lq, a width bq = by, + bs and a height hq. The fluid above the side has a length s = I, a width b;
and a height kg = hgy.

Now with the geometry described, one can calculate the performance of the actuator. Let us first calculate
the velocity profiles for each section. These can be computed by equation 2.6. The velocity profiles above the
pocket, dam and side are shown respectively in equations 2.25, 2.26 and 2.27.
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11 0
up—E-;-(zz—hp-z)-£+(ug—u1)-hip+u1 forosx=<1, (2.25)
u :1-l~(zz—h -z)-a—p+(u —u)-i+u for —lj<x<0 (2.26)
d 2 [ d Ox 2 1 hd 1 d=4A= .
u:l-l-(zz—h-z)-a—p+(u —u)-i+u for0<x<l (2.27)
S 2 L S Ox 2 1 hs 1 =A=ls .

Secondly, let us calculate the viscous force in x-direction generated by each section, acting on the substrate.
This is done by using equation 2.10 and applying a finite width. The viscous force for the pocket (Fp), dam
(Fq) and side (Fs) are shown respectively in equations 2.28, 2.29 and 2.30.

Uy —uz

1

Fy= 3 by hy-(p2=ps)+p- Iy by (2.28)
2 hy
1 uy—u

Fdz_i'bd‘hd‘(Pz—Ps)"‘#' 214+ by (2.29)
1 ur—u

Fo= 5 bohs (pa=ps)+p—— 1Dy (2.30)

S

The total viscous force generated by the actuator cell is the sum of the viscous forces. This is shown in equa-
tion 2.31. Here it can be seen that the force is linearly proportional to an actuation constant f; times the
pressure difference ( p2— pg), plus a viscous damping constant cyisc times (#; — u2). Note that the manifold is
stationary, thus u; = 0m/s at all time. The maximum velocity that the substrate can get is when the force due
to the Poiseuille flow balances with the force due to the Couette flow. This is equivalent of setting equation

fa, (p2 - p3).

2.31 equal to zero, which results in uy max =

Cvisc

lp-bp+ld-(bp+bs)+lp-bs

1
FfXZFp+Fd+Fs=E'bp'(hp—hd)'(pg—p3)+ h,, T “pe (u — up) (2.31)
~—_—
fa g

Cvisc

Next, let us now calculate the mass flow through the air film. For this one needs to know the resistances in
the system. In figure 2.8 all resistances of the actuator are visualized in a schematic overview. Here the total
resistance of the inlet restrictors for one actuator cell is presented by R;. The resistance through the pocket,
dam and side are respectively Ry, Rq and Rs. Finally, the total resistance of the outlet restrictors for one actu-
ator cell is presented by R,.

Often the resistance of an outlet restrictor is small compared to the other resistances in the system, because
of two reasons. The first reason of having a low resistance at the outlet restrictor is that p3 = py, this results
in a maximum pressure difference between p, and ps. The second reason for a low resistance at the outlet
restrictor is because the resistance of the outlet restrictor has an adverse influence on the vertical stiffness of
the air film. Therefore R, = 0 (N/m?)/(m3/s).

The resistances in the air film are calculated by equation 2.12. The resistance for the air film above the pocket,
dam and side are given respectively in equations 2.32, 2.33 and 2.34.

_12-p-l

= 2.32
P= i (232)
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Figure 2.8: Schematic overview of all resistances of a basic air film actuator.
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(2.34)

These three air film restrictors are connected to each other in parallel. The equivalent restrictor for the total
air film in the actuator is given in equation 2.35.

12-p-1y- 1
_ Hiptd (2.35)

1
Re=
}%p+}+d+}%s (bp~hi?),+bs‘hg)'ld+(bp+bs)‘lp~hf1

When an operation pressure p» is known, one can calculate the associate mass flow between p, and p3. This
mass flow is shown in equation 2.36 and is equal to the mass flow which is needed to supply the actuator cell
(ri = minp3).

2 2
=g =pp P81 P2 P (2.36)
Ry 2:Rg-T R ’

Finally, one can determine the ratio between the viscous force and the mass flow: Fg/r1. It is beneficial to
design an air film actuator with a large Fy/ i1, this minimizes the air consumption of the system.

To conclude this chapter, we have now described and explained the most important parameters for designing
an air film actuator. The insights will be used in chapter 3 for designing a realistic air film actuator.






Design

In this chapter the theory from chapter 2 is used to design a demonstrator which can actuate a piece of flexi-
ble substrate with the use of air film actuators. First in section 3.1 the design requirements will be explained.
Secondly in section 3.2 a top-down approach will be used to translate the abstract requirements into con-
crete requirements, which are traceable to design parameters. In section 3.3 a conceptual design is made.
This conceptual design explains what the layout will be for the motion system. Thereafter, in section 3.4 the
design and analytical performance of each individual actuator cell are determined. Also is explained how the
actuator cells are integrated in the design. Subsequently in section 3.5 the pneumatic components are de-
scribed and modelled. In section 3.6 the control and response of the motion system are determined. Finally,
in section 3.7 a brief overview is given of the final design.

3.1. Design requirements

As mentioned in section 1.1, a contactless air film actuator could provide an alternative solution for the cur-
rent motion system. One of the main benefits is that a contactless air film actuator has only the substrate
as moving mass which results in lower required actuation forces. Furthermore, there is no horizontal stiff-
ness between the actuator and the substrate which reduces external horizontal disturbances to interfere with
the substrate position. Lastly, no cooling is required to operate the valves which may simplify the design.
This could result in less components and a cheaper design. To compete with the current motion system the
following three design requirements are made:

1. The current motion system from Nexperia is capable of moving the substrate with 50 mm in x-direction
within 50 ms. Here the substrate is at standstill, at the start and end of the displacement. To compete
with the performance of the current motion system these parameters must be the same.

2. In the current motion system from Nexperia the substrate is mainly translated in x-direction and is able
to make small corrections in y-direction. For simplicity of the air flow and the design, it is chosen to
limit the demonstrator to only have one degree of freedom which is in x-direction.

3. One of the main disadvantages of the current motion system from Nexperia is that the relative large
translations of 50 mm require large torques from the electric motors to accelerate and decelerate the
mass of the drum. The main goal of this thesis is to come up with an alternative solution which can
perform these relative large translations. For this research the substrate translations are more impor-
tant than the position accuracy. Therefore, it is aimed to have an accuracy of +1 mm rather than +3pum
which is the capability of the current motion system.

3.2. Top-down approach

Before dimensioning a motion system, one can break down the abstract requirements from section 3.1 by
a top-down approach. The abstract requirements can be translated into concrete requirements, which are
traceable to design parameters. First, in section 3.2.1 the required displacement is translated into a realistic
trajectory, which is determined with a trajectory planner. This results in a trajectory with a maximum acceler-
ation of 160 m/s?. Secondly, in section 3.2.2 the required positioning accuracy is translated into a minimum

19
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required bandwidth of 56 Hz. The maximum acceleration and minimum bandwidth will be used in following
sections to design the motion system.

3.2.1. Trajectory planner

To determine the maximum needed acceleration (and thus actuator force), which provides the desired mo-
tion of 50 mm within 50 ms of the substrate, a 3rd order trajectory planner is used. A trajectory planner is an
algorithm to calculate an allowable trajectory in time for an unconstrained degree of freedom. In our case
we are looking for the trajectory of the substrate in x-direction with the lowest bound on the acceleration and
which has a realistic rise time behaviour. Subsequently, with feedforward control a force can be generated to
perform an acceleration of the mass in accordance with the desired trajectory, determined with the trajectory
planner. Any disturbance or unmodelled behaviour, which varies from this desired trajectory, is compensated
with feedback control.

There exist different types of trajectory planners. The bound on the highest order derivative term with respect
to the associated degree of freedom, determines the type of trajectory planner. So, a 2nd order trajectory plan-
ner has a bound on the acceleration and could have bounds on its lower order derivative terms. While a 3rd
order trajectory planner has a bound on the jerk (derivative of acceleration) and could have bounds on its
lower order derivative terms. Interestingly, 3rd and higher order trajectory planners include rise/fall time
behaviour of the plant. In this thesis we will limit ourselves to 3rd order trajectory planners, because higher
order trajectory planners may lead to a considerable increase in execution time of the trajectory, often with-
out a clear mechanism for finding a time optimal solution.

A trajectory planner adds three benefits to the controller. The first benefit of a trajectory planner is that it pro-
vides an approach for designing an appropriate trajectory, which complies with the behaviour of the plant.
Such an approach is not provided by feedforward control. The second benefit of a trajectory planner is that it
lowers the position error. This reduces the feedback control actions, which provide less chance of demand-
ing a motion which is physically impossible or dangerous to perform by the given motion system. The third
benefit is that the settling time is reduced when arriving at the desired endpoint, because the dynamics of the
controlled system are reduced.

Now let us explain the chosen trajectory with a 2nd and 3rd order trajectory planner. For a 2nd order trajec-
tory planner the lowest bound on the acceleration is an acceleration profile which accelerates at maximum
acceleration in the first half of the period and thereafter brakes at maximum deceleration in the second half
of the period. Here it assumed that amin = —amax. This acceleration profile also ensures that the velocities at
the begin position and end position are 0 m/s. The needed constant acceleration any,x can be calculated by
knowing that during the acceleration period, half of the total displacement has been travelled. This results in:

_ 2(xo/2) _ 2(0.050/2)
Amax = 2 = 2 =

(toer2)”  (0.050/2)

termined as is shown with the blue line in figure 3.1 where amax = 80m/ s? and amin = —80m/s?. By integrating
once one can obtain the velocity profile and by integrating twice one can obtain the position profile, which
are shown also in figure 3.1. This results in a displacement of 50 mm within 50 ms as desired with a maximum
velocity of 2m/s. Note that the associated jerk profile is zero everywhere, except for t =0s or £ = 0.05s where
the jerk is +oom/s® and for t = 0.025s where the jerk is —oco m/s3. Because 2nd order trajectory planners have
inherently a jerk that is unbounded, the acceleration profile is discontinuous.

80m/s?. Now the acceleration profile for the 2nd order trajectory planner is de-

Lets move on to 3rd order trajectory planners. For this we are looking for a trajectory which results in a dis-
placement of 50 mm within 50 ms with the lowest maximum jerk. This is the case where the change in acceler-
ation is the slowest (worst case scenario). The result is a triangular acceleration profile. The required jerk has a
square shaped profile, which can be divided into four sections with constant jerk. Here it is assumed that jnin
= — jmax. The needed constant jerk jmax can be calculated by: jmay = —22— = —000 - — 1 28.10*m/s%.
2(to/4)”  2:(0.050/4)
The corresponding jerk profile is shown with the red line in figure 3.1. By integration one can obtain the
associated acceleration, velocity and position profiles which are also plotted in figure 3.1. This results in a
displacement of 50 mm within 50 ms as desired with a maximum acceleration of 160 m/s®. One could in-
crease the value of jnax, which results in a truncated triangular acceleration profile and lowers the maximum

acceleration. An example is shown by the yellow line in figure 3.1, which has a maximum jerk of 2-10* m/s3
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Figure 3.1: Second and third order trajectory profiles.

and a maximum acceleration of 100 m/s?. Using even a higher maximum jerk will approximate the blue line.
But a large jerk demands a fast rise time effect (change of acceleration) of the motion system. Therefore it
is chosen to use the red line in figure 3.1 for the design process. This states that the motion system we are
designing should have a maximum acceleration of at least 160 m/s?>. More information and a derivation of
3rd order trajectory planners is shown in [14].

3.2.2. Required system bandwidth and stability

A specification of the system performance in terms of frequency response is the bandwidth. In the context
of precision positioning systems the term bandwidth is defined as the range from 0 Hz until the unity-gain
cross-over frequency (f), where the amplitude of the open-loop frequency response passes a value of one.
For most common situations, this is the point where the amplitude of the frequency response traverses from
amplification to attenuation (from low to high frequency). It is this open-loop gain that determines the sup-
pression of output disturbances. Thus a high bandwidth indicates a large suppression of output disturbances
and thus relates to a high accuracy performance of the total system.

% ref = 1600 - 77° - COS (40 - 71 - 1) 3.1)

Xref =40-7m-5in(40-7- 1) (3.2)

Xref = —C0OS(40-m-1)+1 (3.3)
1

Xref = ~ 70 sin(40-w- 1) +¢ (3.4)

To estimate the required bandwidth, a contactless positioning model is used. The motion system has to fol-
low a reference trajectory of 50 mm within 50 ms within +1 mm accuracy as mentioned in section 3.1. This
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reference trajectory can be modelled as a sinusoidal periodic motion with a velocity profile which has an am-
plitude of 1 m/s, an offset of 1 m/s and a frequency of (Wlso =) 20 Hz which the substrate has to follow (see
equation 3.3). By integrating and differentiating the associated jerk, acceleration and position profiles can be
calculated. These are listed in equations 3.1, 3.2 and 3.4 respectively. These equations are also plotted by the

purple lines in figure 3.1.
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Figure 3.2: Virtual spring between substrate and reference point.

The substrate has to follow a virtual reference point in time which is equal to x.e¢. This is visualized by the
model in figure 3.2 where there is a virtual spring between the the reference point and the substrate. When the
mass of the substrate is 1.058 g (see appendix C.1), the peak amplitude of the force (Fpeak) that corresponds to
the peak acceleration equals to [1.058 -107%.40- 7 =) 133 mN. The maximum allowable error (derror) between
the reference point and the substrate position is 1 mm. The minimum required stiffness of the virtual spring
kyir to stay within the maximum allowable error is calculated in equation 3.5.

Fpeak 133 1073
6error - 1-1073

Kvir =

=133N/m (3.5)

Finally, the undamped natural frequency (f;) of the substrate mass with the virtual spring is calculated in

equation 3.6.
1 Kvir 1 133
= = —_— —_— —:56H 36
fow=fo=57 \ maw  2-7 V 1.058-1073 z (8.6)

Connecting the substrate to a virtual reference point by a physical spring is not possible. Therefore a virtual
spring is created. For the motion system this is achieved by the proportional part of a feedback controller,
which creates a proportional counteracting force. This force is generated by air film actuators which are
controlled by the feedback controller. For this active system f; represents the maximum tracking frequency,
called bandwidth (fgw). When the reference point frequency is above this bandwidth frequency the active
system is not able to track the reference point within the accuracy range of + 1 mm.

Aside from bandwidth, feedback controlled systems also have to consider the stability of the motion system.
Closed-loop stability can be determined by the character of the open-loop frequency response. The stability
condition states that the total phase of the open-loop system must be larger than —180° in the frequency
region of the unity-gain cross-over frequency (f). In equation 3.7 this is shown in mathematical terms.

Z(C(j-we) G(j-wc))>-180° 3.7)

Here C is the transfer function of the controller, G the transfer function of the plant, j the imaginary number
(not to be confused with the jerk) and w, (=27 f;) the unity-gain cross-over frequency in radians. Design-
ing a motion system which has a phase close to —180° (for example —179°) at f. is not practical. Because a
small additional time-delay or phase-lag would decrease the phase below —180° which makes the closed-loop
system unstable. That is why we use a phase margin (Omargin) of 35° to prevent this situation from happen-
ing. Furthermore, it is known from PID-controllers that they can add a maximum phase of 90°. With these
stated, one can reformulate equation 3.7 as a design criteria for stability which is given in equation 3.8. By
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substituting the variables this results in equation 3.9.

LC(j-we)+£G(j-wc) > —180°+Omargin (3.8)
ZG(j-wc) > -235° (3.9)

From equation 3.9 it can be seen that the plant should have atleast —235° at f; in order to have a stable system.
Now one can compare fpw with f. from equations 3.6 and 3.9. From this one can state a more general design
criteria which includes the required performance and ensures that the motion system is stable. This is shown
in equation 3.10. This equation states that the plant should be designed to have a phase more than —235° at
56 Hz to meet the required accuracy of + 1 mm and have a stable closed-loop system.

ZG(j-2-m-56)>—-235° (3.10)

3.3. Design concept

Now that the required performances are described, one can come up with a concept for the design. Using air
film actuators, it is chosen to actuate the substrate on both sides of the substrate as will be explained in this
section.

As is shown in section 1.2 a substrate can be actuated by using air film actuators on one side of the substrate.
This concept is shown in figure 3.3. Within the air film actuators gauge pressure is used at the inlets and vac-
uum pressure is used at the outlets. With this a vertical force equilibrium is established on the substrate, such
that the substrate is kept at a steady fly height. As is shown in previous work [26], when a flexible substrate
is used it gets pressed to the surface at the outlets where the pressure is vacuum. So unless the substrate
behaves rigid (or at least very stiff), this concept will not work contactless.

y y m manifold
Z X M air film actuators
substrate

encoder scale

TZ_x'_

Figure 3.3: Single sided substrate actuation concept. Here the thickness of the air film actuators, substrate and encoder scale are
exaggerated to visualise the components.

Another concept would be to actuate the substrate on both sides. This concept is shown in figure 3.4. Such an
idea was also mentioned in [26] and [30]. The concept shows much resemblance with opposed pad bearings.
An advantage of actuating the substrate on both sides is that it does not need vacuum pressure at the outlets.
Instead it uses the pressure profiles on both sides of the substrate to keep the substrate at a steady fly height.
Ideally when the pressure profiles are identical, there is no substrate deformation. Furthermore, in contrast to
a single sided actuated substrate, the stiffness and horizontal force can be increased much further by simply
increasing the inlet pressure. Therefore it is decided to actuate the substrate on both sides.

For the placement of the air film actuators three things should be taken into account. First of all, the actuators
should cover as much as possible of the substrate. With this the substrate is evenly supported as much as
possible, which prevents the substrate from touching the manifold surfaces. Secondly, the mid section of
the motion system should be accessible for a linear encoder system. For this a readhead should be able
to be placed under the substrate. Also a scale must be able to be placed on the substrate. The readhead
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y y M manifold
Z X M air film actuators
substrate

| encoder scale

Figure 3.4: Double sided substrate actuation concept. Here the thickness of the air film actuators, substrate and encoder scale are
exaggerated visualise the components.

can measure the position of the substrate. Thirdly, there should be enough dam area near the edges of the
substrate. Because in previous work [31] it is encountered that at the edges the substrate tends to vibrate the
most. Also the dams prevent large flows from the inlets to the edges.

10

[ h %{

I manifold

W dam

@ actuator cell
[ substrate

[0 encoder scale

55.5
15.5

[y ‘ 140
X

Figure 3.5: Layout of the actuators cells. Top view of the double sided substrate actuation concept with the upper manifold removed.
The dimensions are in millimetres.

Based on this reasoning the placement of the actuator cells is determined. In appendix C.3.1 is explained
that the readhead of the encoder system has a width of 13.5mm. Thus it is decided to have a gap in the
middle of the manifold with a width of 15.5 mm to place the readhead. Furthermore, it is chosen to use a
substrate with a width of 55.5 mm. Therefore an actuator cell with a width of 10 mm can be placed on either
side of the encoder scale. With this each actuator cell has a dam area which has a distance of 5 mm before
reaching a substrate edge or an unsupported substrate section. At last the length of the dam is chosen to
be 140 mm. With this the encoder scale can travel a distance of 50 mm to the left or to the right, while the
substrate sections alongside the encoder scale are always supported by an air film above a dam. This results
in having space for sixteen 10 mm by 10 mm actuator cells per manifold. The actuator cells layout is shown
in figure 3.5.

3.4. Actuator cell design

In this section the design of a single air film actuator cell will be shown. The goal is to design an efficient
actuator cell which can generate a force that can accelerate the substrate with 160 m/s?. This will be explained
in section 3.4.1 Furthermore, the actuator cell should be able to provide a significant vertical stiffness to
reduce vibrations of the substrate. This will be discussed in section 3.4.2. Lastly, the integration of the actuator
cells in the manifold is shown in section 3.4.3.
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3.4.1. Actuator cell performance

As mentioned in section 3.2, the substrate needs to be accelerated with a maximum acceleration of 160 m/s?.
Also as explained in appendix C.1 the substrate has an estimated mass of 1.058 g. That is why the maximum
force required on the substrate is 169 mN.

