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Abstract 

A proposed experimental setup for study and demonstration of the 
pressure distribution and load capacity of hydrodynamic bearings was 
developed. Various conceptual designs for producing thin full film 
lubrication conditions and enabling gap geometry control and pressure 
and force measurements were produced and assessed. Relative motion 
for the interacting bearing surfaces was found promising to be achieved 
by a smooth rotating belt. A simple height control arrangement for the 
stationary surface is also found to be facilitating the gap control 
between the two surfaces. Alternative direct and indirect techniques for 
measuring pressure and force were pointed out. Topology and 
dimensions of the proposed design were suggested as a basis for a 
physical setup realization. 
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1- Notations 
c Damping co-efficient (N/(m/s)) 

dg Diameter of the gear (m) 

  The change of geometry with respect to x,  

  The change of geometry with respect to t, 

E Young Modulus of elasticity (N/m2) 

 Force (N) 

FDM Finite Difference Method 

f Frequency of the system (Hz) 

f0 Resonance Frequency of the system (Hz) 

  Force in frequency domain (N) 

Fmax Maximum Force (N) 

h Height function as function of x (m) 

 Accelerance in frequency domain ((m/s2)/N) 

 Transfer Function in frequency domain (m/N) 

hg Pitch of the gear (m) 

ht  Pitch of the thread (m) 

  Mobility in frequency domain ((m/s)/N) 

1 Maximum Height of the fluid channel (m) 



2 Maximum Height of the fluid channel (m) 

I Moment of inertia (m4) 

j Imaginary Number 

k Spring stiffness (N/m) 

L Total Length of the Beam (m) 

L1 Length of the First Part of the Beam (m) 

L2 Length of the Second Part of the Beam (m) 

m Mass of the system (kg) 

p Fluid Pressure with respect to x (N/m2) 

P max Maximum Fluid Pressure in the thin film (N/m2) 

q Flow of the fluid (m3/s) 

S Circumference of the gear (m) 

t thickness of the beam (m) 

T Tension in belt (N) 

rg radius of the gear (m) 

U Velocity of boundary layer fluid/ relative velocity of the 
two surfaces (m/sec) 

W width of the beam (m) 

 Displacement in frequency domain (m) 

y Deflection of the beam (m) 

η Viscosity of fluid (N*S/m2) 



θ Angle of the belt with x-axis (rad or degree). 

ζ Damping Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2- Introduction 
2.1 Background 
Reynolds derived an equation for the hydrodynamic thin film of a 
journal bearing, which quantifies and relates the pressure development 
inside the bearing to viscosity of the fluid, geometry of the layer and 
relative velocity of the two surfaces. The  imagined equivalent layer in 
rectangular coordinate system possesses the height to length ratio 
(h/L) equal to the ratio of the radius to thickness (h/R) of the bearing 
film [1]. 

The thesis is an endeavor to look for a setup that may generate an 
imagined equivalent one dimensional hydrodynamic thin layer in the 
rectangular coordinate system in accordance with the simplified one 
dimensional Reynolds theorem. The thin layer is readily available in 
cylindrical coordinate system. The two are explained in the figure 2.1 
below: 

 

Figure 2.1 Hydrodynamic Thin Layers 

h
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The thesis also probes for the most suited force measurement 
technique, while maintaining the ideal thin layer. 

In this report, two methods to generate the hydrodynamic Reynolds 
thin layer have been looked into in detail. Conceptual mechanical 
designs exploiting the two methods have been put forth, analyzed and 
improved till one of the two methods has been discarded.  

Every proposed idea to generate the thin layer has been analyzed in 
detail, with respect to the ideal hydrodynamic thin layer, using the 
proven scientific phenomenon and/or available technology. 

Once a conceptual design exploiting a method has been finalized, the 
study is extended to look for a way to measure the force or pressure 
being generated in the thin film. The thesis looks for the most suited 
method to measure the pressure or force being generated by the thin 
film. The available high-tech pressure measurement techniques have 
not been found suitable for the proposed method of measurement for 
the setup, as a result of this study. Instead of pressure measurement 
and any direct measurement method, indirect force measurement 
method has been recommended. 

Initially, the force measurement on the beam is expected to be 
measured by allowing the beam to deflect in a controlled and limited 
manner. However, the analysis of analytical and computational 
calculations for the beam deflection and pressure generation in the 
thin film, using Euler-Bernoulli beam equation and the Reynolds 
equation, has made this method to be discarded and the surfaces are 
made rigid. 