As mentioned in section 3.3 the design space for each actuator cell is 10 mm by 10 mm. In total there are 16
actuator cells on each side of the substrate. So in total there are 16 actuator cells for generating a force in
the negative x-direction (left) and there are 16 actuator cells for generating a force in the positive x-direction
(right). Therefore each actuator cell should at least generate a maximum force of 169mN/16 = 10.6 mN. In-
stead of 10.6 mN it is chosen to generate at least 16.5 mN per actuator cell, for additional safety margin.

pocket side
\\ //
N\
\ //
\ 7
T L
dam.__ F © (|
) |
P g
|
| ik
b o) q
| : substrate
I 1 = )
L =
----- R O « -- I W
T P ------------- — —f b . > =
A \\\ A | | : f '
| | . |
\ manifol
\ NN A I
\ Py P aeL Py
side L
y Z
e .
(a) Top view of a square air film actuator cell with substrate (b) Cross section A-A with substrate.
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Figure 3.6: Air film actuator cell with a square geometry. Only the air film above one square actuator cell and below the substrate and is
analysed as indicated in the figure.

Let us first look at a square geometry design, because it reduces the number of variables and simplifies the
equations. The geometry of a square actuator cell is similar to figure 2.7, only now the geometry is strictly
square with length L as shown in figure 3.6. Here the pocket has a length of [, = a - L and the dam has a
length Iy = (1 - @) - L, where a can vary between 0 and 1. Lastly the film height between the pocket and the
substrate is defined by h;, = - hq and the substrate speed in positive x-direction as u» = ug,p. With these new
parameters the force generated by the actuator cell from equation 2.31 can be simplified to equation 3.11.
Also the mass flow through the air film from equation 2.36 can be simplified to equation 3.12.

1 1 L?
FfX:—-a-(ﬁ—1)~hd-L-(p2—p3)—((——1)-a2+1)-—-p-usub (3.11)
2 B hq
h3 1 1
. d 3 2 2
= AP -1+ —— | ——— (p2- 12
= (ﬁ +a_a2) TR T (P2 - p3) (3.12)

Now with equations 3.11 and 3.12 the actuator cell force and mass flow can be determined. For this the
following model design considerations are made:

¢ The target film height is g = 10um, because the air flow scales with hg. So it is desired to have a film
height between the dam and the substrate to be as small as possible.

» The pressure at the inlet p, is 3 bar and at the outlet the pressure pj3 is 1 bar, because there is at least
5bar supply pressure available and the outlet restrictor is assumed to be R, = 0 (N/ m?)/(m3/s). So itis
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expected there is a total pressure drop of 4 bar between p; and p3. From previous work [30] [31] it is
shown that often an inlet restrictor is chosen where half of the pressure drop is over the inlet restrictor
and the other half of the pressure drop is over the air film restrictor, because then the stiffness is optimal
in case the air is incompressible. Therefore the design target for p, is 3bar.

¢ The design space for a single actuator cell is 10 mm by 10 mm, therefore L = 10mm

¢ The actuation force per actuator cell should be at least 16.5 mN in order to accelerate the substrate with
160 m/s?.

¢ The speed of the substrate is 1 m/s when it has an acceleration of 160 m/ s? (see figure 3.1). Therefore
Usyb = 1m/s.

With these design considerations, values can be chosen for @ and . These are varied in the range: 0 < a < 1
and 1 < f < 4. With these equations 3.11 and 3.12 can be substituted.
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Figure 3.7: The actuation force over mass flow ratio Fg /¢ in Figure 3.8: The actuation force Fg, in mN. The red line indicates
N/(kg/s). The red line indicates where Fg, = 16.5mN. where Fp, = 16.5mN.
The black plus symbol indicates the chosen value of 228 N/(kg/s) at The black plus symbol indicates the chosen value of 16.9 mN at
a=0.85and 8 =3.0. a =0.85and §=3.0.

Figure 3.9: The air mass flow r¢ in kg/s. The red line indicates Figure 3.10: The air volume flow g¢ in L/min at atmospheric
where Fp, = 16.5mN. pressure. The red line indicates where Fg, = 16.5mN.
The black plus symbol indicates the chosen value of 7.41-1072 kg/s The black plus symbol indicates the chosen value of 3.63 L/min at
ata =0.85and § =3.0. a=0.85and §=3.0.

First lets us look at the performance ratio. This is the ratio between Fy and rits and determines how much
force the actuator cell generates per unit mass flow of air. This ratio is also described in previous work [25] [30]
and indicates how efficient a design is. This performance ratio is plotted in figure 3.7. For an efficient design
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Figure 3.11: The air film resistance Ry in (N/m?2)/(m?3/s). The red line indicates where Fy, = 16.5mN.
The black plus symbol indicates the chosen value of 6.42-10% (N/m?)/(m3/s) at @ = 0.85 and 8 = 3.0.

it is desired to have a high performance ratio. The red line indicates for what values of a and f the actuation
force is equal to 16.5 mN. The red dashed line indicates in which direction the actuation force decreases. An
overview of the actuation force is shown in figure 3.8. To meet the required actuation force of 16.5 mN and
have an efficient actuator cell the values @ = 0.85 and 8 = 3.0 are chosen for the design which results in a
performance ratio of 228 N/ (kg/s) with an actuation force of 16.9mN. The chosen values are indicated by a
black plus symbol.

Next let us look at the mass flow through a single actuator cell. The mass flow is plotted in figure 3.9 with
the chosen value of 7.41-107° kg/s. The same air flow is also plotted in figure 3.10, but then in L/min at at-
mospheric pressure. The actuator cell design consumes 3.63 L/min of air. At this point it is good to check the
Reynold number for the flow over the actuator cell, because the equations for the thin film restrictor only hold
when the flow is laminar (Re < 2300). The Reynolds number is given in equation 3.13 as derived in appendix
B.4.4. Note that uayg - p = v/ (b- h). Here uayg is the average velocity across the fluid height,  the film height
and b the film width.

Rezﬁzi (3.13)

v b-u
The Reynolds number for the pocket, dam and side section are respectively Re,, Req and Res. These are
calculated in equation 3.14. Here the largest Reynolds number is 384, which is at the pocket section. Thus the
flow is laminar for all fluid film sections.

Rey= 0 _ 591107 =384 (3.14a)
P by-p 850-1073-1.81-1075
Req= M4 _ L46-107° =81 (3.14b)
bq-p 10.0-1073-1.81-1075
1y 3.86-1077
Res 14 (3.14¢)

“bs-u 1.50-103-1.81-10°

Lastly, the flow resistance of the air film (Ry) is plotted in figure 3.11 with the chosen value of 6.42 - 10° (N/m?3)/(m3/s).
In section 3.5.2 it will be shown that a low flow resistance is desired in order to build up pressure quickly in

the air film. But the mass flow is inversely proportional to the flow resistance as shown in equation 3.12. So

one has to balance between mass flow and flow resistance.

3.4.2. Actuator cell stiffness
Now that the geometry of an actuator cell is specified, one can choose the inlets for the actuator cell. These
inlets supply air to the air film. The inlets inherently have a flow resistance which has two purposes. The first



28

3. Design

purpose is that it partly determines the vertical stiffness of the air film. The second purpose is that it partly
determines how fast the pressure builds up in the air film. The effect of the vertical stiffness is discussed in
this subsection. The effect of the pressure build up will be explained in section 3.5.2.

First let us look at how the flow and flow resistance of the air film change when hy is varied for the cho-
sen geometry. For this analysis the actuator dimensions are kept constant, which were determined in sec-
tion 3.4.1. Also py = 3bar and p3 = 1bar as before. The film thickness above the dam is varied in the range
Oum < hy < 30pum. The resulting mass flow and volume flow are shown in figure 3.12 and 3.13 respectively.
This shows that the flow increases exponentially when the film height increases. Figure 3.12 or figure 3.13
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Figure 3.12: Mass flow through the air film above the actuator cell.

Here the design operating fly height is 1 = 10um where
rg=7.41-10"2kg/s.
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Figure 3.13: Volume flow through the air film above the actuator
cell. Here the design operating fly height is hj = 10um where

gr = 3.63L/min at atmospheric pressure.

emphasises why it is important to operate at low fly heights, otherwise a large flow is required to maintain
a pressure of p, = 3bar. Furthermore, the air film resistance is shown in figure 3.14. Here is shown that Ry

decreases exponentially when the film height increases.
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Figure 3.14: Flow resistance of the air film above the actuator cell. Figure 3.15: Flow resistance of the inlet of an actuator cell. The inlet

Here the design operating fly height is 1 = 10um where
Rp=6.42-10° (N/m?)/(m3/s).

resistance (R;) is modelled by 4 orifice restrictors (R;i) connected

in parallel. Each orifice restrictor has a diameter d,;. Here the
design operating fly height is 73 = 10pm where

Rj =4.10-10 (N/m?)/(m3/s).

Secondly let us look at the inlet restrictors. It is chosen to use orifice restrictors instead of capillary restrictors

because of the following two reasons:

1. Orifice restrictors ensure larger stiffness and lower flow resistance than capillary restrictors [31].
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2. Capillary restrictors are only predictable when the length over diameter ratio is large (I/d > 20) and the
flow is laminar (Re < 2300). In previous projects [9] [30] the manufacturing and integrating of these
restrictors into a design have been challenging. It is also encountered that inlet restrictors often have
turbulent flow when working with pressure drops of a few bar over the inlet restrictor. While orifice
restrictors do not need large length over diameter ratio and can be modelled for turbulent flows.

The mass flow through the inlet restrictor has to be equal to the mass flow through the air film. An inlet
restrictor can consist of multiple orifice restrictors in parallel. With this said, one can solve equation 2.13 for
p1. Here pressure p, = 3bar and the mass flow through a single orifice restrictor is i, = #izg/ n, where n is
the number of orifice restrictors for the inlet of an actuator cell. Also it is assumed that C; = 0.9. The smallest
passage for the fluid to go through has an area Aqi = 7 - dori - hp, which is true for hy < dyi/4. Where dyyj is
the orifice diameter and k), the film height in the pocket. When solved for p;, one can determine the flow
resistance for one orifice restrictor with equation 3.15.

Rori = 5 ———— (3.15)

With this the total flow resistance of the inlet for one actuator cell is Rj = Ry;i/n. In figure 3.15 the flow
resistance of the inlet for one actuator cell is shown when four orifice restrictors (n = 4) are used. To show the
influence of the orifice diameter, different diameters are modelled. One could model more than four orifices
per actuator cell, but Ag,; scales linear with 7 -7 - dori - hp. The associated required pressure p; is shown in
figure 3.16, which is needed to get a pressure of p, = 3bar. When p; = 3.00bar/0.528 = 5.68bar the inlet
becomes choked. This is indicated with an asterisk symbol in figures 3.15 to 3.18. The design operating film
height between a dam and the substrate is 10 um. Therefore a diameter of 0.1 mm is invalid to use, because
the orifices become sonic before p;, reaches 3 bar. A diameter of 0.2 mm could be valid, but if /4 increases to
11.9um the inlet becomes sonic. So an orifice diameter of 0.3 mm is selected. At the operating fly height of
10 um a pressure of p; = 3.76bar is required to have a pressure of p, = 3bar. This results in a Mach number
of 0.577 at p, and a Reynolds number of 4344 in the inlet. The flow resistance graph in figure 3.14 can be
added to the flow resistance graphs in figure 3.15 which results in the total flow resistance for one actuator
cell Ryct = R; + Ry, which is shown in figure 3.17.
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Figure 3.16: Required pressure p; to get p» = 3bar. When Figure 3.17: Total flow resistance of one actuator cell Ract = Rj + Ry.
(&) _ =0.528 the flow reaches Ma = 1.0, which is indicated with Here the design operating fly height is kg = 10um where
P1 ) crit Ract = 1.05-1010 (N/m?)/ (m3/s).

an asterisk symbol. For hy = 10um the pressure
p1 =3.76-10° N/m?

At last, the vertical stiffness can be determined. By using equations 2.23 and 2.24 one can approximate the
vertical stiffness. The stiffness is shown if figure 3.18. It is chosen to have a large stiffness as possible, because
it is desired to suppress any unmodelled out-of-plane disturbances from substrate vibrations. No larger di-
ameters than 0.3 mm are considered, because this would reduce the stiffness. With d,;; = 0.3 mm the vertical
stiffness is 5.44 - 10 (N/m)/m? per actuator cell at the operating point of g = 10um.
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Figure 3.18: Stiffness per unit area per actuator cell. Here the design operating fly height is h3 = 10um where kz =5.44-10° (N/m)/m?
for dgri = 0.3mm.

3.4.3. Manifold design

Now that the dimensions of the actuator cells are specified, the design of the manifold can be drawn. Using
the concept described in section 3.3 and the design of the actuator cells of section 3.4.1, a three dimensional
drawing is made in SOLIDWORKS 2016. The result of the bottom manifold is shown in figure 3.19.

Figure 3.19: Three dimensional view of the bottom manifold made in SOLIDWORKS 2016.

Here it can be seen that a single manifold contains sixteen air film actuator cells. On the sides of the manifold
are ducts where air can flow to the inlet or from the outlet of an actuator cell. Furthermore, the top view of the
bottom manifold is shown in figure 3.20. As mentioned in sections 3.4.1 and 3.4.2 the pockets have a length
and width of 8.5 mm and the inlets have orifice restrictors with a diameter of 0.3 mm. For the outlets it is
chosen to have orifice restrictors with a diameter of 1 mm such that R, << R;. In each actuator cell at the inlet
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Figure 3.20: Top view of the bottom manifold made in SOLIDWORKS 2016. Here the yellow arrows indicate the actuator cells generating
an actuation force to the right and the red arrows indicate the actuator cells generating a force to the left.

there are four orifice restrictors and at the outlet there are four orifice restrictors. In figure 3.20 the yellow
arrows indicate the actuator cells generating an actuation force to the right and the red arrows indicate the
actuator cells generating an actuation force to the left. The space between each actuator cell is 5 mm, because
this is the smallest distance to place two fittings next to each other.

Figure 3.21: Cross section of the bottom manifold of the xy-plane. The manifold is viewed from below.

To show the routing of the ducts, a cross section of the bottom manifold of the xy-plane is made. This is
shown in figure 3.21. The cross section is viewed from below. Here the entrances of the ducts for the inlets
are tapped as is shown in the figure. With these tapped holes M3 fittings can be installed to connected these
ducts to valves. In figure 3.22 a close up is made of the first three actuators cells of figure 3.20, counted from
the left down corner. Here one can see more closely the placement of the orifice restrictors at the inlets and
the orifice restrictors at the outlets. In figure 3.23 a cross section of the xz-plane is shown of the same three
actuator cells. Here one can see how the ducts are connected to the actuator cells via inlet restrictors and
outlet restrictors.
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Figure 3.22: Close up of the first three actuators cells. Figure 3.23: Cross section of the same three actuator cells as figure
3.22. The cross section is in the xz-plane.

3.5. Pneumatic management

In the previous section the design of an actuator cell was explained. Each actuator cell is controlled by air
pressure. The management of the pneumatics in the motion system is described in this section. In subsection
3.5.1 the connections between a valve and the manifolds is explained. Thereafter, in subsection 3.5.2 the
modelling of the pneumatic circuit is described. In the final subsection 3.5.3, the choice and modelling of a
valve is explained.

3.5.1. Tubing

In order have a fast responsive system, the volume of air between the valve and an actuator cell has to be
as small as possible. In section 3.5.2 it will be explained why it is beneficial to have as little volume or air in
the connection between the valve and an actuator cell. The volume would be minimum if valves could be
directly placed and connected to an inlet of an actuator cell. Unfortunately, such valves do not exist yet on
the market. So for now plastic tubes (and fittings) are used to connect a valve to an actuator cell. In the design
a single valve is connected to four actuator cells.

The smallest tubing found is the PUN-H-2x0,4 from Festo 1 1t has an inner diameter of 1.2 mm and an outer
diameter of 2 mm. It has a minimum relevant-flow bending radius of 8 mm where it has no flow rate reduc-
tion. Lastly, it has an operating pressure between —0.95 bar and 10 bar (gauge pressure).

Next to the tubing, also a fitting is needed to connect the tubes to the valve and manifold. The chosen fitting is
the QSM-M3-2-I also from Festo. The outer diameter of the fitting is 5 mm. This means that the dam section
between two actuator cells needs to be at least 5 mm in order to place two fittings next to each other. On one
end of the fitting it has a push-in connecting for tubing with 2 mm outer diameter. On the other end it has a
M3 external thread. On the inside of the thread it has an internal hex which can be used for a hex key to fasten
the fitting to a threaded hole.

In the design the total volume of air between one valve and four actuator cells is V; = 4.68-10""m?. This is
the volume which will be used in section 3.5.2 to model the capacitance behaviour of the compressible air.

3.5.2. Pneumatic circuit model

A pneumatic circuit model with lumped components is used to describe the fluid flow in the system. The
pneumatic circuit is similar to an electric circuit, but instead of charge conservation it needs to have mass
conservation at each node.

The pneumatic circuit consists five components: a valve, plastic tubes (and fittings), inlet restrictors, thin film
restrictors and outlet restrictors. To simplify the model the following assumptions are made:

1. When the valve is closed, the flow resistance over the valve is infinite. In this case no air can flow from
the air supply through the valve. When the valve is open the resistance is negligible small compared to
the resistances of the inlet restrictor and thin film restrictor.

Mhttps://www.festo.com
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Figure 3.24: Pneumatic circuit for one valve configuration.

2. Each valve is connected to four actuator cells by plastic tubes (and fittings). The volume of air that
can be stored in the tubes between one valve and four actuator cells is V; = 4.68- 10"’ m3. This volume
is much larger than the volume of air that can be stored in the other components. That is why it is
assumed that the capacitance-effect is dominant in the tubes and negligible in the other components.
However, the flow resistance through these tubes is negligible small compared to the resistance in the
thin film restrictor.

3. Between each tube and each actuator cell is an inlet restrictor with R; = 4.10-10° (N/m?)/(m?/s). Each
inlet restrictor (R;) consists of four orifice restrictors (Ryyi) as explained in section 3.4.2. The combined
volume of four orifice restrictors is V; = 7.07-1071m3, which is negligible to the volume in the tubes.
Hence, the capacitance in the inlets are neglected.

4. After the inlet restrictors, the air flows to an actuator cell. The flow resistance over an actuator cell can
be described by a thin film restrictor with Ry = 6.42- 10° (N/m?)/(m3/s), as explained in section 3.4.1.
Here it is assumed that the fluid film thickness above a dam is constant with a value of 10pum. The
volume of the thin film restrictor is V; = 5.50- 10~9m3, which is negligible to the volume in the tubes.
The capacitance in the air film is therefore neglected.

5. Finally, the air flows through outlet restrictors into ambient air. As explained in section 2.7 the flow
(N/m?)
(m3/s) *

resistance of the outlet restrictor is assumed to be R, =0
the model, which results in p3 = p4 = pamp-

So this component can be neglected in

The dominant components are schematically drawn in figure 3.24. Here Ry is the flow resistance of the valve,
C; the total capacitance of the tubes, R; is the total flow resistance of the inlet for one actuator cell and Ry is
the total flow resistance of the thin film restrictor of a single actuator cell. From figure 3.24 three differen-
tial equations can be obtained, namely 3.16, 3.17 and 3.18. Equation 3.16 relates the flow between pgs and
p1. Equation 3.17 relates to the flow between p; and p3. Here Req = Ract/4 = (R + Ry) /4 is the equivalent
resistance of four actuator cells connected to one valve. Equation 3.18 relates to the flow difference between
g1 and 713 to the rate change of pressure p;. Here the capacitance in the tubing connected to one valve is
defined as C; = z;l [10] [11].

K

ps—p12=2-Rg-T-Ry-1i1q1 (3.16)
p1>—ps®=2-Rg- T+ Req 1113 (3.17)
, Kk'Rg:T .
pr=—— Uit = 1hig) (3.18)
t

Substituting rits; and ri1;3 of equations 3.16 and 3.17 in equation 3.18 results in equation 3.19.

. 1 x-(pstp1 1 x-(p1+p3
P1=R—'%'(Ps—m)"'}?—'%'(—m*‘ﬂ%)
V1 t eq t (3'19)
= . — +—. a— +
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Here Cg; is the capacitance between pg and p;. And Ci3 is the capacitance between p; and ps3. The term
m - (ps — p1) determines how the pressure builds up between ps and p;. It is expected that its response
is fast because it is assumed that Ry << Req. For the response of the actuator it is more relevant to determine
the pressure build up between p; and p3, which is determined by the term m - (=p1+ p3). The transfer

function between p; and ps3 in the Laplace domain is given in equation 3.20.

p1 1
—_—=— (3.20)
p3  Req-Ciz-s+1

Equation 3.20 has the form of a passive first-order RC-filter. Here Trc = Req* C13 = 3.69ms is the time constant
which determines the dynamic behaviour of a first-order system. In the time domain this time constant
determines the rise time (¢, = 2.2 tpc) and the settling time (f; =4.6 - Trc). And in the frequency domain it
determines the cut-off frequency wcy; = ﬁ =2-7- feur (DOt to be confused with the unity-gain cross-over
frequency). The bode plot for this transfer function is shown in figure 3.25. Here the cut-off frequency is
feut = 43.1Hz. With this the pressure build up in the system is determined. In section 3.6.2 this model will be
used to determine the response of the plant.
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Figure 3.25: Bode plot of the transfer function of p; / p3 which describes the pressure build up (due to the compressibility of the air) in
the ducts. Here 7gc = 3.69ms.

3.5.3. Valves

Now we discuss why the valve from Staiger is chosen and explain how a valve influences the response of the
plant. Generally speaking there are two different types of electric controlled valves: discrete on/off valves and
proportional valves. With discrete on/off valves the flow passage can either be fully open or fully closed (of-
ten via a plunger). With a proportional valve the size of the flow passage can be varied by a current or voltage
signal.

A proportional valve is chosen over a discrete on/off valve because of two reasons. The first reason is that it
is desired to have accurate regulation of the pressure which can follow a triangular profile. It is believed that
a proportional valve can follow such a profile more gradually than a discrete on/off valves valve. The second
reason is that a proportional valve can adjust for variations in force between different actuator cells. This
makes it easier to position the substrate within the accuracy range, because the force can be applied more
subtle.

To compare different valves the following seven properties are taken into account:

1. Operating pressure: This is the range between the lowest required and highest permissible supply
pressure for safe operation of a valve. Manufactures give these ranges often in gauge pressure. In our
test setup we are able to reach up to 6 bar gauge supply pressure (or 7 bar absolute pressure). Best is to
choose a valve that has an operating pressure up to at least 6 bar gauge pressure.
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2. Flow range: This is the minimum and maximum flow that can go through the valve expressed in litre
per minute at atmospheric pressure and 20 °C. As is shown in figure 3.13 of section 3.4.2, the flow per
actuator cell is at least 3.63 L/min. Each valve is connected to four actuator cells. Thus each valve
should reach a flow of at least 14.5L/min.

3. Response time: The response time of a valve is defined as the amount of time needed for a valve to go
from a closed to an open position or vice versa. For the valve opening, the response time is defined
as the duration between energizing the valve and reaching 90 % of the stabilized outlet pressure. The
response time for closing the valve is defined as the duration from de-energizing the valve until the
pressure drops to 10 % of the supply pressure. Here air is supplied to the valve with 6 bar and 20 °C.
However, valve manufacturers may use alternative definitions or measurement procedures. For our
design it is desired to have a low response time which results in a phase of more than —235° of the plant
at 56 Hz (see equation 3.10 of section 3.2.2).

4. Hysteresis: This is the difference in motion that the plunger of a valve exhibit by opening and closing.
Hysteresis is determined by the maximum difference between outlet pressure (or flow) for the same
measured point, one point obtained while increasing from zero (fully closed valve) and the other while
decreasing from full scale (fully open valve). The points are taken on the same continuous cycle. The
hysteresis is defined as the percentage of the maximum hysteresis error compared to the full scale. This
hysteresis is unfavourable for feedforward control, because the input signal to a valve gives a different
output pressure for opening the valve compared to closing the valve. Such hysteresis effects can be
compensated with feedback control to some extent. But it is desired to have a low hysteresis error for a
fast responsive motion system.

5. Lifetime: The lifetime of a valve is indicated by the minimal number of switching cycles it can make
before failure.

6. Actuator type: This is the type of actuator that is used to vary the size of the flow passage of the valve.
The most common used type of actuator for electric controlled valves are solenoids.

7. Input signal type: This is the type of input signal that is used to control the valve. In general, there are
three types input signals to control a valve. The first type of input signal is the use of DC current, which
varies the flow passage of the valve proportionally to the current. The second type of input signal is
the use of DC voltage, which varies the flow passage of the valve proportionally to the voltage. Lastly
the third type of input signal is the use of a Pulse Width Modulation (PWM) technique. This technique
consists of the generation of a square (current or voltage) wave of constant frequency and a variable
pulse duration. By varying the pulse duration one can vary the flow proportionally. There are more
modulation techniques, but these are out of the scope of this thesis. For our demonstrator it is desired
to have DC current as input signal, because the used power amplifier can deliver controlled current
directly to the coils or piezo element of a valve. It is believed this is the fastest way to electrically control
avalve.

A field research was performed to find the most suitable valve for our application. We have limit our search
to valves with an operating pressure up to at least 6 bar gauge pressure, a minimum flow range up to at least
14.5L/min, a response time of 15 ms or lower and valves that were specified as proportional valves. The best
performing valves (for our application) from the following six different companies were taken into account:
BIBUS?, Burkert?, Festo, Kelly Pneumatics®, Parker® and Staiger®. The valves of these companies are listed in
table 3.1 with their performances.

It is chosen to use the Spider pProp valve from Staiger because of four reasons. The first reason is that the
valve has one of the lowest response time. This is a crucial parameter for performing a 50 ms triangular pres-
sure profile. Also the feedback controller benefits of a fast responding valve. The second reason is that the
coils of the solenoid can directly be supplied with a current signal. This is beneficial for controlling the valve
in the fastest way possible, as mentioned before. The third reason is that this valve can be placed in a custom

2https://www.bibus.uk
Shttps://www.burkert.com
4https://kellypneumatics.com
Shttp://www.parker.com
Shttps://www.staiger.de
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Table 3.1: Comparison between different high end performance proportional control valves which are commercially available on the

market.
BIBUS Burkert Festo Kelly . Parker Staiger
Pneumatics
Miniature Spider
Name valve Matrix 820 Type 2871 VEAB Pr'opor- VS0 MAX pProp VP
tional HP
204-503
Valve
Operating
gauge 0to8 0to12 0.03 to 6 01t06.8 0t0 8.28 0to 10
pressure
(bar)
Flow range 0to 180 - 0020 0to 32 0 to 200 0to 80
(L/min)
Response 1 <15 <10 3t05 10 <3
time (ms)
Hysteresis - <5 0.25 6t0 10 71015 <10
(%)
Lifetime
(million >500 - >300 >100 >100 >100
cycles)
Actuator solenoid solenoid plezo solenoid solenoid solenoid
type element (non-spool)
. DC voltage DC voltage,
Input s;gnal PWM D(i‘g/l\;;fe or DC DCvoltage  DC current Dgr(;%nt
wp current or PWM

mounting block, which allows for much freedom of the tube placement. Lastly, the fourth reason is that the
maximum flow at 6 bar gauge pressure is about 48 L/min. This is beneficial in case the fly height becomes
larger than 10 um. Then each valve is capable of dealing with flows up to about 48 L/min.

socket screw

Spider pProp valve
fixing plate

mounting block

fittings to
connect manifolds

fitting to connect

supply pressure [

fitting to connect
pressure sensor

Figure 3.26: Design of the mounting block. Pressure is supplied at ~ Figure 3.27: A cross section is shown of the mounting block. The
the blue fitting. A pressure sensor can be connected to the magenta flow directions through the mounting block are indicated by green

fitting. By controlling the valve the flow through the reds fittings  arrows. Note that a cosmetic representation is given of the valve.
can be varied.

The design of the mounting block is shown in figure 3.26. A cross section is shown in figure 3.27. The flow
directions through the mounting block are indicated by green arrows. This mounting block has one fitting
(indicated in blue) to supply pressure. Also it has five outputs, one fitting (indicated in magenta) for a pres-
sure sensor and four fittings (indicated in red) to connect to the manifolds. With this configuration each valve
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can control up to four actuator cells actuating in the same direction.

Finally, the modelling of the valve will be explained. As mentioned in previous work [31] the electronic and
mechanical parts of the valve contain delay effects. Furthermore, as mentioned in section 3.5.2 the time
constant Ry - Cs; is assumed to be much smaller than the time constant Req - C13. Thus aside from a pressure
drop over the valve, the valve can be approximated as a pure time delay only. This is shown in equation 3.21.
Here 7gelay is the delay of the valve. Next to that, B is a conversion constant for converting the input current
signal to an output pressure. This constant also accounts for the pressure drop over the valve. It is estimated
that the delay of the valve is approximately 0.5ms (Tgelay = 0.5ms). To show the effect of the delay, a bode
plot is made from the transfer function of equation 3.21. This is shown in figure 3.28 where B = 1 (N/m?)/(A)
and T gelay = 0.5ms. Here it can be seen that the magnitude is constant and that the phase (in degrees) scales
linearly with the frequency by: Ogelay = =360 Tgelay - f- In section 3.6.2 this model will be used in combination
with the pressure build up model of section 3.5.2 to describe the response of the pneumatics of the plant.
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Figure 3.28: Bode plot of the transfer function of the valve p; /I of a pure delay where B =1 (N/ m?)/(A) and Tdelay = 0.5ms.

3.6. Control

In this section the control of the valves and the response of the plant are described. In section 3.6.1 the desired
pressure profiles for the valves are described. After that, in section 3.6.2, the response of the transfer function
of the plant is determined.

3.6.1. Valve pressure control

With the designed actuators cells we want to generate a triangular acceleration profile for the substrate. This
triangular acceleration profile is already described in figure 3.1 of section 3.2.1 with a maximum acceleration
of 160m/s?. To generate this acceleration profile, a triangular pressure profile for p, should be generated at
each inlet of the actuator cells. This is because the actuation force is linear dependent on the pressure differ-
ence over each actuator cell, and thus p,. Also, as mentioned in section 3.3, half of the actuator cells generates
a force in —x-direction (left) and the other half of the actuator cells generates a force in +x-direction (right).
With this configuration it is chosen to generate a triangular pressure profile for both actuation directions.
The actuation scheme will be explained by the graphs in figure 3.29. Here the yellow line indicates pressure
p2 at the actuators cells generating a force to the right. This pressure is indicated by p, r. Furthermore, the
red line indicates pressure p, at the actuators cells generating a force to the left. This pressure is indicated
by p21L. The actuation scheme in time will be explained here below. The five Roman numerals in figure 3.29
correspond to the five Roman numerals listed here below:
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(b) Pressure profile p; 1, for the actuator cells generating a force to the left.

Figure 3.29: Pressure profiles py g and py 1, for the actuator cells generating a force to the right (a) or left (b) in time. Here pmax = 3bar,
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Pmid = 2.25bar and pp,ip, = 1.5bar.

At t = 0ms the substrate is at standstill at x = 0mm. All actuator cells generate mid their minimum
and maximum actuation force at ppr = p2,1. = 2.25bar. This results in a net force of 0N on the
substrate and the substrate floating between the two manifolds. At £ = 0ms a current signal is
given to the valves such that p, g is gradually increased and p, 1, is gradually decreased.

At t = 12.5ms the pressure p,r is maximum at 3 bar. Also pressure py 1 is minimum at 1.5 bar.
This results in a maximum acceleration of about 160m/s® and a velocity of 1m/s of the sub-
strate. After this point the pressure p, g and py 1. are gradually changed towards the mid pressure
of 2.25 bar.

At t = 25ms pressures pr and py 1. are 2.25bar. This results in a net force of 0N. The substrate
has an acceleration of 0 m/s? and a velocity of 2m/s. At t = 25ms a current signal is given to the
valves such that p, g is gradually decreased and py 1. is gradually increased.

At t = 37.5ms pressure p, g is minimum at 1.5 bar and pressure p, 1. is maximum at 3.0 bar. This
results in a minimum acceleration of about —160 m/s? and a substrate velocity of 1 m/s. After this
point pressures po r and p; 1 are gradually changed towards the mid pressure of 2.25 bar.

At t = 50ms pressure por and py 1, are 2.25bar. This results in a net force of 0N. The substrate
has an acceleration of 0m/s? and a velocity of 0m/s. This results in the same conditions as at
t = 0ms, except that the position of the substrate has moved from 0 mm to 50 mm.

With these pressure profiles the acceleration profile shown in figure 3.1 of section 3.2.1 can be produced. It
depends mainly on the rise time and fall time characteristics of the plant in order for the motion system to
achieve these pressure profiles.

3.6.2. Transfer function of the plant

In this subsection the transfer function of the plant x/I is described. The plant is modelled by two main
blocks, as is shown in figure 3.33. The first block explains the pneumatics of the plant. Here the delay of the
valve and the pressure build up at point p; are described. This gives the transfer function between the input
current of the valve to the output pressure p». The second block describes the substrate dynamics due to
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pressure p,. This gives the transfer function between the input pressure p» to the output position x of the
substrate.

The pneumatics consists of two parts. The first part is the valve time delay as described in section 3.5.3. This
can be modelled as a pure delay of 0.5 ms. This is shown in figure 3.28. The second part is the pressure build
up in the flow. As mentioned in section 3.5.2, the transient behaviour of the pressure in the ducts can be
modelled as a passive first-order RC-filter with a dominant time constant of 3.69 ms. This is shown in figure
3.25. Thus the transfer function from input current I to output pressure p; results in equation 3.22. Here
the constant B accounts for the pressure difference between the initial pressure and the steady state final
pressure for a step response. It also converts the input current signal to a pressure. The response of transfer
function p» /I is shown in figure 3.30.
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Figure 3.30: Bode plot of the transfer function p, /I which describes pneumatics. Here B = 1 (N/m?2)/(A), Tdelay = 0.5ms and
TRC = 3.69ms.

The motion of the substrate is determined by the applied force on the substrate as described in equation 2.31
of section 2.7. In this equation, the force in x-direction consists of an actuation constant f, and a viscous
damping constant cyisc. Together with the substrate mass (mg,) @ mass-damper model can be made. With
this model the motion of the substrate can be determined.

Firstlet us determine f,. The net force due to the actuator cells is F, = 0.5-bp-(hp—hqa)-(ng - (p2,z—p3) — ni.- (p2,1-p3))-
Here ng are the number of actuator cells generating an actuation force in positive x-direction with pressure
p2 = po,r. Furthermore, np are the number of actuator cells generating an actuation force in negative x-
direction with pressure p» = p2 1. In the design ng = n;, = 16. This results in f; = —f_ _p5. by - (hp—hq) -

P2R—P2,L
ng = 1.36-10"8N/(N/m?2). This is the actuation constant of the plant.

Secondly let us determine cyisc. The net force due to the viscous damping is Fyjsc = —ugyp - 14+ A/ h. Here A is
the surface area and h the local film thickness. Thus the viscous damping constant of the system is defined as
Cvisc = Fyisc/ — Ugup = M+ A/ h. This results in a total viscous damping constant of 17.8 - 1073 N/(m/s) with both
sides of the substrate included.

With these constants, one can determine the transfer function x/p,. The substrate has a mass mg,, = 1.058g,
the force on the substrate is driven by a Poiseuille flow with actuation constant f; and the substrate is damped
by a Couette flow with a viscous damping constant cyisc. This results in the transfer function x/p, shown in
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equation 3.23. The response of the transfer function x/p, is shown in figure 3.31.
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Figure 3.31: Bode plot of the transfer function x/ p, which describes the substrate dynamics. Here f, = 1.36- 1075 N/(N/m?),
Mgy = 1.058g and cyjs = 17.8-1073N/(m/s).

With the pneumatics and the substrate dynamics described, one can determine the total transfer function of
the plant from input current I to output position x. This transfer function can be obtained by multiplying
equation 3.22 with equation 3.23. The result is shown in equation 3.24. The response of this transfer function
is shown in figure 3.32. Here the frequency at a phase of —235° is 49.8 Hz. Although the required bandwidth of
56 Hz is not achieved, the RC-effect of the valve is not taken into account. Measurements must show by how
much the bandwidth increases due to the RC-effect of the valve.
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Figure 3.32: Bode plot of the transfer function x/I of the plant. Here B = 1 (N/m?)/(A), Tdelay = 0.5ms, T = 3.69ms,
fa=1.36-10"9N/(N/m?), mgyp, = 1.058g and cyjsc = 17.8-1073 N/ (m/s).

Lastly an overview is given of the motion control system. In figure 3.33 a block diagram is shown of the motion
control system, including feedforward and feedback control.
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Figure 3.33: Block diagram of the motion control system, including feedforward and feedback control. Here the plant consists of a
pneumatics block (p2/1) and a substrate dynamics block (x/p2).

3.7. Design overview

In the previous sections of this chapter the designs of different parts of the motion system were explained. In
this section a brief overview is given of the final design. Furthermore, some references to the appendix are
given for additional information about the design and the realisation of the motion system.

valve

mounting block

support structure

socket screw
top manifold

y\I/,x 3
bottom manifold

4mm supply tube

position sensor cable

base plate

Figure 3.34: Overview of the assembly of the total design.

The assembly of the total design is shown in figure 3.34. The drawing is made in SOLIDWORKS 2016. Here
the bottom manifold is mounted to the base plate. The top manifold is placed above the bottom manifold
with the bearing surfaces facing each other. The two manifolds are separated by a fixed distance with the
use two feeler gauges. These feeler gauges are shown in figure 3.35 where the top manifold is removed. The
two manifolds are hold together by four M20 bolts. More information about the function of the feeler gauges
and the M20 bolts can be found in appendix C.2. Between the two manifolds a piece of flexible substrate is
placed. The substrate is free to move in x-direction, but constrained in the other directions. Furthermore,
eight proportional valves are mounted on support structures. With these valves air is supplied and controlled
to the inlets of the air film actuators. This creates an air film on both sides of the substrate. By controlling the
valves the substrate can be moved in positive or negate x-direction. The position of the substrate is measured
with a position sensor. Also a pressure sensor and a flow sensor are used to measure the pressure downstream
avalve and the flow through a valve. More information about the used sensors is described in appendix C.3.
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pressure sensor

2mm connection tube
(right actuation)

actuator cell

fitting for a

2mm connection tube
(left actuation)

Figure 3.35: Overview of the assembly of the total design with the top manifold and bolts removed.

To compare the analytical analysis, a numerical analysis is performed on the bottom manifold. The numer-
ical analysis and the boundary conditions are described in appendix C.4. The results of the analytical and
numerical analysis are shown in table 3.2. Here it can be seen that there is a good resemblance between the
analytical and numerical results. Finally, for more information about the working principle of the design and
the realisation of the design, see appendix D.

Table 3.2: Comparison between analytical analysis and numerical analysis. Here the performances of the total system are shown when

both manifolds are used.

Analytical Numerical Description
Fi, 194 mN 171 mN Total aCtU'fltIOIl fprceh on substrate
in x-direction
Fy 0mN 8.97-10~* mN Total actufltlon 1"orce{ on substrate
in y-direction
F, 155N 261N Net force in z‘-dlrectlol? generated
on a single manifold
Titot 1.30-103kg/s 1.27-107°kg/s Total mass flow of air
Grot 63.7 L/min 62.2 L/min Total volume flow of air
k, 9.31-105N/m 1.69-107 N/m Total vertical stiffness applied on
substrate
% 1.63-10° (N/m)/m?  2.97-10° (N/m)/m> Total vertical stiffness applied on

substrate (per unit area)




Experiments and results

In this chapter three different experiments are performed to measure different sections of the plant and com-
pare this with the theoretical models. First in section 4.1 the flow and pressure for different inlets are mea-
sured. In this case no substrate is used. With this experiment one can compare the orifice restrictor model
to the measurement results. Secondly in section 4.2 the flow, pressure and actuation force are measured in
case a substrate is placed between the two manifolds. The measured values are compared with the numerical
model. Lastly, in section 4.3 the substrate is pretensioned between two springs and actuated with step cur-
rent signals on the valves. With this, one can obtain the open-loop response of the plant and determine the
performance of the motion system.