To meet the conditions required by 1-Dimensional Reynolds equation, 
the solid surfaces are made rigid. The surfaces are made rigid to avoid 
any flow complications as well. The transfer function measurement 
for the thin film has been put forth as a proposed method for 
monitoring various physical characteristics of the system for steady 



state conditions. It is also put forth to measure the force on the solid 
surfaces under the unsteady state conditions of the system. The latter 
measurement of transfer function represents the squeezing film action.  

Though the proposed method of measuring the transfer function seems 
to be a good option of measurement of the force, yet for steady state 
conditions it has been concluded to be of very limited use, hence is 
eventually discarded. The most suited method found in this regards is 
the force measurement by using load cells. The results achieved from 
the proposed method may be verified by experimental measurement of 
the transfer function.  

2.2 Aim and Scope of Thesis 
The thesis is aimed to design a setup which can generate the imagined 
Reynolds thin layer and measure pressure or force of the thin layer. 
The scope of the thesis is  

• to look for the most suited method and mechanical design 
concept, 

• to look for the most suitable force/pressure measuring 
technique. 

in the hydrodynamic thin film. 

2.3 Method 
The methodology may be split into two sections, the first being the 
hunt for the setup and the second being the measurement technique. 

The methodology to look for the setup may be summarized by the 
flow chart given in the figure 2.1: 



 

Figure 2.1 Methodology to Find a Setup 

An idea exploiting one of the two possible methods is realized using 
Autodesk Inventor®. Theoretical analysis of the conceptual design is 
carried out to check for the expected nonlinearities arising during the 
generation of the thin film. This theoretical analysis is supported by 
various proven scientific discoveries. The analysis would lead to 
either improve the proposed design, or to discard the idea along with 
the method it is exploiting or to finalize the proposed conceptual 
design to generate the thin layer. 

Upon finalizing the setup, the measurement technique is searched for 
using the methodology summarized by the flow chart in the figure 2.2: 

Mechanical Idea w.r.t. a Method 

Decision  

Analysis 

Finalized Setup 

Discard 

Improve



 

Figure 2.2 Methodology to Find a Force Measuring Technique 

The methods to measure force or pressure are presented, and analyzed 
for the perfect hydrodynamic thin layer generation. Based on the 
analysis a method has been finalized to measure the force being 
developed inside the thin layer. 

2.4 Research Questions 
What may be the most suited conceptual design and method to 
generate 1-Dimensional hydrodynamic thin layer? 

Which may be a good approach to measure the pressure or force 
generated by the thin fluid film? 

Re-Scaling

Pressure/Force Measurement 
Method

Decision  

Calculations and/or Analysis 

Finalized Method 



3- Hydrodynamic Thin Fluid 
Film 
Thin film may be defined as a high pressure coating of fluid of the 
scale of micrometers stuck to a solid surface. However, it is not the 
only way to define a thin film. For example, it may be defined as a 
high amount of surface tension thin fluid layer of the scale relative to 
the components it is separating.  

The examples of the former definition of the thin layer are diverse in 
engineering applications. Thin film of the aero planes has enabled 
man to travel high, under lower friction at greater speeds. In case of 
the engines, it is the thin film seals the leakages more efficiently in the 
areas of small clearances as in an IC engines to reduce loss of its 
lubricant resources, and improve the output of the engine by lowering 
the friction. 

The example of the later definition of the thin layer is the sealing 
water membrane present at the junction of two different oceans. This 
barrier is a thin layer relative to the dimensions of the ocean and is the 
perfect sealing mechanism for the purpose at hand. 

In Tribology, the thin layer is a microscopic layer of lubricant 
molecules of the lubricant to reduce the friction between the surfaces 
it is separating. This sort of thin layer may be either of the following 
domains: 

• Hydrodynamic Thin Layer 
• Hydrostatic Thin Layer, 
• Elastic Thin Layer, 
• Boundary Thin Layer, 
• Solid Thin Layer. 



3.1 Hydrodynamic Thin Layer and 
Reynolds 
Reynolds is among the pioneers of the field of Tribology because he 
derived an equation to quantify the pressure being developed inside 
the hydrodynamic thin film. Reynolds equation simplified to 1-
Dimension shows that the pressure is dependent on: 

• Geometry of the thin film, 
• Rate of shearing of the layers the lubricant film, 
• Time dependent parameter of the lubricant and  
• Physical properties of the lubricant. 