4.1. Inlets measurement without substrate

The goal is to measure the flow through an inlet as function of p; and compare the results with the orifice
model. It is expected that the measurements comply with the orifice model. In figure 4.1 an illustration is
given of the test setup. For this experiment the following components are used:

1. A flow sensor to measure the flow through the inlet of a single actuator cell.
2. One valve to regulate the flow.
3. A pressure sensor to measure pressure p; located between the valve and the inlet.

4. Single actuator cell with no object covering it.

orifice
restrictor

orifice p p
restrictor 2 amb

Staiger
valve

orifice
restrictor

orifice
restrictor

pressure
sensor

Figure 4.1: Schematic overview of experiment 1. Here the inlet of a single actuator cell is connected which consists of four orifice
restrictors.
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First pressure ps is supplied to the valve. Next, current is applied to the valve with steps of 10 mA starting
from 0 mA. At a certain current value the valve begins to open, depending on ps. From this point the valve
gradually opens by increasing the current. The consequence is that both gs; (flow between p; and p;) at the
flow sensor and p; at the pressure sensor increase. The actuator cell has an inlet which consists of four orifice
restrictors with a diameter of 0.3 mm. Thus flow gs; is divided over four orifice restrictors. Lastly the flow
leaves the orifice restrictors at p». Because only one actuator cell is used and no substrate is placed over the
actuator cell, the air flows into ambient air where the pressure is p» = pamp = 1bar. By measuring g5 and p;
one can compare the orifice model from equation 2.13 of section 2.5 to the measurement results and deter-
mine the values of Cy (coefficient of discharge). In literature the value of Cq is often between 0.7 and 0.9, but
falls however at pressure ratios above p,/p; > 0.8 [24] [28].

dividing
streamline
surrounding

air \

surrounding
air

\

vena contracta

Z,
Vl /
Z
/

Figure 4.2: Illustration of the vena contracta effect at an orifice. Air is supplied with a velocity of V] to the orifice and increases to Wy at
the vena contracta.

The coefficient of discharge accounts for two effects. The first effect is the vena contracta. This is the smallest
flow passage, which takes place at a section slightly downstream of the orifice. This is shown in figure 4.2,
where the dividing streamline separates the air jet from the surrounding air. In figure 4.2 the diameter of the
orifice is dyr; and the diameter of the vena contracta is dyc. Because dyc is smaller than d,;, the actual mass
flow is also smaller. Instead of measuring dyc one uses dyi and corrects with Cq [32]. The second effect is
the friction between the flowing air and the orifice wall. The consequence of friction is that a smaller exit
velocity (and thus smaller mass flow) is realized than would have been obtained in an isentropic expansion
to the same pressure [20]. Both the vena contracta effect and the friction losses are captured in Cy.
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Figure 4.3: Measurement of inlets for eight different actuator cells. Figure 4.4: Comparison between measurements and orifice
Here the flow-pressure relation is plotted per orifice restrictor, restrictor model. Here the blue line is the orifice restrictor of
where g = g/4. equation 2.13 with C4 = 1.0. The red line is the average of the eight

lines of figure 4.3.
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The measurement results for the flow and pressure of eight different actuator cells are plotted in figure 4.3.
For this ps is varied from 2 to 7 bar (absolute pressure) with increments of 1 bar. At each of these pressure
values the current to the valve is varied from 0 to 200 mA with increments of 10 mA. For each measurement
point the flow (gs1) at the flow sensor and the pressure (p;) at the pressure sensor are measured. Lastly the
flow values for each actuator cell are sorted from low to high pressure as is shown in figure 4.3. The flow is
expressed per orifice restrictor which is gori = gs1/4. From figure 4.3 it can be seen that the graphs for dif-
ferent actuator cells show similar results. This indicates that the orifice restrictors perform equally and are
produced well. Moreover, one can see that after p; = 1/0.528 = 1.89bar the flow becomes proportional to p;.
This complies with the theory that the flow is choked (reaches speed of sound) and becomes a function of p;
only.
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Figure 4.5: The coefficient of discharge (Cq) obtained by dividing the values of the orifice model by the measured values of figure 4.4.

Furthermore, a graph is made of the orifice restrictor model with Cgq = 1.0 as is shown by the blue line in
figure 4.4. The red line in figure 4.4 is the average of the eight lines of figure 4.3. With this, one can divide the
values of the blue line by the values of the red line and determine the actual discharge coefficient of an orifice
restrictor. The result is shown in figure 4.5. At large values of p; the discharge coefficient is around 0.75.
Also at pressure ratio’s above p,/p; > 0.8 the discharge coefficient drops rapidly. The discharge coefficient at
small and large values of p; is consistent with theory. Thus the different orifice restrictors show similar flow
performances and the results show behaviour which is consistent with theory.

4.2, Measurement with substrate

The goal of this second experiment is to observe how the flow, pressure and actuation force behave when a
substrate is placed between the two manifolds. It is expected that the substrate would float contactless be-
tween the two manifolds. The substrate might vibrate at the edges, where the substrate is not supported. But
experimentation should reveal how the substrate behaves between the two manifolds.

In figure 4.6 a schematic overview is given of the test setup for a single valve. For this experiment the following
components are used:

1. One flow sensor to measure the flow through one valve. Here one valve is connected to four actuator
cells.

2. Four valves to actuate the substrate in positive x-direction. In total 16 actuator cells are controlled. The
valves are connected in parallel electronically.

3. Pressure sensor to measure pressure p; located between one valve and the inlets of four actuator cells.

4. Both manifolds are used and separated by two feeler gauges. Feeler gauges with the following thick-
nesses are used: 60 um, 70 um or 80 um. Using a substrate with a thickness of 36 um (and a tolerance
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of £2mm) results respectively in film thicknesses (hq) of 12jum, 17 um or 22 um on either side of the
substrate.

5. Between the two manifolds a substrate with thickness 36 um is placed. The substrate is connected to a
tension gauge by a steel wire and tape. With this the force acting on the substrate can be measured.

For this experiment pj is varied from 2 to 6 bar (absolute pressure) with increments of 1 bar. The maximum
supply pressure in this experiment is 6 bar instead of 7 bar, because at this time it was not possible to reach
7 bar consistently due to practical reasons. At each value of ps the current to the four valves is varied from 0 to
760mA with increments of 40mA. One could increase the current up to 800maA, but the valves become warm
around 760mA. So to prevent the valves from overheating we stopped at 760mA. For each measurement point
the flow (gs;) at the flow sensor, the pressure (p;) at the pressure sensor and the actuation force (F,) at the
tension gauge are measured.
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Figure 4.6: Schematic overview of a single valve for experiment 2. In total four valves are used to actuate in one direction. Note that
each inlet consists of four orifice restrictors.

As afirst observation, a high-pitched sound was noticeable at small and large values of p;. When one puts the
substrate under tension the sound is attenuated, but the sound is still there. By removing the substrate the
high-pitched sound disappeared. This indicates that the source of the sound is due to vibrations of the sub-
strate. No further analysis was performed on the substrate vibrations as this is out of the scope of this thesis.
It is recommended to further research the interaction between the fluid films and the structural behaviour of
a thin substrate to analyse these vibrations.

Another observation is that the substrate does not float fully contactless. One can experience this when the
actuator cells generate about as much force in positive x-direction as in negative x-direction. One would ex-
pect that by the slightest deviation in net action force, the substrate would drift away. Instead the substrate
stays in position. By pulling on the substrate one has to overcome some friction force before the substrate
moves. The least amount of friction was experienced at g = 17um. Therefore in this chapter a film height of
hq = 17pm is shown. Auxiliary measurements with hq = 12pm and kg = 22um are shown in appendix E.

The flow g, as function of the current I for different supply pressures ps is shown in figure 4.7. Here the flow
is expressed per orifice restrictor, where g1 = gs1/16. This is because each valve is connected to four inlets
with each inlet containing four orifice restrictors. The value I is the current applied to the four valves. From
figure 4.7 it can be seen that for low currents the valve is closed with the flow being zero. At a certain current
value the valve gradually opens by increasing I. The value of the current at which the valve starts opening is
larger at higher supply pressures. From there the flow gradually increases up to a maximum value depending
on ps. Furthermore, the red areas indicate when a high-pitched sound was noticeable. The green area indi-
cates when the high-pitched sound was significantly reduced in loudness, but still noticeable. Similar graphs
can be obtained for pressure p; and F, (actuation force in x-direction on the substrate), which are shown in
figures 4.8 and 4.9 respectively.

By combining the results from figures 4.7 and 4.8, one can obtain a graph of ¢, as function of p;. The values
Jori are sorted from low to high pressure p;. The result is shown in figure 4.10. Also the numerical result ob-
tained from COMSOL is plotted in figure 4.10. From this it can be seen that the theoretical result shows good
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Figure 4.9: Measurement results of actuation force F; as function of ~ Figure 4.10: Comparison between measurement results and
current ] for different supply pressures. Here hq = 17 pm. numerical model of flow g, as function of pressure pj.

resemblance with the measurement results. Lastly, by comparing figure 4.10 with figure 4.3 one can observe
that the flow is smaller at similar values of p;. This shows that the flow through an orifice restrictor highly
depends on what kind of flow restrictor is placed after the orifice restrictor.

Another graph can be made by combining the results from figures 4.8 and 4.9. With this one can obtain a
graph of actuation force F, as function of p;. The values F, are sorted from low to high pressure p;. The
result is shown in figure 4.11. In this figure also the numerical result obtained with COMSOL is plotted. As
expected the actuation force increases as p; increases. The numerical result does show some resemblance
with the measurement results, but the lines do not fully coincide. For hq = 17um and ps = 5bar a maximum
actuation force of F; = 209 mN was measured with a total air consumption of 84.4 L/min.

Next to that, one can make an estimation of p,. Unfortunately it is not possible to measure p; in the current
setup. But from theory p, cannot be larger than p; and smaller than 0.528 - p;. With measured gs;, p; and
assuming Cq = 0.9, one can estimate p, with equation 2.13. Unfortunately Cyq cannot be estimated by figure
4.5, as the test setup configurations of section 4.1 and section 4.2 are different. The result is shown in figure
4.12. Also, p, can be plotted directly from the numerical model, as the orifice restrictor model is already
incorporated in the numerical model. From figure 4.12 one can see that p, increases as p; increases. But p»
does not reach 0.528 - p;, thus it can be assumed that the flow is not choked. Finally, similar results of figures
4.7 t0 4.12 for hg = 12pum and kg = 22 um can be found in appendix E.
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4.3. Open-loop response of the motion system
The goal of this last experiment is to determine the open-loop response of the system. With the open-loop re-
sponse, the closed-loop performance can be determined. First in subsection 4.3.1 the test setup is explained
and the results are compared with the theoretical model. Subsequently the theoretical model is used in sub-
section 4.3.2 to determine the performances for three different cases.

4.3.1. Results

In this third experiment the step response of pressure p; and position x of the substrate are measured in real
time. With this, one can compare the theoretical model with the measured results. The top view of the used
test setup is shown in figure 4.13. For this experiment the following components are used:

1. Four valves to actuate the substrate in positive x-direction and four valves to actuate the substrate in
negative x-direction. In total 32 actuator cells are controlled.

2. Two pressure sensors to measure the pressure between a valve and the inlets of four actuator cells.
One pressure sensor is used to measure p; r, which is the pressure for generating a force in positive
x-direction. The other pressure sensor is used to measure p; 1, which is the pressure for generating a
force in negative x-direction.

3. Between the two manifolds a substrate is placed. On either ends the substrate is connected to a spring
by a steel wire and tape. A close-up is shown in figure 4.14. With these springs the substrate is preten-
sioned. This straightens the substrate and reduces vibrations.

4. One readhead to measure the relative position from the scale and thus determine the displacement of
the substrate.

5. The manifolds are separated by two feeler gauges with a thickness of 70 pm. This results in a film height
hq of 17 um on either side of the substrate.

For this experiment a supply pressure of 5 bar (absolute pressure) is used, because at this pressure low friction
was observed. The current to all valves is first set to 400 mA. At this current all valves are open at a minimum.
Next Iy, the current for the valves generating a force to the right, is set to 680 mA. With this, one can observe
the step response when the current is changing from 400 mA to 680 mA. After reaching a steady state, Iy is set
back to 400 mA. Also the same current signal is performed for the valves generating a force to the left. This
current is called Ir. The resulting block waves are shown in figure 4.15 and are performed simultaneously.
During these current signals the pressure (p;) at the pressure sensor and the position of the substrate (x) are
measured in time.
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Figure 4.13: Top view of experiment 3. Here the substrate is between the two manifolds and is pretensioned by two springs. In total 8
valves are used to control 32 actuator cells. The valves are connected to electric wires through which current signals can be transmitted.

\

spring 2

Figure 4.14: Close up of spring 2. Here it is shown how the substrate is attached to the spring by a steel wire and tape.

It is expected that the measured response corresponds to the theoretical response of equation 3.24. To sim-
plify the relation between I and F,, I is normalized to I'. Here I’ is non-dimensional and ranges between 0
and 1. With this, one can also define AF, = B- f,. Here AF; is the force difference between the initial and final
state of the step response. Furthermore, because the substrate is attached to two springs, equation 3.24 is al-
tered to equation 4.1. Here myqq is the additional mass by the tape, steel wires and springs. Because one end
of a spring is fixed and the other end of a spring is moving with the same displacement of the substrate, only
half the mass of each spring is included. Furthermore, cyig is the viscous damping constant at hq = 17um.
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Next is Cspring, the damping constant of the springs. It is assumed that the springs contain 10 % damping. Any
unmodelled damping is captured in cypnmoq. Lastly, spring 1 and spring 2 have a spring stiffness k; and k,
respectively. Each parameter is listed in table 4.1, which are either determined theoretically or determined by
measurements.

e(~Tdelays) AF,
TRC S+ 1 (Mgyp + Mada) - $% + (Cvisc + Cspring Cunmod) s+ (k1 + ko)

G = 4.1)

X
T

Table 4.1: Used values of the parameters for describing the response of the plant when pressure p; g is rising.

Parameter AF, T delay TRC Msub Madd
Value 96.5 mN 0.375ms 1.80ms 1.005¢g 1.635¢g
Parameter Cvisc Cspring Cunmod ky ks

Value 10.7-10°5N/(m/s) 54.0-103N/(m/s) 750-103N/(m/s) 13.8N/m 13.8N/m
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Figure 4.15: Signals Iy and I, are the currents provided to the valves  Figure 4.16: Pressures p; g and p; 1, measured by the pressure
generating a force in positive and negative x-direction respectively. sensors. The results are shown for 10 measurements. The
The green areas indicate the time interval 3.0s < ¢ < 3.2s. measured pressures are also approximated by a first order model.

Now that the measurement setup and theoretical model are explained, one can perform the measurement
and look at the step response of the plant. Let us first look at pressures p; g and p; 1, as function of time. The
results of 10 experiments are shown by the yellow lines (p;,r) and red lines (p;,1) in figure 4.16. Because of
the high repeatability, one cannot distinguish 10 individual yellow lines or 10 individual red lines in figure
4.16. The pressure is observed in the interval 3.0s < ¢ < 3.2, because this shows the rise time behaviour
when the substrate is actuated in positive x-direction. This time interval is indicated by the green areas in
figure 4.15. The rise time and fall time characteristics at other intervals are described in appendix F. In figure
4.16 it can be seen that p; r has a pressure of around 2.33 bar at ¢ = 3.0s and a pressure of around 3.67 bar
at ¢t = 3.2s. Each individual yellow line in figure 4.16 can be approximated by a first order model of the form
Ap- el~Tdelay's) (Trc - S+ 1) + poftset, Which are shown by the magenta dashed lines in figure 4.16. Here Ap de-
scribes the amplitude of the pressure and pogser accounts for the pressure offset. The time constants 7 gelay
and trc are determined by the position sensor instead of the pressure sensor, because the position sensor
has the fastest response time. From table 4.1 it can be seen that Trc = 1.80ms, which implies a rise time of
7; = 3.96ms and a settling time of about 75 = 8.28 ms (see section 3.5.2). From figure 4.16 it is uncertain if the
overshoot of the yellow lines is actually happening or if it is an internal characteristic of the pressure sensor
itself, because this overshoot behaviour is not occurring in the displacement of the substrate.

Furthermore, p; 1 has a pressure of around 2.40 bar at £ = 3.0s and a pressure of around 2.49 bar at ¢ = 3.2s.
So although the current is constant at 400 mA, p; 1, does increase with 0.09 bar. This is due to the increase of
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p1,r, which has a slight effect on p; 1. Each individual line of p; 1. is also approximated by a first order model,
which are shown by the blue dashed lines in figure 4.16.
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Next, each approximated line in figure 4.16 is converted from pressure to force. The force can be determined
with figure 4.11 of section 4.2 where we showed the relationship between F, and p;. The result is shown
in figure 4.17. Here the magenta dashed lines have positive values as p; r generates a force in positive x-
direction. In contrast to the blue dashed lines, which have negative values as p; 1 generates a force in negative
x-direction. The net force on the substrate due to the magenta dashed lines and the blue dashed lines is given
by the green dashed lines. Furthermore, the purple lines in figure 4.17 are also the net force on the substrate.
Although these lines are determined by the position of the substrate and a mass-damper-spring model of the
form F, = (Mgyp + Mada) - & + (Cvisc + Cspring + Cunmod) * X + (k1 + k2) - x. Here ¥ and  are obtained by taking the
derivatives of x. By comparing the green dashed lines with the purple lines, one can see that both approaches
give similar results.

Atlast, the position of the substrate is shown in figure 4.18. The purple lines show the position of the substrate
measured by the position sensor. From these lines it can be seen that the substrate makes a displacement of
about 3.46 mm. The substrate comes at rest because the applied actuation force balances with the forces
of the springs. Furthermore, the green dashed lines in figure 4.18 give also the position of the substrate.
Although these lines are determined by the green dashed lines of figure 4.17 and a mass-damper-spring model
with transfer function x/F, = 1/ ((Msup + Madd) - $* + (Cvisc + Cspring + Cunmod) * S + (k1 + k2)). By comparing the
green dashed lines with the purple lines, one can see that both approaches give similar results. Which is
expected, because the green dashed lines and purple lines in figure 4.17 were already corresponding to one
another.

4.3.2. Open-loop response

In subsection 4.3.1 we have found a good match between the theoretical model and measurement results.
By modifying the theoretical model of equation 4.1 one can predict the performance in case no springs were
used. Furthermore, one can determine the open-loop bandwidth for three different cases. The first case is
with the substrate connected to the two springs. The transfer function for this case is G; shown in equation
4.1. The second case is that the two springs are removed, but that c,nmoq is still present. The transfer function
in this case, Gy, is shown in equation 4.2. The third case is the same as transfer function Gy, but with cynmod
omitted. The transfer function for this case is G3 shown in equation 4.3.
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With equations 4.1, 4.2 and 4.3 and the parameters from table 4.1 one can determine the step responses for
the different cases. These step responses are shown in figure 4.19. The displacement after 25 ms is shown by
the red circles in figure 4.19. The first graph to discuss is the step response of G;. This graph corresponds
to the graphs of figure 4.18, as expected. Remarkably, the step response does not show any oscillations. The
corresponding damping ratio in G; is { = 1.50. This implies that the plant is overdamped. Next to discuss is
the step response of G,. This graph shows that the displacement of the substrate increases as it is no longer
bounded by the springs. Here the maximum velocity of the substrate is 0.126 m/s and is mainly limited by
Cunmod- This is an unexpected behaviour as one would expect that the only significant form of damping
would be caused by cyjsc as is shown by the step response of G3. An explanation for this behaviour is that the
vibrations in the substrate and the local contact of the substrate to the bearing surface induce an increased
damping. This is due to the fact that the viscous damping constant is inversely proportional to the film height.
In the analysis it is assumed that g = 17um. But when k4 approaches zero, the damping constant increases
rapidly. This is shown in figure 4.20 on a log-log scale. So in case the substrate would make contact or near
contact with one of the manifolds at some surface areas, this would increase the viscous damping constant.
This could explain why the damping constant is much larger than initially expected. The large damping has
considerable effect on the performance, resulting in a lower speed than initially expected. For model G it is
not possible to move the substrate 50 mm within 50 ms. Instead it would take 405 ms to move the substrate
50 mm.

Finally, we can look at the transfer functions in the frequency domain. The bode plots for G, G, and G3 are
shown in figure 4.21. These responses are similar to the response that was shown in figure 3.32 of section
3.6.2. The green circles in figure 4.21 point out at what frequencies the phase is —235°. By using PID con-
trollers C;, C» and C; one can optimize for maximum bandwidth while having a phase margin of 35°. The
open-loop responses for the plants in combination with the controllers are shown in figure 4.22. Here the
green circles indicate the unity-gain cross-over frequencies with a phase margin of 35°. For C; - Gy, C» - G2
and Cs - G3 these are respectively 133.5Hz, 182.1 Hz and 87.0 Hz. These bandwidths are indeed larger than
49.8 Hz as predicted in section 3.6.2, because the RC-effect of the valves are now taken into account. Also the
bandwidths are larger than the design bandwidth of 56 Hz.
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With this we can conclude that the theoretical model shows much resemblance with the measured results.
The force applied on the substrate shows a rise time of 7, = 3.96 ms and a settling time of about 75 = 8.28 ms.
However, the plant does contain a larger damping constant than initially expected. With this motion system
it would take 405 ms to move the substrate 50 mm. One could either increase the actuation force or lower
the damping in the plant to reach higher velocities with the substrate. Finally, the bandwidth of the motion
system is about 87.0 Hz. This shows that the motion system is capable to actuate the substrate within the
required accuracy range of £+ 1 mm.






Conclusions and recommendations

The main goal of this thesis was to make a demonstrator and validation of opposed air film actuators for con-
tactless positioning of thin flexible substrates to be applied in the semiconductor industry. Such opposed air
film actuators use pressurized air on both sides of the substrate to keep the substrate at a steady fly height.
Additionally, the air film actuators are able to move the substrate by using the viscous shear from the gener-
ated air flow. The biggest advantage of using air film actuators is that the substrate is the only moving mass.
In this chapter the conclusions and recommendations of this thesis are presented.

5.1. Conclusions

The main conclusions from this thesis are given below. These are divided into two categories: design aspects
and measurement results.

5.1.1. Conclusions regarding design aspects
From proposed design requirements and the theoretical analysis in this thesis a design was developed. The
most important conclusions regarding the design of the motion system are:

* It was proposed to design air film actuators which could move a piece of flexible substrate with 50 mm
in x-direction within 50 ms and with a positioning accuracy of +1 mm. With the use of a trajectory plan-
ner it was determined that a maximum acceleration of 160m/s? is needed to get the desired motion.
Because the estimated mass of the substrate was 1.058 g, the required maximum force generated by the
actuators needed to be at least 169 mN. Furthermore, for a positioning accuracy of +1 mm the motion
system needs a bandwidth of at least 56 Hz. At this frequency the plant should have a phase larger than
—235° in order to have a stable system with a phase margin of 35°.

¢ For the substrate a PET based web was used with a rectangular shape of length 210 mm, a width of
55.5 mm and a thickness of 36 um. The substrate can be placed between two manifolds which are sepa-
rated by two feeler gauges. Each manifold contained air film actuators in the bearing surface to levitate
and actuate the substrate.

¢ The actuators consist of pockets with dimensions of 8.5 mm by 8.5 mm and a recess of 20pum. Each
pocket has four inlets with diameters of 0.3 mm and four outlets with diameters of 1.0 mm. Via ducts
each manifold connects the inlets to valves and connects the outlets to ambient air. A single manifold
contains 16 air film actuators from which 8 are able to actuate the substrate in positive x-direction and
the other 8 are able to actuate the substrate in negative x-direction.

¢ As air is a compressible fluid, the response of the viscous force on the substrate is determined by the
pressure build up in the ducts. The pressure build up is primarily determined by the flow resistances of
the actuators, the air volume in the ducts and the response time of the valves. Therefore the volumes
of the ducts between the valves and the inlets are minimized. Furthermore the chosen valves have a
low response time. However, the flow resistances of the actuators are not minimized as these are also
responsible for a high stiffness and a low air consumption.
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¢ The two most important features of the design are the flatness tolerance of the bearing surfaces and the
diameter tolerance of the inlets. These tolerances need to be low as they are essential for the operation
and performance of the air film actuators. Therefore each manifold is designed as a monolithic part as
this is beneficial for producing a flat bearing surface. The aluminium manifolds are manufactured by
milling and Electrical Discharge Machining (EDM) which resulted in a flatness tolerance of 3 um of the
bearing surfaces and a diameter tolerance of +15 um of the inlets.

5.1.2. Conclusions regarding measurement results
In this thesis three different experiments were described to determine the performance of the motion system.
From these experiments the following conclusions can be made:

* In the first experiment the behaviour of inlet restrictors were measured where no substrate was used
yet. From this experiment it was shown that different inlet restrictors show comparable flow-pressure
curves. This showed that the inlets were well produced and have similar performances. Also from
these results it could be verified that the inlet restrictors behave as orifice restrictors, which agrees with
literature.

¢ In the second experiment the behaviour of the air film actuators was measured. Here the substrate was
placed between the two manifolds at different fly heights. From initial testing a high-pitched sound
was noticeable at small and large values of pressure p;. This sound was created by substrate vibrations
as the sound disappeared when the substrate was removed between the two manifolds. Furthermore,
the substrate did not float fully contactless, as one had to overcome some friction before the substrate
moved. The least amount of friction was observed at a fly height of 17 um and with a supply pressure of
5bar. At this fly height and supply pressure a maximum actuation force of 209 mN was reached in one
direction with a total air consumption of 84.4 L/min. Finally the modelled flow, pressure and actuation
force showed good resemblance with the measurement results.

* In the third experiment the step response of pressure p; and the position of the substrate were mea-
sured. It was possible to measure the position of the substrate with the encoder system. In this exper-
iment it was shown that the theoretical model gives a good approximation of the measured response.
However, the plant contained a larger damping constant than initially expected. An explanation for this
higher damping is that the vibrations in the substrate and local contact of the substrate to the bearing
surfaces induce an increased viscous damping constant, as the viscous damping constant is inversely
proportional to the film height. Also when all air film actuators are used, a maximum net actuation
force of 96.5 mN was reached. Therefore a lower speed was achieved than initially expected. With the
theoretical model it was determined that the motion system is able to move the substrate 50 mm in
405 ms with a system bandwidth of around 87.0 Hz.

5.2. Recommendations

Several aspects of the current motion system can be further researched. In this section some directions are
given for improving the performance of the motion system.

¢ The current configuration of the air film actuators in the bearing surface has each neighbouring actu-
ator generating an actuation force in opposite direction (see figure 3.20 in section 3.4.3). A better con-
figuration would be if each neighbouring actuator generates a force in the same direction as is shown
in figure 5.1, because of two reasons. The first benefit is that this configuration inherently straightens
the substrate, which reduces unwanted substrate deformations. This is because all actuators on the left
side of the bearing surface generate a force to the left and all actuators on the right side of the bear-
ing surface generate a force to the right. The second benefit is that there are less areas on the bearing
surface with low pressure, which is beneficial for contactless levitation of the substrate.

¢ In the experiments the used substrate did make contact with the bearing surfaces. This gives unin-
tentional friction and increases the damping constant of the system. This contact could be caused by
insufficient stiffness provided by the air films. In this thesis the global stiffness over the bearing sur-
face was determined. Although the global stiffness gave large values, local stiffnesses might be lower
than expected and therefore should be investigated when working with flexible substrates in future re-
search. At areas where the local stiffness is low one could implement auxiliary air bearings to support
the substrate.
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* During the measurements it was observed that the substrate vibrated, which was not expected. This
vibration might be the reason for a higher damping constant in the system. Further research could be
performed on the interaction between the fluid films and the structural behaviour of a thin substrate.
With this, one could investigate the cause of the substrate vibrations and validate if the vibrations cause
an increased damping constant. Possible solutions could be found to reduce the damping constant in
the system.

* In experiment 3 the pressure sensor measured an overshoot of pressure p; during the step response
(see figure 4.16 in section 4.3). This overshoot behaviour was not the measured by the position sensor
which has a smaller response time. The displacement of the substrate showed a smooth motion. To
measure if this overshoot actually occurs, a pressure sensor with smaller response time could be used.

¢ The orifice restrictor model describes a flow which is dominated by inertial forces, while the Reynolds
equation describes a flow which is dominated by viscous forces. The flow transition between an orifice
restrictor and the air film could be further improved. In the current numerical model the velocities near
the inlets and outlets are overestimated by the Reynolds equation due to large convective accelerations.

¢ In this thesis pressure p, was estimated, but it would be better to measure p, and the pressure in the air
film at different locations. This could be achieved by holes in the manifold or holes in a rigid test sub-
strate. With pressure sensors the pressure at the holes can be measured. With this, one could measure
the actual pressure profile in the air film and compare this with the numerical model.
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Figure 5.1: Recommendation for improving the placement of the actuators. Top view of the bottom manifold. Here the yellow arrows
indicate the actuators generating an actuation force to right and the red arrows indicate the actuators generating a force to the left.






Contactless substrate handling systems
using air

In literature there are numerous techniques for contactless substrate handling systems with the use of air. In
section 1.2 air film actuators were already discussed. In this appendix four different techniques are explained
and some examples from literature are described. The survey of various air manipulation systems discussed
in Laurent et al. [15] has been used as an inspiration. The four different techniques are: air bearings, tilted
air jet actuators, squeeze film actuators and air flow actuators. These are described in sections A.1 to A.4
respectively.

A.1. Air bearings

The first and most basic design to levitate an object is by an air bearing. An illustration of such a system
is shown in figure A.1. Here the lower surface is the stationary part called the bearing surface. The moving
part is called the substrate or object. In the bearing surface are holes with diameter d from which air can be
supplied. By applying gauge pressure at the holes, air flows and impinges against the substrate. With this an
air film is created between the bearing surface and the substrate. A pressure field is generated in the air film
which is larger than the ambient pressure. Therefore the substrate is levitated from the bearing surface until
an equilibrium fly height & is reached. An air hockey table that lifts a puck is a common example of an air
bearing. The air bearing only levitates the substrate. In order to move the substrate an in-plane actuation
force is needed, as is shown by F, in figure A.1. Common solutions use a gravity force, an electromagnetic
force or an electrostatic force to transport an object. An example of contactless actuation was shown in Pister
etal. [21]. Here air nozzles where used to levitate objects of 1 mm by 1 mm on an air film of about 20 pm thick.
Conductive plates where used to generate an electrostatic field to apply a force on the levitated object. With
this, actuation forces up to 0.01 mN where reached.
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Figure A.1: Air bearing.

A.2. Tilted air jet actuators

The second kind of contactless handling systems by air are tilted air jet actuators. An illustration of a tilted air
jet actuator is shown in figure A.2. The configuration of this system is similar to a conventional air bearing.
However the inlet holes with diameter d are all at an angle ¢ with the vertical. By applying a gauge pressure
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at the holes, the pressure field underneath the substrate becomes larger than the ambient pressure. This
causes the substrate to levitate to an equilibrium fly height h. Furthermore, the pressure field also induces
an air flow. This flow has a net contribution in one direction. The linear momentum transfer from the jets to
the substrate gives an in-plane traction force. By using multiple tilted air jets in different directions, one can
position the substrate to the desired location.
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Figure A.2: Air jet actuator.

Several researches have been conducted with such actuators. Examples of researches and the performances
of tilted air jet actuators are listed below:

* In Biegelsen et al. [2][3][6] a system was used to transport sheets by actuating on both sides of the sheet.
Measurements were performed on a 15 cm by 13 cm flexible plastic sheet with a mass of 3g. The film
thickness was about 2 mm on either side of the sheet. It was measured that a single jet could generate
0.17mN with an air consumption of 1.2L/min.

¢ In Moon et al. [19] a 2m long track was developed to transport a 300 mm wafer of 127 g. Here the air
film thickness was 400 um. With this system a maximum wafer velocity of 0.56 m/s was achieved.

¢ Guelpa et al. [7] developed modular square blocks that could lift and push the substrate in a single
direction. Multiple blocks were used to transport and position a 150 mm glass wafer. Measurements
showed a maximum wafer velocity of 0.3 m/s. The maximum measured in-plane force was about 11 mN
with an air consumption of about 27L/min.

A.3. Squeeze film actuators

A third way to generate a pressure field to position a substrate is to change the film thickness actively. When
the gap between the bearing surface and the substrate is oscillated with sufficient high frequency, the air
between the bearing surface and the substrate can be considered to be trapped. Because air is a compressible
fluid, the pressure to volume relationship can be described as an isothermal ideal gas. In figure A.3 it can
be seen that during compression the pressure difference (Ap™) is larger than the pressure difference during
expansion (Ap~). This results in an average pressure (pavg) which is larger than the atmospheric pressure
(patm). With this a pressure distribution can be created which levitates the substrate. This phenomenon is
called the ‘squeeze film effect’ [22][23].

Furthermore, the vibrating bearing surface can be made up of different vibrating surfaces which is shown
in figure A.4. When increasing the vibration amplitude of the next vibrating surface, the pressure there is in-
creased (p** in figure A.4). Note that the pressure can only increase when a vibrating surface is covered by the
substrate. Due to the generated pressure field a flow is induced. Subsequently this flow generates a viscous
traction force which shifts the substrate to the next vibrating surface and holds it there. With this principle
the substrate can be transported to the desired location.

Several researches have been conducted on vibrating surfaces to transport and position a substrate. Examples
of researches and the performances of such systems are listed below:

¢ In Ueha et al. [27] a vibrating plate of 609 mm long was used to levitate and transport an object. By
applying travelling waves in the plate a flow is generated. This flow induces a viscous traction which
can move the object in the desired direction. The plate was vibrated at a resonant frequency of 19 kHz
with a wavelength of 38.06 mm. With this a 90 mm by 65 mm Bakelite plate of 8.6 g could be lifted and
transported with a maximum velocity of 0.7 m/s. In this case the vibration amplitude of the plate was
20 pm.
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Figure A.3: Expansion and compression of air on a constant temperature line.
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Figure A.4: Squeeze film actuator.

¢ In Yano et al. [34] a demonstrator was developed to levitate and transport an object. The system con-
tained three 35 mm by 15 mm steel plates placed next to each other. The plates have a resonance fre-
quency of about 22.5kHz. A 10 mm by 17.5 mm acrylic object could be levitated at a film height between
25 um and 45 um. The largest measured in-plane force on the object was 0.15 mN.

A.4. Air flow actuators

A fourth way to position a substrate contactless using air, is by creating an induced flow at the edge of the
substrate. This is done by having an bearing surface consisting of a pattern of nozzles. There are two different
nozzles: levitation nozzles and traction nozzles (as is shown in figure A.5). The levitation nozzles are used
to create an air cushion between the substrate and the actuator surface. By this the substrate maintains a
constant fly height & above the bearing surface (same principle as regular air bearings). The substrate can
be moved by generating strong vertical air jets through the traction nozzles (as is shown in figure A.5). This
is done by applying high pressure at the traction nozzles which are located at the leading edge of the sub-
strate. The air jets create an induced air flow in the surrounding fluid that pulls the object toward the nozzle
by viscous traction. By consistently applying pressure at the leading edge of the substrate, the substrate can
be positioned at the desired location. The induced flow can also be generated by applying a vacuum pressure
instead of a gauge pressure.

Examples of researches and the performances of air flow actuators are shown below:

e In Moon et al. [18][29] a demonstrator was developed to position small plexiglass objects. An air hockey
table was used to lift the object. A cover plate with holes was placed 1 cm above the object. The holes
used vacuum pressure with an air flow of 114 L/min. By moving the cover plate, the object could be
positioned in-plane to a desired location.

¢ In Laurentetal. [5] [16] a table was used consisting of levitation nozzles and traction nozzles to position
an object in-plane (see figure A.5). Visual feedback was used such that the traction nozzles at leading
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Figure A.5: Air flow actuator.

edge of the object were activated. With this the object could be moved in the desired direction. The
system was able to achieve a maximum traction force of 20.81 mN on a H-shaped object of 32.38g.



Derivation Reynolds equation

As mentioned in section 2.1 the conservation laws describe the fundamental principles a flow has to satisfy.
The differential forms of the conservation laws are quite difficult to solve and analytical techniques are lim-
ited to simple geometries and uniform boundary conditions. In this appendix the conservation of mass and
momentum equations are combined and simplified which results in the so called ‘Reynolds equation’, shown
in equation 2.1. From this equation the pressure field in the air film can be calculated. During the derivation
of the Reynolds equation a description for the associated velocity field is also derived. This velocity field is
crucial for determining the performance of the air film actuator.
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Figure B.1: Mass flow in x-direction entering and leaving boundaries of an infinitesimal small control volume element.

B.1. Conservation of mass

The first conservation law to explain is the conservation of mass. This conservation law states that the fluid
mass cannot change. This concept is applied to a fixed infinitesimal small control volume element (Eule-
rian approach) as is shown in figure B.1. Mass can be stored within the volume by a change in density.
The rate of storage is % -dx-dy-dz. Mass can flow across the control volume boundaries. For mass con-
servation if the mass flow at the left face is known by p - u-dy-dz, the value on the right face is given by

p-u+ % -dx|-dy-dz. These mass flows in x-direction are shown in figure B.1 on the left and right faces

respectively. The flows in y-direction (front and back faces) and z-direction (bottom and top faces) are omit-
ted to avoid cluttering up the drawing. The six flows are listed in table B.1.

By convention, flow that enters the control volume across a surface is denoted negative, because the outward
normal and velocity vector are in opposite direction. While the flow that leaves the control volume across
a surface is denoted positive, because the outward normal and velocity vector are in the same direction.
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Table B.1: Mass flows in and out across boundaries of an infinitesimal small control volume element

Face Inlet mass flow Outlet mass flow

X p-u-dy-dz [p-u+6(g;cu)'dx]'dy'dz

¥ p-v-dx-dz [p-u+5(g~v).dy]-dx-dz

z p-w-dx-dy [p w+6(p ) dz] dx-dy

Summing the flows gives mass conservation relation as shown in equation B.1.

a(p-u) a(p-v)
——dr-dy-de+ ——— 5

d(p-w) _
-dx-dy-dz+ ———-dx-dy-dz=0 (B.1)

—'O-dx-dy-dz+
0z

ot

By dividing equation B.1 by the element volume (dx-dy-dz), leaves the partial differential equation shown
in equation B.2.

op ,0(p-u) 0lp-v) Ofp-w)
ot 0x o0y 0z

=0 (B.2)

Using index notation, equation B.2 can be rewritten in more compact form as is shown in equation B.3.

ap 0(p-w)

=0 B.3
ot ox; (B.3)

Equation B.3 states that mass is conserved for an infinitesimal control volume. It is often called the equation
of continuity because it requires no assumptions except that the density and velocity are continuum func-

tions. In words, the second term in equation B.3 (M) is the divergence of the mass flux p - u;. This flux

divergence gives the net loss of density per unit time at each point of the fluid. For example, if =5—= a(p u’) is pos-

itive the local density will decrease with time. For more details about conservation of mass and 1nf0rmat10n
about the Reynolds transport theorem see [13] [17] [32].

B.2. Conservation of momentum

The second conservation law to explain is the conservation of momentum. This conservation law states that
the time rate of change of momentum equals the sum of forces acting on the control volume. For analysis the
same control volume is used as in section B.1, except instead of a fixed control volume (Eulerian approach)
the control volume moves with the fluid flow (Lagrangian approach). Since the control volume moves with
the fluid, the time rate of change of momentum is the elemental mass times its acceleration. By doing so the
conservation of momentum results in equation B.4 which is equivalent to Newton’s second law of motion.

p-%‘dx‘dy-dz=ZdF (B.4)
Di

Here Ru D = %’; + u - (Vu) defines the material derivative of the velocity. Equation B.4 points out that the net
force on the control volume must be of differential size and proportional to the element volume. These forces
are divided in two types of forces: body forces and surface forces. The first one, body forces, are forces which
are applied to the entire mass by an external field. In this thesis only gravity is considered as a force field,
other force fields (such as magnetism, electric potential) are omitted. The differential gravity force applied
on the control volume is stated by equation B.5. Here g = [gx &, 8] T, depending on the orientation of
the gravity field.

dFpody = - g-dx-dy-dz (B.5)
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Figure B.2: Stress components on the sides of an infinitesimal small control volume element.

The second type of forces, the surface forces, are stresses which are applied to the surfaces of the control
volume. These are shown in figure B.2. The surface forces arise from hydrostatic pressure and viscous stresses.
The hydrostatic pressure (p) is defined as the compressive stress at a point in a static fluid. By convention
the hydrostatic pressure is taken positive for compression. The viscous stresses arise from a velocity gradient
across the fluid denoted in the viscous stress tensor (7;;). Each stress component on each plane can be
presented in a second order tensor (o ;) shown in equation B.6.

—P+ Txx Txy Txz
Oij==-p-0ij+Tij= Tyx —p+Tyy Tyz (B.6)
Tzx Tzy —PF Tz

Here (0 i j) denotes a symmetric tensor called the Cauchy stress tensor. Where the first index (i) of ¢;; indi-
cates the direction in which the stress acts on its plane. While the second index (j) indicates the direction of
the outward normal of the surface on which the stress is acting on [8]. Lets now observe the stresses applied in
the x-direction which are drawn in figure B.3. The net force in x-direction on the yz-plane is % -dx-dy-d=z.
The same happens for the other faces, which results in a net differential surface force in the x-direction shown
in equation B.7.

60'xx agxy 0sz
0x oy 0z
From equation B.7 it can be seen that the force is proportional to the element volume. Furthermore, not

the stresses but their gradients cause a net force on the surfaces. Each stress term in equation B.7 can be
substituted by the terms on the first row of equation B.6. This results in equation B.8.

dFy surf = -dx-dy-dz (B.7)
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Figure B.3: Stresses applied in the x-direction on an infinitesimal small control volume element.

0p Otxx OTxy 0Ty,
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With the same reasoning the forces in y-direction and z-direction can be derived. These net differential
surface forces are shown in equations B.9 and B.10.

Op O0tyx 0Ty, 0Ty,
dF, =|-—+ + + -dx-dy-d B.9
y,surf [ dy ox 3y oz X-dy-dz (B.9)
dp 0sz 6sz aTZZ
dF, =|-=—+ + + -dx-dy-d B.10
z,surf [ 0z Ox ay oz x-ay-dz ( )

With these differential forces, Newton'’s second law (equation B.4) can be filled in where }° dF = d Fy+d Fpody-
The result is shown in equation B.11.

p~DD—l;‘dx~dy~dz: [-Vp+div(t;j)+p-g]-dx-dy-dz (B.11)

Furthermore, one can divide the element volume (dx -dy- dz). This leaves the basic differential momentum
equation for an infinitesimal element shown in equation B.12 in index notation.

Dt 0x; 6xj ! )

In words equation B.4 states:

density - acceleration = — pressure force per unit volume
+ viscous force per unit volume + gravity force per unit volume

Finally, to fully define the momentum equation the viscous stress tensor 7;; has to be determined. By analogy
with Hookean elasticity, the simplest assumption for the variation of viscous stress with strain rate is a linear
law. These considerations were first made by Stokes (1845). Fluids that obey these conditions are said to be a
‘Newtonian’ fluid. The resulting deformation law is satisfied by all gases and most common fluids [33]. These
assumptions are:

1. The fluid is continuous and its viscous stress tensor (7;;) is a linear function of the strain rates from
dilating and shearing of the body.

2. The fluid is assumed isotropic where its properties are independent of direction. Therefore the state of
stress does not depend on how the fluid body is oriented with respect to the direction of deformation.

3. When the strain rates are zero the viscous stresses vanish whereby the remaining stresses reduce to the
hydrostatic pressure (o; ji=—p-8ij).

With these statements the deformation of a fluid element can be related to viscous stresses that act on it. By
definition a viscous stress is one that is generated due to relative motion between different parts of a fluid.
The motions which a fluid element can have are: translation, rotation, normal strain and shear strain. These
motions are shown in figure B.4. It is clear from figure B.4 that only normal strain and shear strain involve
motions in which parts of the fluid element move relative to one another, resulting in a deformation of the
fluid element. Therefore only normal strain and shear strain are expected to be responsible for the generation
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Figure B.4: Illustration of possible motions of a fluid element.
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of viscous stress in a flowing fluid. In fluid kinematics the ‘strain rate tensor’ (S;;) describes the symmetric
part of the velocity gradient ( ) which embodies fluid element deformation. The strain rate tensor is given
in equation B.13.

1 (aul auj)
= + (B.13)

772 \ox; " ox

When i = j then S;; = 0x1 Sop = g—z and S33 = g%:, which equals the rate of normal strain in x-, y- and
z-direction respectively. While if i # j then S;; equals one half the rate of shear strain in the xy-, xz- or yz-
plane. As described in [13] the relation between the viscous stresses and the strain rate tensor is given as in
equation B.14.

Tij=2+f-Sij+ A Smm-0ij (B.14)

Here p is called the dynamic viscosity coefficient which relates normal strain or shear strain to a viscous stress.
Whereas the term A is called the second coefficient of viscosity which relates volume change of the fluid to a
viscous stress. Filling in equation B.6 by equation B.14 results in equation B.15 which gives the stresses in a
Newtonian fluid.

Uij:_p‘éij‘f'z'li'sij"‘/l'smm'(sij (B.15)

By substituting equation B.15 in equation B.12 the momentum equation is obtained as is shown in equation
B.16. This equation is also known as the ‘Navier-Stokes’ equations which expresses the equations of motion
for compressible Newtonian fluids.

ou; dul) op 0 (Ou, auj) Oum
A2y, = 2. Nt Y LY B.16
(Ot T o) T o T ax; Toxi )" i) TP (.16)

oxj 0x; 0

Lastly Stokes noted an interesting consequence of equation B.15. By taking the negative average of the three
normal stresses, one obtains the average compression stress on the element. This is shown in equation B.17.

_ 1 2 oum,
p:—g-(oxx+ayy+azz):p—(A+§-u)~m (B.17)
Here p is defined as the ‘mechanical pressure’ which the fluid experiences. And where g”'" = div(u;) describes

the dilatation of the fluid. Equation B.17 states that the mean pressure in a deformlng viscous fluid is not
equal to the thermodynamic property called pressure (p). This difference is due to the time lag with which
the thermodynamic equilibrium condition is reached in a motion that implies an isotropic dilatation of a
fluid element [4]. Stokes simply resolved the issue by assuming the relation stated in equation B.18.

2
A+ u=0 (B.18)

This statement is also known as ‘Stokes’ hypothesis’. With this assumption isotropic dilatations by the fluid
do not produce viscous stresses. This statement is found to be accurate in many situations because either
the term (JL +3 u) or the term g is often very small [13] [33]. Only in special situations does the distinction
between p and p play an 1mportant role. For example in shock waves or explosions where the volume of
a fluid element rapidly changes. Throughout this thesis it is assumed that Stokes hypothesis is valid (see
assumption 6 from section 2.2). Substituting equation B.18 in equation B.16 results in equation B.19 which
will be the momentum equation used throughout this thesis.

0 0 0 0
( di ul)———p+— '5ij +p0-8i (B.19)
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B.3. Nondimensionalization: conservation of mass

By writing conservation laws in nondimensional form, one can determine which terms are negligible. This
simplifies the differential equations significantly. Let us first analyse the conservation of mass shown in equa-
tion B.3 in index notation.

op 0(p-ui)

—+—=0 B.3

ot 0x; ®.3)
To determine which terms are important and which may be neglected, the differential equation will be nondi-
mensionalized. There are eight independent and dependent variables, namely: u, v, w, x, y, z, t and p. These
variables can be expressed by a characteristic scaling unit (denoted with a subscript ‘s’) and a nondimension-
alized quantity (expressed with a asterisk above the quantity):

U=us-u* v=vs-0" w=ws-w

x=Ls-x* y=Ls-y* z=Hs-z*

t=t-t"  p=ps-p*
Here is ugs the characteristic velocity of the flow in x-direction, vs the characteristic velocity of the flow in
y-direction, ws the characteristic velocity in z-direction. It is given that the dimensions in x- and y-direction
are in the same order (see assumption 10 from section 2.2). Therefore L represents the characteristic length
of the fluid film in x- or y-direction. Hjy is the characteristic length of the fluid film in z-direction, #; the
characteristic time scale and p; the characteristic density of the fluid. Substitute these variables in equation
B.3 gives equation B.20.

*

&.EJFPS-MSﬁ(p*-u*)+ps-vs.0(p*‘v*)+ps-ws'6(p*-W*) _
i 0r* L ox* L oy* H, 0z*

This equation is not yet dimensionless. Therefore by dividing this equation by the coefficient of the highest

N Ap*-u) o . . . . . . .
ordered derivative term (% xf ) this equation becomes dimensionless as is shown in equation B.21.

0 (B.20)

Ls 0p” 0lp"-u’) vs Op”-v7) L ws 0(p”-wh) (B.21)
ts-us Ot* ox* Ug oy* Hy ug 0z*

Now the continuity equation is dimensionless, some insight can be obtained about the relation between
different scaling quantities. For that the coefficients in front of the terms g‘t): , a(%;'*v ) and a(P;Z'il/ 2 are set to
unity. With this, one can observe the relevance of these terms with respect to the highest order derivative
term a(%:,f‘ R , which coefficient is already unity. From this results the following relations shown in equations

B.22, B.23 and B.24.

L L
S 1> o= = (B.22)
Ls- U U
U,
= =1= v5= ug (B.23)
Us
Ly ws H;
— . — =12 ws=—-Ug (B.24)
Hs  us Ls

B.4. Nondimensionalization: Navier-Stokes momentum equations
Secondly, the Navier-Stokes equations will be nondimensionalized. As described in section B.2 these equa-
tions describe the momentum balance in the fluid in each direction (x, y and z). In equation B.19 the Navier-
Stokes equations are given.

(Ou,- au,-) _ opP 0

ou; Ouj) 2 Oum,
ot " ox;) T ox o (

—_Zoy s .o B.19
6xj+(3x,- 3 K oxy, Tpesi ( )

In this case there are nine independent and dependent variables, namely: u, v, w, x, y, z, t, p and p. Now equa-
tions B.22, B.23 and B.24 are substituted:
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u=us u* V=gV = ug-v* w:ws-w*:%us-w*
S

x=1Lg-x* y=Ls-y* z=Hg-z*

_ % _ L * _ * _ *

=t " =301 P=Psp pP=pPsp

Here ps is the characteristic pressure scale in the fluid. With these the variables in the Navier-Stokes equations
can be substituted. There are three momentum equations, one for every direction. These equations will be
discussed individually in the following sections.

B.4.1. Conservation of momentum in x-direction

From equation B.19 the momentum balance in x-direction can be given. This is shown in equation B.25. Note
that u is brought out of the partial derivatives because this parameter is assumed constant (see assumption 8

from section 2.2).
(L2 2, 02
ot 0x oy 0z 0x

u 0*u 0°u 1 (0*u  0*v ’w

H @*a—yﬁ@%'(@*m*m)

(B.25)
+0-8x

Now the variables are substituted in equation B.25 as is shown in equation B.26. In equation B.27 the co-

efficients are grouped together. And lastly in equation B.28 the equation is divided by the coefficient of the
2 %
highest order derivative term 62—‘,“2, which makes each coefficient term dimensionless.

a
ps.p*.(u_f.au*+u_s2.u*.W+u_s2.,,*.6u*+Hs'us2.w*.0u*)=_&.6p*
Ly o0t* L 0x* Lg 0y* Ls-Hg o0z* Ly ox*
. U 62u*+ U azu*+ U 62u*+1 (us 62u*+ us  0%v* . Hs - ug P w* ) . .
P L2 ox2 " 1.2 5y2 "2 922 T3 (L2 9x2 ' L2 ox*-0y* @ Le-Ls-Hy 0x*-0z*)) PeTP 8
(B.26)
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+6u+6u+Ls 6u+1(0u+0v +6w )ps-Ls B
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Hs ps-ug-Hg (du* . ou* . ou” . 0u*) Hs ps-Hg 0p*
2.2 > °. . +u”- +vF- +w”- -,z > .
L 7 ot* ox* oy* 0z* Ly p-us 0x* (B.28)
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B.4.2. Conservation of momentum in y-direction
In equation B.29 the momentum balance in y-direction is given.
(6v+ 6v+ 6v+ 61/) op
o — u-— v — w-—/_|=—-——
Pl T ax T ey T W 8z) T Ty
(B.29)
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Yet again, the variables are filled in as is shown in equation B.30. In equation B.31 the coefficients are grouped

together. And lastly in equation B.32 the equation is divided by the coefficient of the highest order derivative
term 62—’12, which makes each coefficient term dimensionless.

0z
ps.p*.(u_sz.av*+u_s2.u*.6v*+u_s2.y*.0v*+Hs'us2.w*.0v*)=_&.6v*
Ly ot* L ox* L dy* | L~ Hi az* Ls dy*
N Ug 62v*+u5 62v*+ Ug 62v*+1 (us ou* +us 62v*+ Hg - ug P w* ) N .
FlT2 ox2 " 1.2 a2 "2 822 T3 '\12 ox 0yr T L2 0y Le-Ls-Hs 0y -9z*)| PP &

(B.30)
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Ps-Us-Ls *‘(01/ +u*.0v +U*_6v +w*_6v):_ps-Ls'6p
7} or* ox* oy* 0z* u-ug 0y* (B.31)
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B.4.3. Conservation of momentum in z-direction
In equation B.33 the momentum balance in z-direction is given.
(6w+u ow ) 0w+w dw) op
P \or T ax TV 5y 9z) " "oz
(B.33)
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As previous, the variables are filled in as is shown in equation B.34. In equation B.35 the coefficients are
grouped together. Furthermore in equation B.36 the equation is divided by the coefficient of the highest

order derivative term % -,

multiplied by * in order to have the coefficient term —

which makes each coefficient term dlmensmnless Additionally the equation is

Hs  ps-Hs .
s pu
of the next sectlon Because in that section it will be explalned that the pressure gradient is the dominant

term in this differential equation.

in front of 22 3= This is done in preparation
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At this point one can compare equations B.28, B.32 and B.36 with each other. From these it can be seen that
equations B.28 and B.32 have identical coefficient groups. While equation B.36 is similar to these equations,
some coefficient groups contain extra % terms.



B.4. Nondimensionalization: Navier-Stokes momentum equations 71

B.4.4. Dominant terms

In the previous sections the Navier-Stokes equations are nondimensionalized and simplified. In this section
the characteristic scaling units and constants of equations B.28, B.32 and B.36 are evaluated. These equations
contain four distinct groups, namely:

1. f—:, this is the ratio between the characteristic length in z-direction and characteristic length in x- or
y-direction.

2. betslls his dimensionless group is known as the Reynolds number which describes the ratio between

inertial forces and viscous forces in the fluid.

3. %, note that this group is the Euler number multiplied by the Reynolds number (Eu-Re). The Euler

number represents the ratio between the pressure forces and the inertial forces in the fluid.
pS'HSZ

HeUs
number squared (Re/Fr?). The Froude number is the ratio between the inertial forces and the gravity
forces in the fluid.

- g; (where i is x,y or z), note that this group is the Reynolds number divided by the Froude

First discuss the constants p and g;. As stated in assumption 8 from section 2.2, it is assumed that the fluid
has a constant viscosity. For air this is valid assumption because the viscosity of air is only slightly dependent
on temperature [28]. The viscosity of air is 1.81- 1072 kg/(m-s).

Furthermore, the gravity constant g; has three components in x-, y- and z-direction. For the x- and y-
direction the gravity is 0 m/s?. Only in z-direction the gravity has a value of —9.81 m/s?.

Next discuss the characteristic scaling units Hs, Ls, ps, Us and ps. Here the Hj is the characteristic length
in the z-direction. This represents the film thickness of the fluid. For typical air bearings this thickness is
often in the order of 5um to 50 um [28]. Throughout this thesis, values of the film thickness around 10 pym or
30 pm are most common.

The following variable is Lg, which represents the characteristic length of the fluid in x- or y-direction. This
variable depends on the dimensions in x- or y-direction of the pocket or dam of an actuator cell. The smallest
dimensions of the actuator design are in the order of around 10 mm.

Next is ps which is the characteristic scaling of the density of the fluid. The density of air depends on the
local pressure and temperature. As stated in assumption 7 from section 2.2, the temperature in the fluid is
assumed not to change much. So the density only depends on the fluid pressure. In the final design the pres-
sure in an actuator cell varies between 1 and 3 bar. Therefore the density in an actuator cell varies between
1.225 and 3.675 kg/m°.

The following characteristic scaling unit is us, which is the fluid speed in x-direction. The fluid velocity is
largest in the pocket during actuation when the pressure gradient is largest. The average velocity during ac-
tuation in the pocket is around 138 m/s.

Lastly, the characteristic scaling unit ps represents the pressure in the fluid. As mentioned previously the
pressure in the final design varies between 1 and 3 bar.

Now that the order of magnitudes of the characteristic scaling units and constants are known, the four distinct
groups can be evaluated:

1. 4 100 403

ue-H. 0.102.10-5
2. ps’/:j S ~ 10 187510 :102

psHs _ 10°-107° _ 113
3. wus 1075102 T 10
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Finally with these groups known equations B.28, B.32 and B.36 can be filled in. These are shown in equations
B.37, B.38 and B.39.

10_1'p*-(6u* +u*-au* +v*-au* +w*-6u*)=—100-%
ot* ox* oy* 0z* ox*
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By neglecting terms smaller than unity, equations B.37, B.38 and B.39 become equations B.40, B.41 and B.42
respectively.

op* o°u*
0= 25 (B.40)
ap* 0°v*
0=-3,7 * 527 (B.41)
a *
0= —6—’; (B.42)

In order to return to dimensional form, one can substitute the nondimensional quantities. Furthermore,
from equations B.28 and B.32 one can choose ps = é—z B HL: %, such that the coefficient in front of the pressure
gradient term is unity [1]. Lastly one can divide the equation by the term in front of the pressure gradient.
These steps are shown in equations B.43, B.44 and B.45, resulting in the dimensional form of the dominant
terms. This greatly reduces the complexity of the momentum equations. It also shows that pressure forces

and viscous forces are the dominant driving forces in lubrication theory.

0= Ly 6p+HS2 %u _ H? ap+H52 62u:>0_ dp+ %u (B.43)
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B.5. Reynolds equation

The simplified momentum equations and continuity equation can be combined into one equation named
the ‘Reynolds equation’ shown in equation 2.1. First the momentum equations and continuity equation are
integrated across a fluid film between two parallel surfaces in order to substitute the boundary conditions.
By doing so, the results of the momentum equations and continuity equation can be substituted as will be
shown.
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B.5.1. Integrating momentum equations

Equations B.43, B.44 and B.45 can be applied on a fluid film. As is shown in figure B.5 the fluid is between
two parallel surfaces. In the model a right handed coordinate system is applied where to the right denotes
the positive x-axis, into the paper the positive y-axis (not drawn) and up the positive z-axis. The distance
between the two parallel surfaces is H, — H;. Here H; describes the vertical distance between surface 1 and
the origin. While H, describes the vertical distance between surface 2 and the origin. Lastly surface 1 has a
velocity u; in x-direction and a velocity v; in y-direction. Whereas surface 2 has a velocity u, in x-direction
and a velocity v; in y-direction.

surface 2

surface 1

Figure B.5: Fluid film between two parallel surfaces.

Now with this model the boundary conditions of the velocities at the surfaces are specified which can be
applied to the differential equation B.43, B.44 and B.45. Lets first begin with equation B.43 and integrate it
twice with respect to z. By rearranging this results in equation B.46.

1 dp ,
Uu=-—-—-2"4C; -2+ C (B.46)
2 0x
Here C; and C;, are two integration constants. These constants can be solved by substituting the boundary
conditions: u (H;) = u; and u (H>) = u,. Here ‘no slip’ assumptions are applied where the fluid and boundary
surface have the same velocity at the interface. Substitution results in equation B.47.

1. 0p 2
T I X e,
o=t 2lon e T (B.47a)
H,
1 dp
Co=puy—~——-H*-C-H B.47b
2= M- Uy 5 35 1-H ( )

Now assume H; = 0, which states that the coordinate system coincides with surface 1. This simplifies the
algebra. The results are shown in equation B.48.

LB (uz — uy)
2 0x ¢ H,
Co=p (B.48b)

(B.48a)

Substituting equation B.48 in B.46 results in the total velocity profile in x-direction as is shown in equation
B.49.

N | =
=~

0
.(ZZ—HZ-Z)-£+(u2—u1)-Hi+u1 (B.49)
b
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The same procedure can be used to find the velocity profile in y-direction. This can be obtained by integrating
equation B.44 and using the boundary conditions v (H;) = v; and v (H>) = v». The result is shown in equation
B.50.

0
v=g- '(ZZ_HZ’Z)'£+(V2_Vl)‘Hiz+V1 (B.50)

N =
==

One can visualise the shape of the velocity profiles in x-direction by plotting equation B.49. This is shown
in figure B.6 for four different cases. Figure B.6 (a) represents a flow where only a negative pressure gradient
is present. This creates a flow with a parabolic velocity profile which is called a ‘Poiseuille flow’. Whereas in
figure B.6 (b) only the upper surface has a velocity in x-direction. This creates a linear velocity profile which
is called a ‘Couette flow’. Figures B.6 (c) and (d) show two combinations of Poiseuille and Couette flows.

(a) u=0 m/s (b) u,>0 m/s
3 <0 N/m3 -0 n/m3
u;=0 m/s , u;=0 m/s
X
(c) u,>0 m/s (d) u,>0 m/s

— —

9P <0 N/m3 9P>0 N/m3

u;=0 m/s u;=0 m/s

Figure B.6: Various flow cases between two parallel surfaces: (a) g—i <ON/m3 and up =0 m/s known as a Poiseuille flow, (b) Z—Z =0N/m3

and u >0 m/s known as a Couette flow, (c) g—’; <ON/m3 and up >0m/s and (d) g—g >0N/m3 and up >0m/s

Lastly, also equation B.45 can be integrated. This results in equation B.51. From equation B.51 it can be stated
that the pressure is constant across the film height. Thus the pressure is not a function of z.

p(z) = constant=> p = p(t,x,y) (B.51)

B.5.2. Integrating continuity equation

As with integrating the momentum equations across the film height, one can also integrate the continuity
equation across the film height. Yet again one can use the same terminology as is used in figure B.5. With this
equation B.2 is integrated in z-direction between H; and H> as is shown in equation B.52.

z=0 (B.52)

HZa_p.dz+fH2 a(pu)'dz-i_fHZ a(pv)dz+fH2 a(pw)d

m 0t o x m 0y H z

Each partial derivative can be put out of the integral by using Leibniz’s integral rule. This is shown in equation
B.53.
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9 fHZ dz+p (6 H)- T8 g (¢, by 012
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In section B.5.1 it was pointed out that the pressure in z-direction is constant (p = p(¢,x,y)). Thereby the
pressure is not a function of z. Also note that the density can be expressed by pressure through the ideal

gas law (p Ry T) Because temperature is assumed constant through the fluid, the density is a function of

pressure only. Thus p=p(t,x,y) and p # p (2). Applying this to equation B.53 and working out the integrals
leads to equation B.54 .

Op-(Ho=Hy) | [0k, _ o,

or PR 1%ar " ar

d(p-qxy) OH, OH
+T—p(x)- u(x,Hz)-W—u(x,Hl)'W (B.54)

a(0-qyx) 0H, 0H,
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Here qy,y = 66 , where g, = f 2 f u(z)-dz-dy is the volume flow in x-direction. The same analogy can be

dz _ 9z , 0x 9z , 9y 0
used for the volume flow in y-direction (g,). Further, note that w = & = $ + $£- 92+ 2. &5 Filling this in

equation B.54 gives equation B.55.
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Lastly equation B.55 can be simplified which results in equation B.56.
Olp-(H,—H d(p- o(p-
(p-tH—HY) 0(p-Guy) O(p-dys) _ 5.56)

ot 0x oy

Lets now stop and think about what we have just done. By integrating the mass continuity equation across
the fluid film height, any derivative term of z has disappeared. Furthermore, each remaining term is inte-
grated with respect to z, for z between H; and Hj. An illustration is shown figure B.7. The vertical yellow
line represents the film height over which is integrated at an arbitrary position in the fluid. A physical inter-
pretation can be given for equation B.56. In words, the terms ol éix'y ) and 2@ é?,y'X) in equation B.56 are the
gradients of the mass flows per unit length in x- or y-direction respectively across the film height. The sum
of these terms gives the net loss of the term p - (H, — H;) per unit time at each point of the fluid. For example
if W + a(pé—z,y"“) is positive and the film height is hold constant, then the local density will decrease with
time. The balance in equation B.56 must be satisfied at every point in the fluid film.
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5 a(p'Qy,x) a(p'QX,y)
oy *» X

H2'H1

Figure B.7: Part of the fluid film with height H, — H;. Here the red arrow indicates the gradient of the mass flow per unit length in
x-direction. While, the blue arrow indicates the gradient of the mass flow per unit length in y-direction. Both mass flow gradients are
across the fluid film height, indicated by a yellow line with length H — Hj.

B.5.3. Volume flow gradients

Equation B.56 can be further expressed by substituting the terms gy, and g,,x. These gradients of the volume
flows can be derived by integrating the velocity profiles from section B.5.1. By definition gy, = [ IZZ u(z)-dz,
is the flow of fluid in x-direction between H; and H, per unit length in y-direction. Has mentioned before,
one can choose H; = 0 for simplifying the algebra. Integrating the velocity profile of equation B.49 results in
equation B.57.

H,
qx,y:j(; u(z)-dz

2 Hy

11 (1 H, a
:[—-—~(§-Z3—72-zz)-—p+(uz—u1)- ZH Uz (B.57)

B Hy3 0p+u1+LL2
T 12-p Ox 2

The same procedure can be used to find the gy,x. This can be obtained by integrating equation B.50 with
respect to z, for z between H; = 0 and H>. The result is show in equation B.58.

H,
qy,x:fo v(z)-dz

11 (1 H. 0 2 2
=[—-—«(—-z3——2-z2)-—p+(u2—ul)- L vz (B.58)
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B.5.4. Substituting volume flow gradients
Finally, the terms g,y and g, of equation B.56 can be substituted by equations B.57 and B.58. This is shown
in equation B.59.

a(p-(lgi—Hl)) . O(P-(—%%—ia:(ul ri)- ) . a(p-(—%%—ia;(vl + - )) 0 (859

Lastly, equation B.59 can be rearranged and for terminology H; = h is used to describe the height of the fluid
film. This results in equation 2.1.

0x ay 0x dy ot '

Equation 2.1 is called the ‘Reynolds equation’ It was presented by Osborne Reynolds in 1886 to describe the
pressure build up in self-acting bearings [28] [32].



Additional design considerations

In this appendix additional design considerations are described in four different sections. First in section C.1
the design of the substrate is explained. Secondly in section C.2 is explained how the distance between the
two manifolds is prescribed. In section C.3 the used sensors are described. Lastly, in section C.4 a numerical
analysis is performed to validate the analytical analysis from chapter 3.

C.1. Substrate

The substrate is the moving mass of the system that is desired to be actuated. The substrate consists of a web
(also called foil or film) and a scale for the position sensor. The total mass of the substrate is 1.058g. The
design of the substrate is shown in figure C.1. The choices that are made for the web and scale are explained
in subsections C.1.1 and C.1.2.

C.1.1. Web

The web is a carrier on which dies can be placed. Also, conducting material can be laminated on the web
by the foil manufacturer. Through printing and etching antennas can be produced out of the conducting
material which then allows it to receive radio-frequency signals. For these applications most common webs
are made from PET (polyethylene terephthalate). The thickness of these webs range typically from 23 um to
100 pm and typically have a width in the range of 40 mm to 400 mm. The laminated conducting material often
consists of aluminium or copper with typically a thickness of about 10 um or 20 um.

To prove if it is possible to actuate a flexible substrate, a small piece of web is used for the demonstrator. The
following four considerations are made:

1. The web has an uniform thickness of 36 ym with a tolerance of +£2 um. This is one of the thinnest webs
used, which is beneficial for a low mass substrate. Furthermore, the low thickness tolerance ensures
that the height of the air film beneath and above the web will only vary +2 um due to the web. Because
of this small tolerance, no aluminium layer is laminated on the web.

2. Tt is chosen that the web has a width of 55.5 mm, so that two air film actuators and a position sensor
can be placed next to each other.

3. Alength of 210 mm for the web is selected so that the web can make a trajectory of 50 mm while the air
film actuators are covered by the web at all time.

4. Finally, the web is made of PET with a density of 1420kg/m?®. Therefore the estimated web mass is
0.596g.

C.1.2. Scale

In order to measure the position of the substrate a linear encoder from Renishaw is used (for more informa-
tion see section C.3). For this sensor a (RGSZ20) scale is used to read out the relative position. This scale has
a width of 6 mm and a thickness of 0.2 mm. It is supplied on a reel for ‘cut-to-suit’ convenience. Because the
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substrate has to make a trajectory of 50 mm, the length of the scale is also 50 mm. When cut, the scale can
be placed on the web by its adhesive backing tape. The scale is made from steel with a golden coating for
protection. Taking a density of 7700 kg/m?3 this results in a scale mass of 0.462 g. The combined mass of the
web and the scale is 1.058 g. This is the moving mass that needs to be accelerated by the motion system. The
scale is used for the proof of principle of the motion system, but for end use application a different solution
is needed.

105 thickness welb: 3éum

24,75 +0.30

+0.25
0

55.50

thickness scale: 200um

Figure C.1: Substrate design drawn in SOLIDWORKS 2016. Dimensions are in millimetres unless otherwise specified.

C.2. Support structure

In the assembly the top manifold is placed on top of the bottom manifold. This is shown in figure C.2. Be-
tween the two manifolds is a substrate which can move freely in x-direction. In order to have a consistent
performance of the actuator cells, the film height between the dams and the substrate should be uniform.
Therefore it is desired to have parallel surfaces and a fixed distance between the two manifolds. In order to
achieve this, the distance between the two manifolds should be prescribed. It is chosen to use two feeler
gauges between the two manifold surfaces to adjust and fix the distance between the two manifolds. The
placement of the two feeler gauges is shown in figure C.3. The biggest benefits for this solution is that it gives
a precise defined distance between the two manifolds and it is easy to implement in the design.

top manifold

M20 bolt

substrate

bottom manifold

e

Figure C.2: Top manifold clamped on bottom manifold by four M20  Figure C.3: Exploded view of figure C.2. Here one can see the
bolts. placement of the two feeler gauges.

Because there is a gauge pressure between the substrate and the manifolds, a net vertical force is generated.
This vertical force is directed downwards on the bottom manifold and directed upwards on the top manifold.
During actuation the net vertical force on a manifold is 261 N (see section C.4). It is chosen to use four bolts
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which have the additional function to guide the substrate. These bolts need to be at least 130 mm long to go
through both manifolds. As mentioned before, the distance between the two manifolds should be as homo-
geneous as possible. That is why the bolts may not elongate more than 0.2 um. This condition also ensures
that the elongation of the bolts is in the sub-micrometre range for load cases larger than 261 N. For steel bolts
the minimum cross section for each bolt needs to be Ay = ﬁf{fé:::: =0 g%%‘%é?&g =212mm?. Rounded
up, this is equivalent to a M20 bolt. The integration of the bolts in the design is shown in figure C.2. Note
that not much pretension can be used by the bolts because the steel feeler gauges could damage the softer

aluminium manifolds.

C.3. Sensors

In this section the sensors in the design are described. In the design three different types of sensors are used:
position sensor, pressure sensor and flow sensor.

C.3.1. Position sensor

For measuring the position, the TONiC encoder system (T1000-10A) with a dual output interface (DOP0400A08A)
from Renishaw! is selected. This encoder uses a (RGSZ20) scale to read out the relative position, as mentioned
in section C.1.2. The readhead can measure with a speed up to 10m/s and has a 50 nm resolution. The di-
mensions of the readhead are 35 x 13.5 x 10mm. The readhead is placed in the bottom manifold, beneath the
substrate. In order for the readhead to read out the scale on the substrate, the scale has to be within the spec-
ified tolerances with respect to the readhead. Special care should be taken for the tolerances in z-direction
(+0.15mm) and yaw direction (+0.4°), because these are the smallest tolerances. To meet the tolerance in
z-direction any substrate vibrations should be minimized below an amplitude of 0.15 mm. For the tolerance
in yaw direction the cutting of the substrate width and the placement of the scale should be done carefully.
The tolerances for this are indicated in figure C.1.

C.3.2. Pressure sensor

For measuring pressure p; the PSE510 pressure sensor from SMC? is chosen. This sensor has an operating
pressure range between Obar and 10bar (gauge pressure) and a repeatability of +£0.03 bar. The sensor is placed
downstream the valve beneath the mounting block. The fitting to connect this pressure sensor is indicated in
figure 3.26 by the magenta coloured fitting.

C.3.3. Flow sensor

For measuring the flow through a single valve it is chosen to use a PFM725 flow sensor from SMC. This sensor
has an operating pressure range between —0.7 bar and 7.5 bar (gauge pressure), a flow range between 0 L/min
and 25 L/min and a repeatability of less than +0.75L/min. The flow sensor is located upstream a valve. The
fitting to connect this flow sensor is indicated in figure 3.26 by the blue coloured fitting. Here it measures the
flow of air through a single valve.

C.4. Numerical analysis

To compare the analytical analysis, a numerical analysis is performed for the bottom manifold. The numer-
ical analysis is implemented in COMSOL Multiphysics 5.4 with the general form PDE (Partial Differential
Equation) package. With this, one can solve equation 2.1 numerically for the steady state pressure where
% (p-h) =0kg/(s- m?). The geometry of the bottom manifold from section 3.4.3 is used. Furthermore, be-
cause the top manifold has an identical geometry as the bottom manifold, the pressure profile is mirrored
across the substrate. So, when one determines the pressure profile for the bottom manifold, one also knows
the pressure profile for the top manifold. The following boundary conditions are used, which are identical to
the boundary conditions described in sections 3.4.1 and 3.6.1.

* The pressure at the inlet restrictors generating a force to the right is p, g = 3bar.

* The pressure at the inlet restrictors generating a force to the left is p, 1, = 1.5bar.

Thttps://www.renishaw.com
2 https://www.smcpneumatics.com
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* The pressure at all outlet restrictors is ps = 1bar.

* The pressure of the outer perimeter of the dams is 1 bar.

The film height between the dams and the substrate is 10 pm.

The film height between the pockets and the substrate is 30 pm.

¢ The substrate has a velocity of 1 m/s in positive x-direction

Figure C.4: Scalar field of the pressure on the bottom manifold during actuation in positive x-direction. Here po g = 3bar, p 1, = 1.5bar,
p3 =1bar and hq = 10pm.

The resulting pressure profile for the bottom manifold is shown in figure C.4. With this, one can determine
the performance when both manifolds are used to actuate the substrate. The results for the analytical analysis
and numerical analysis are shown in table C.1. Here one can see that there is a good resemblance between
the analytical and numerical results. Although there are some differences. These differences are mainly due
to the fact that the numerical model embraces the exact geometry of the bottom manifold in contrast to the
analytical model which consists of an approximation of the manifold geometry.

Table C.1: Comparison between analytical analysis and numerical analysis. Here the performances of the total system are shown when
both manifolds are used.

Analytical Numerical Description
Fi, 194 mN 171 mN Total actu'fltlon f'orce. on substrate
in x-direction
Fy 0mN 8.97-10~* mN Total actugtlon f.orce. on substrate
in y-direction
F, 155N 261 N Net force in Z.—dlreCtIOI? generated
on a single manifold
Nt 1.30-1073 kg/s 1.27-1073 kg/s Total mass flow of air
Gtot 63.7 L/min 62.2 L/min Total volume flow of air
6 7 Total vertical stiffness applied on
k;, 9.31-10°N/m 1.69-10° N/m
substrate
% 1.63-10° (N/m)/m?  2.97-10° (N/m)/m? Total vertical stiffness applied on

substrate (per unit area)

To show more detail of the flow, a close up is taken of a single actuator cell. In figure C.5 the scalar field of the
pressure is shown within one actuator cell. Here it can be seen that p, g = 3bar at the inlet gradually decreases
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Figure C.5: Scalar field of the pressure at a single air film actuator cell. Here p, g = 3bar, p3 = 1bar and hg = 10pm.

to p3 = 1bar at the outlet. Furthermore, in figure C.6 the scalar field of the average velocity of the air is shown.
Here the arrows indicate the direction of the velocity. From this figure one can see that the majority of the
flow in the pocket has a velocity around 100 m/s. Except near the inlet and outlet where the velocity is larger
than 343 m/s (speed of sound). This contradicts with the orifice model of section 3.4.2 which stated that the
sonic conditions are not reached. An explanation for this result is that the Reynolds equation only includes
viscous effects and does not include inertial effects. This is one of the limitations of the Reynolds equation.
Lastly in figure C.7 the scalar field of the Reynolds number is plotted. Figure C.7 shows that the majority of the
flow in the pocket has a Reynolds number of around 450. This is similar to the Reynolds number of equation
3.14a, which has a value of 384. This indicates that viscous effects are dominant over the inertial effects. In
the vicinity of the inlet the Reynolds number is over 1000 and near the outlet the Reynolds number is around
800. This indicates that inertial effects do play a significant role near the inlet and outlet. This confirms that
the Reynolds equation gives realistic results in the majority of the actuator cell where the Reynolds number is
small, but it does not give realistic results in the neighbourhood of the inlet and outlet restrictors where the
Reynolds number is large.

Figure C.6: Scalar field of the average velocity of the air flow. The = Figure C.7: Scalar field of the Reynolds number at a single air film
arrows indicate the direction of the velocity. The air flow is actuator cell. Here p g =3bar, p3 = 1bar and hq = 10pm.
observed at a single air film actuator cell. Here ps g = 3bar,

p3 =1bar and hq = 10pm.






Realisation

In this appendix the realisation of the motion system is described. First in section D.1 an overview is given of
the total design assembly. Secondly in section D.2 the manufacturing process and realisation of the manifolds
is described. Lastly, in section D.3 the end result of the total motion system is shown.

D.1. Overview design

Before discussing the manufacturing process of the manifolds, let us first show the total design. In figure D.1
an overview is given of the total design made in SOLIDWORKS 2016. The top manifold is placed on top of the
bottom manifold with a substrate placed between them. The manifolds are separated from each other by two
feeler gauges. Air can be supplied to the valves by the supply tubes (indicated in blue) which have an outer
diameter of 4mm. The valves are placed in aluminium mounting blocks which are placed on aluminium
support structures.

mounting block

support structure

socket screw
top manifold

w ]
bottom manifold

4mm supply tube

position sensor cable

base plate

Figure D.1: Overview of the assembly of the total design.

In figure D.2 the exact same design is shown but now with the bolts and top manifold removed, to show the
inner design. Each valve is connected to four actuator cells by connection tubes which have an outer diameter
of 2mm. The red tubes and fittings indicate the flow lines which are connected to actuator cells that generate
an actuation force in positive x-direction (right). The yellow tubes and fittings indicate the flow lines which
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are connected to actuator cells that generate an actuation force in negative x-direction (left). The net force
generated by the actuator cells translates the substrate in x-direction.

2mm connection tube
(right actuation)

actuator cell

fitting for a
pressure sensor

feeler gauge

2mm connection tube
(left actuation)

Figure D.2: Overview of assembly of the total design with the top manifold and bolts removed.

D.2. Production of the manifolds

In this section the manufacturing process of top manifold and bottom manifold are described. As has been
encountered in the work of Snieder [25], after the production process the bearing surface (manifold surface
containing the dams) may contain significant curvatures. These curvatures can be formed during the man-
ufacturing process, by stacking different plates and by gluing different layers. These curvatures cause height
differences along the bearing surface. Snieder encountered curvatures that induced peak to peak height dif-
ferences ranging from 30 pm to 110 pm, depending on the measurement line and assembly configuration. In
order to place two manifolds on top of each other, it is essential that the flatness of the bearing surface of each
manifold is well defined. Otherwise the air film thickness could vary significantly. An illustration of the influ-
ence of curvatures in the manifolds is given in figure D.3, in contrast to manifolds without curvatures shown
in figure D.4. The increase in film thickness could reduce the performance of the actuator cells resulting in
an increase of air flow, a reduction of the pressure and a reduction of the bearing stiffness. In order to limit
the curvatures in the bearing surfaces, it is chosen to produce each manifold as a single part.

air film bearing surface air film bearing surface

Z Z

substrate bearing surface
substrate bearing surface
X X

Figure D.3: Both top manifold and bottom manifold containa  Figure D.4: Both top manifold and bottom manifold contain a flat
curved bearing surface. This increases the air film thickness at ~ bearing surface. This provides a homogeneous thickness of the air
different locations, which decrease the performance of individual  film over the whole bearing surface, which results in predictable
actuator cells. and optimal performance of the actuator cells.

Manufacturing process
In order to produce each manifold as a single part a suitable manufacturing process should be selected.
Therefore the following three manufacturing processes are discussed:
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1. Chemical Etching

Chemical etching is a material process in which a workpiece is covered by a mask and is exposed to a
chemical aggressive fluid. The areas of the workpiece that are not covered by the mask are dissolved
with a specified rate. With this the workpiece is uniformly processed at different exposed areas. In
previous work (Snieder [25] and Wesselingh [31]) it has been seen that this technique is a possible so-
lution for creating the bearing surface on a thin plate. Although creating a flat surface in the assembly
has been challenging. Also for creating the inlets and outlets a different technique is necessary (for
example: drilling with a bore, drilling with a laser or using tubes with predefined inner diameters).

2. Electroforming

Electroforming is an additive manufacturing process in which a workpiece is covered by a non-conductive
mask and is inserted in a bath. An electrical current dissolves a desired metal (often copper, chrome,
nickel, cadmium or zinc) at the anode. The metal galvanically bonds at the conductive areas of the
workpiece at the cathode. This technique has seen promising results in previous work (Wesselingh
[31]) on thin plates as it does not induce internal stresses. Although this technique becomes more chal-
lenging to work with on thick objects. Also for creating the inlets and outlets a different technique is
necessary.

3. Electrical Discharge Machining (EDM)
EDM is a manufacturing technique in which an electrical voltage is applied between a workpiece and
an electrode. With this, small sparks are generated that melt small bits of material of the workpiece.
With this material process it is possible to mill the pockets and drill the inlets and outlets. In previous
work (Wesselingh [31]) this technique has been applied on thin plates with poor results due to internal
stresses which bend the plates (see figure D.5). But because the object is not a thin plate but a thick
object, these internal stresses no longer result in a bended object.

Figure D.5: Wesselingh experimented with EDM on a thin steel plate. Because material is only removed on one side, internal stress in
the steel plate caused it to bend. The writer wants to emphasise that such curvatures may occur when working with thin plates, but not
necessary when working with stiff objects.

It is chosen to use EDM to manufacture the pockets, inlets and outlets of the manifolds for three main rea-
sons. The first reason is that a manifold can be produced from a single part. This prevents the bearing surface
of having significant curvatures compared to bearing surfaces produced on a thin plate as encountered in
previous work. The second reason is that the pockets can be produced with a tolerance a few micrometres.
With these tight tolerances the flow resistances of the pockets can be predicted accurately. The third reason is
that with EDM one can also drill the inlets and outlets with small tolerances. With these the flow resistances
of the holes can be predicted accurately.

The manufacturing of the manifolds using EDM was in collaboration with Ter Hoek!. The tolerances of the
manifolds were chosen such that the bearing surface has a tolerance of a few micrometres. The flatness toler-

Ihttps://terhoek. com
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ance of the bearing surface was chosen to be 3 um with a surface roughness of R; = 0.3 um which are achieved
with mirror milling. The pockets in the bearing surface were chosen to have a depth of 20 um with a tolerance
of +1.5um and manufactured by micro EDM milling. With these tolerances the maximum possible variation
of the film thickness on one side of the substrate is +4.5um. In case of hq = 17um, this results in a maximum
variation of the flow resistance of around +40% in the pocket. The inlets were chosen with a diameter of
300 um +15um and the outlets with a diameter of 500 um +50pum. These holes were manufactured by hole-
drilling EDM. The chosen material for the manifolds was aluminium, because it is easier to manufacture than
steel and it gives protection against oxidation.

To check the manufactured manifold an image is taken of a single actuator cell in the bottom manifold, as is
shown in figure D.6. The image is produced with a digital microscope. A detailed representation of the inlet in
the bottom left corner of the pocket is shown in figure D.7. The measured diameter of the inlet is 306 um, well
within the specified tolerance of £15um. A similar image is made for the outlet in the bottom right corner of
the pocket, as is shown in figure D.8. The measured diameter of the outlet is 536 um, well within the specified
tolerance of +50pum.

200um X 200um
Figure D.7: Detailed view of the inlet in the left down corner of the Figure D.8: Detailed view of the outlet in the right down corner of
pocket. The inlet has a diameter of 306 um. the pocket. The outlet has a diameter of 536 um.
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Enlargement of the outlets

During the initial experiments it was noticeable that the substrate was vibrating. To reduce the amplitude of
the vibrations it was chosen to increase the vertical stiffness. One way to increase the vertical stiffness is to
enlarge the outlets. Therefore it was chosen to drill the outlets from 0.5mm to 1.0mm. All 64 outlets were
enlarged manually with a 1.0 mm bore. An example of an enlarged outlet is shown in figure D.9. The red
encirclements indicate areas where the edge of the hole contains some burrs. Most burrs can be removed by
polishing the holes. Such a result is shown in figure D.10. The experiments described in this thesis were
performed with both manifolds containing outlets with a diameter of 1.0mm. A top view of the bottom

manifold is shown in figure D.11 with the inlets having a diameter of 0.3 mm and the outlets having a diameter
of 1.0 mm.

Figure D.9: Outlet diameter enlarged to 1.0 mm performed manually with a bore. The red encirclements indicate areas where the edge
of the hole contains some burrs due to the drilling process.
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Figure D.10: Polished outlet with most burrs removed. The height difference between point 1 and point 2 is 18.49 um.
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Figure D.11: Top view of the bottom manifold with all outlets enlarged to 1.0 mm.

D.3. End result

Now that the manifolds are produced, one can put together the different components. The total assembly is
shown in figure D.12. The base plate, the two support structures and the eight mounting blocks are made of
aluminium and manufactured by CNC milling. Figure D.12 is comparable to the drawing in figure D.1. This
is also the configuration used in experiment 3 of section 4.3. In figure D.13 the top manifold and support
structures are disassembled to show the components between the two manifolds. Figure D.13 is comparable
to the drawing in figure D.2.

Figure D.12: Overview of total motion system.
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D.3. End result

Figure D.13: Overview of total motion system with top manifold and support structures removed.






Measurement results for different film
thicknesses

This appendix contains additional results for experiment 2 of section 4.2. Measurements were also performed
at a film height of 12 um and 22 pm which are shown in sections E.1 and E.2 respectively.

E.1. Results with /i3 = 12um

In this section the same measurements were performed as in section 4.2. Except instead of kg = 17pum as
was shown in figures 4.7 to 4.12 the film height is now i3 = 12um with the results shown in figures E.1 to E.6.
The consequence of a smaller film height is that the flow passage for the orifice restrictors decreases, as Agri
scales linearly with hy. This increases the flow resistance of the orifice restrictors. Also the flow resistance of
the air film increases, as Ry scales by hq>. With this the flow gor reduces and p, increases. That is why the
flow in figure E.4 is smaller than in figure 4.10 for similar values of p;. This also explains why the actuation
force in figure E.5 is larger than in figure 4.11, because p, has increased for similar values of p;. Finally, the
least amount of friction was experienced at g = 17um, therefore it was decided to use iq = 17um instead of
hq = 12pm for the measurements in section 4.3.
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Figure E.1: Measurement results of flow ¢ as function of current I Figure E.2: Measurement results of pressure p; as function of
for different supply pressures. Here hq = 12um. current [ for different supply pressures. Here /iq = 12pm.
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E.2. Results with /i3 = 22um

In this section the same measurements were performed as in section 4.2. Except instead of hq = 17um, as was
shown in figures 4.7 to 4.12, the film height is now /g = 22pum with the results shown in figures E.7 to E.12.
The consequence of a larger film height is that the flow passage for the orifice restrictors increases, as Agyj
scales linearly with hq. This decreases the flow resistance of the orifice restrictors. Also the flow resistance of
the air film decreases, as Ry scales by hdg. With this the flow g increases and p» decreases. That is why the
flow in figure E.10 is larger than in figure 4.10 for similar values of p;. This also explains why the actuation
force in figure E.11 is smaller than in figure 4.11, because p» has decreased for similar values of p;. Finally,
the least amount of friction was experienced at g = 17pum, therefore it was decided to use /g = 17 pm instead
of hq = 22um for the measurements in section 4.3.
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Step responses during pressure rise and
pressure fall

This appendix contains additional graphs for experiment 3 of section 4.3. In section 4.3 the pressure was
observed in the interval 3.0s < ¢ < 3.2 s, because this showed the rise time behaviour when the substrate was
actuated in positive x-direction. In this appendix the pressure rise and pressure fall at different intervals are
observed. With this the rise time and fall time characteristics can be determined when actuating in positive or
negative x-direction. The pressure rise of p; 1, the pressure fall of p; g and the pressure fall of p; 1, are shown
in sections E1, E2 and E3 respectively.

E1. Pressure rise of p; 1,

In this section the same measurement results are used as in section 4.3. Except in this section the pressure
rise of p; 1 in the interval 3.5s < t < 3.7s is observed. During this interval a step signal is given to the valves
generating a force in negative x-direction. This interval is shown by the green areas in figure E1. The same
models are used as in section 4.3, but now with slightly different values for the parameters which are shown in
table E1. By comparing table E1 with table 4.1 from section 4.3, one can see that the value of AF, has reduced
from 96.5mN to 86.7mN and cynmod has reduced from 7501073 N/(m/s) to 600103 N/(m/s). The other
parameters remained the same.

Table E1: Used values of the parameters for describing the response of the plant when pressure p 1, is rising.

Parameter AF, Tdelay TRC Msub Madd
Value 86.7mN 0.375ms 1.80ms 1.005g 1.635¢g
Parameter Cyisc Cspring Cunmod ky ka

Value 10.7-10°3N/(m/s) 54.0-10°3N/(m/s) 600-103N/(m/s) 13.8N/m 13.8N/m

In figure E2 pressures p; r and p; 1. are shown as function of time. Here it can be seen that p; 1 has a pres-
sure of around 2.40bar at ¢ = 3.5s and a pressure of around 3.71 bar at ¢ = 3.7s. Furthermore, p;r has a
pressure of around 2.33 bar at ¢ = 3.5s and a pressure of around 2.37bar at ¢ = 3.7s. Both p; g and p; 1 can
again be approximated by first order models as is shown in figure E2. The force generated by these pressures
are shown in figure E3. In this case the net force is negative, because the substrate is actuated in negative
x-direction. Although the magnitude of the actuation force is slightly lower, compared to figure 4.17, Tgelay
and TRc remain the same. Also cynmoq is slightly lower, which indicates that this parameter is varying under
different working conditions. The position of the substrate is shown in figure E4. Here it can be seen that the
substrate is moving in negative x-direction as expected, with a displacement of about 3.22 mm. In figure E4 it
can be seen that the model shows a small mismatch between the measurement and the model in the interval
3.55s < t < 3.60s, but overall the graphs show good resemblance. Finally, the open-loop responses for the
plant in combinations with controllers are shown in figure E5. Here the green circles indicate the unity-gain
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Figure E1: Signals Iy and I, are the currents provided to the valves
generating a force in positive and negative x-direction respectively.
The green areas indicate the time interval 3.5s < £ <3.7s.

Figure E2: Pressures p; g and py 1, measured by the pressure
sensors. The results are shown for 10 measurements. The
measured pressures are also approximated by a first order model.

cross-over frequency with a phase margin of 35°. For C; - G, C»- G, and Cs - G these are respectively 125.8 Hz,
168.6 Hz and 87.0 Hz.
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Figure E3: Forces in x-direction acting on the substrate. The
actuation force is either determined with p; g and p; 1,
or with the measured displacement.

Figure E4: Displacement x of the substrate measured with the
position sensor. The displacement is also determined
with p1 g and py 1.

With this we can conclude that actuating in positive x-direction (section 4.3) and actuating in negative x-
direction (this section) give similar results. Although AF, is lower, also cynmod is lower in this situation. Be-
cause of the lower damping the maximum speed becomes 0.142 m/s with which it can move the substrate
50 mm in 360 ms in negative x-direction. The time constants remain the same, resulting in a rise time of
7; = 3.96 ms and a settling time of about 75 = 8.28 ms. Finally, the bandwidth of the motion system is about
87.0 Hz. This is sufficient enough to actuate the substrate within the required accuracy range of £+1 mm.
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Figure E5: Bode plots of the open-loop transfer functions Cj - Gy, Cz - G2 and C3 - G3. Here the green circles indicate the unity-gain
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E.2. Pressure fall of p; g

In this section the same measurement results are used as in section 4.3. Except in this section the pressure
fall of p;r in the interval 3.25s < t < 3.45s is observed. During this interval a step signal is given to the
valves generating a force in positive x-direction. This interval is shown by the green areas in figure E6. The
same models are used as in section 4.3, but now with some different values for the parameters which are
shown in table E2. By comparing table E2 with table 4.1 of section 4.3, one can see that the value of AF, has
reduced from 96.5 mN to 94.9 mN, Tgrc has increased from 1.80 ms to 4.20 ms and cy,moeq has reduced from
750-1073 N/(m/s) to 400- 1073 N/(m/s). The other parameters remained the same.

Table E2: Used values of the parameters for describing the response of the plant when pressure p; y is falling.

Parameter AF, Tdelay TRC Mgub Madd
Value 94.9mN 0.375ms 4.20ms 1.005¢g 1.635¢g
Parameter Cvisc Cspring Cunmod k1 k>
Value 10.7-103N/(m/s) 54.0-1073N/(m/s) 400-10-3N/(m/s) 13.8N/m 13.8N/m
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Figure E6: Signals Iy and I;, which are the currents provided to the
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Figure E7: Pressures pj g and pj |, measured by the pressure
sensors. The results are shown for 10 measurements. The
measured pressures are also approximated by a first order model.
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In figure E7 pressures p; r and p; 1, are shown as function of time. Here it can be seen that p; g has a pres-
sure of around 3.67 bar at ¢ = 3.25s and a pressure of around 2.34 bar at ¢ = 3.45s. Furthermore, p; 1 has a
pressure of around 2.49 bar at ¢ = 3.25s and a pressure of around 2.39 bar at ¢ = 3.45s. Both p; g and p; 1. can
again be approximated by first order models as is shown in figure E7. The force generated by these pressures
are shown in figure E8. In this case the net force decreases from a positive value to zero. Here 7pc = 4.20ms
which shows that the response is slower during pressure fall compared to pressure rise. This is because the
air in the ducts can only leave through the actuators, which takes time. One could use a different configura-
tion of the valves to decrease Tgrc, but it would make the system more complex. Therefore this is not further
investigated in this thesis. Furthermore, cynmoq is lower which indicates that this parameter is varying under
different working conditions. The position of the substrate is shown in figure E9. Here it can be seen that the
substrate is moving in negative x-direction as expected, with a displacement of about 3.44 mm. In figure E9 it
can be seen that the model shows a small mismatch between the measurement and the model in the interval
3.30s < t < 3.36s, but overall the graphs show good resemblance. Finally, the open-loop responses for the
plant in combinations with controllers are shown in figure E10. Here the green circles indicate the unity-gain
cross-over frequency with a phase margin of 35°. For C; - Gy, C, - G and Cs - G3 these are respectively 77.2 Hz,
110.0 Hz and 46.8 Hz.
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or with the measured displacement.

Figure E9: Displacement x of the substrate measured with the
position sensor. The displacement is also determined
with p1 g and py 1.
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Figure E10: Bode plots of the open-loop transfer functions Cj - Gy, Cz - G2 and C3 - G3. Here the green circles indicate the unity-gain
cross-over frequencies with a phase margin of 35°.

With this we can conclude that the pressure fall of p; r is slower than the pressure rise of p; . The response
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has a fall time of 7¢ = 9.24ms and a settling time of about 75 = 19.32ms. Resulting in a system bandwidth of
about 46.8 Hz. This could be improved by using a different valve configuration, such that the air can leave the
ducts more rapidly. Although such a configuration is more complex to implement.

E3. Pressure fall of p; |,

In this section the same measurement results are used as in section 4.3. Except in this section the pressure
fall of p;1 in the interval 3.75s < t < 3.95s is observed. During this interval a step signal is given to the
valves generating a force in negative x-direction. This interval is shown by the green areas in figure E11. The
same models are used as in section 4.3, but now with some different values for the parameters which are
shown in table E3. By comparing table E3 with table 4.1 of section 4.3, one can see that the value of AF, has
reduced from 96.5 mN to 86.0 mN, Trc has increased from 1.80 ms to 4.20 ms and cynmod has reduced from
750-1073 N/(m/s) to 400-1073 N/(m/s). The other parameters remained the same.

Table E3: Used values of the parameters for describing the response of the plant when pressure p 1, is falling.

Parameter AF, T delay TRC Mgsub Madd
Value 86.0mN 0.375ms 4.20ms 1.005g 1.635g
Parameter Cuisc Cspring Cunmod ky ka

Value 10.7-1073N/(m/s) 54.0-10°3N/(m/s) 400-103N/(m/s) 13.8N/m 13.8N/m
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Figure E11: Signals I and I, which are the currents provided to the ~ Figure E12: Pressures p; g and p; 1, measured by the pressure
valves generating a force in positive and negative x-direction sensors. The results are shown for 10 measurements. The
respectively. measured pressures are also approximated by a first order model.

In figure E12 pressures p; r and p; 1, are shown as function of time. Here it can be seen that p; 1, has a pressure
ofaround 3.71 bar at ¢ = 3.75s and a pressure of around 2.40 bar at ¢ = 3.95s. Furthermore, p; g has a pressure
of around 2.38bar at ¢ = 3.75s and a pressure of around 2.33 bar at ¢ = 3.95s. Both p; r and p; 1 can again
be approximated by first order models as is shown in figure E12. The force generated by these pressures are
shown in figure E13. In this case the net force increases from a negative value to zero. Here tgrc = 4.20ms
which shows that the response is slower during pressure fall compared to pressure rise. This is because the
air in the ducts can only leave through the actuators, which takes time. One could use a different configura-
tion of the valves to decrease Trc, but it would make the system more complex. Therefore this is not further
investigated in this thesis. Furthermore, cynmoq is lower which indicates that this parameter is varying under
different working conditions. The position of the substrate is shown in figure E14. Here it can be seen that the
substrate is moving in positive x-direction as expected, with a displacement of about 3.12 mm. In figure E14 it
can be seen that the model shows a small mismatch between the measurement and the model in the interval
3.79s < t < 3.84s, but overall the graphs show good resemblance. Finally, the open-loop responses for the
plant in combinations with controllers are shown in figure E15. Here the green circles indicate the unity-gain
cross-over frequency with a phase margin of 35°. For C; - Gy, C2 - G2 and Cs - G3 these are respectively 77.2 Hz,
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Figure E14: Displacement x of the substrate measured with the
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(a) Magnitude of C; - Gy, C2 - G2 and C3 - G3 in absolute value. (b) Phase of C; - Gy, Cy - G2 and Cs3 - G3 in degrees.

Figure E15: Bode plots of the open-loop transfer functions Cj - Gy, C2 - G2 and C3 - G3. Here the green circles indicate the unity-gain
cross-over frequencies with a phase margin of 35°.

With this we can conclude that the pressure fall of p; 1 is slower than the pressure rise of p; g (and the pressure
rise of p1 1). The response has a fall time of 7¢ = 9.24 ms and a settling time of about 75 = 19.32ms. Resulting in
a system bandwidth of about 46.8 Hz. This could be improved by using a different valve configuration, such
that the air can leave the ducts more rapidly. Although such a configuration is more complex to implement.
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