The one dimensional thin layer may be developed under steady 
condition and unsteady state conditions. If the layer is subjected to the 
normal dynamic loading it represents unsteady state condition as the 
layer will undergo a squeezing action due to this force; the equation is 
[2]: 

    (3.1) 

Where, 

 is height of the channel, 

 is the pressure in the thin film, 

 is the velocity of the solid surfaces, 

 is viscosity of the fluid 

 is change of geometry with respect to x,  

 is change of geometry with respect to t. 

 



If geometry of the film is does not change with respect to time t, the 
equation reduces to [2]: 

    (3.2) 

The equation explains working of the bearings where squeezing of the 
film does not exist. The pressure generation according to the Reynolds 
the thin film may be visualized as below: 

• Fluid adheres perfectly to the solid surfaces, which makes the 
fluid thin layer to become motionless or static. 

• The fluid undergoes shearing due to relative motion of the two 
solid surfaces. 

The two statements mentioned above imply that the fluid remains 
trapped between the solid surfaces is perfectly motionless, and the 
fluid film layers are sheared because of the motion of the two 
surfaces. 

The parameters related to this research work are explained in detail in 
the section ahead. 

3.1.1 Pressure 
Pressure being developed inside the film of the bearing directly relates 
to it’s the load carrying capacity. The pressure can be calculated 
theoretically with respect to x using Reynolds equation. 

Experimental measurement of pressure has been carried out using 
various techniques. Few methods of pressure measurement are given 
below briefly. 

Thin Material Pressure Sensors: Ichikawa et al. (1995), Mihara et 
al. (1995), Mihara et al. (1996), Mihara and Someya (2002) and 
Someya and Mihara (2004) used three layered material sensors of the 
micrometer level scale[3]. 



Semi-Conductor Strain Gauge-Type Transducer: Masuda et al. 
(1992) used this to measure pressure of thin layer film[3]. 

Manometer Tubes: Sinanoğlu et al. (2005) used sixteen manometer 
tubes to determine the oil film pressure distribution [3]. 

Optical Pressure Sensor: Optical pressure sensors were used to 
measure oil film pressure in journal bearings by Ronkainen et al. 
(2008) [3]. 

3.1.2 Thickness of Film/ Height Function of the Profile 
Thickness of the film is an equivalent of geometrical profile of the 
Reynolds equation. Theoretically, the thickness of film can be 
calculated using height function of profile. It is the function of x for 
one dimensional and x, y for two dimensional cases. 

It is measured experimentally using various techniques, which may be 
divided into the following electrical and optical methods[4]. Elsisi and 
Shawki(1960) tried to measure the thickness using electrical resistance 
of the film [4]. Film capacitance was used by Astridge & Long- 
eld(1967), and Hamilton & Moore (1967) used micro-transducers for 
greater resolution[4]. Cameron & Gohar (1966) used optical 
interferometry for EHD films, Johnston et al. (1991) did this for 
boundary film and Richardson & Borman (1991) used lasers to find 
out the thickness[4]. In this thesis, the thickness of the layer is 
maintained through height control mechanism. 

3.1.3 Viscosity 
In the Reynolds equation it acts as a constant parameter during the 
pressure generation with respect to x. However, in practice this is 
affected by temperature rise inside a bearing. The researchers try to 
model as a function of temperature and then introduce that model into 
the Reynolds equation while simulating. For the sake of simplicity of 
the thesis, this is not being considered in any detail. 



3.1.4 Velocity 
Velocity of fluid is assumed to remain constant for both Reynolds 
equation and Tribology due to property of perfect adherence of liquid 
to solid surface. In Reynolds equation it plays a considerable role as a 
constant parameter for the pressure development with respect to x. In 
practice, the velocity of the fluid is equal the relative velocity of the 
two surfaces it is lubricating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4- Designing 
4.1 Designing 
The empirical examination of Reynolds equation shows that the 
pressure variation inside the thin layer is dependent upon height 
function of the film, relative velocity of the film layers and viscosity 
of the fluid. 

Height function determines the shape of the channel, which encloses 
the thin film. Theoretically exponential height function may be 
assumed, but it is not possible to attain this geometrical profile in 
practice. The second geometrical shape which may be assumed is of 
the constant slope. Though this geometrical shape may be achieved in 
practice, yet it is not a simple task, because of the stresses involved in 
the components and the scale of the channel. Hence, these two shapes 
are dropped out of consideration with respect to this thesis. Unit step 
shape is the simplest shape function that may be achieved in practice 
using high precision equipment. So, this height function is preferred 
for this study. 

The most critical part of the setup generating the Reynolds thin layer 
is of height adjustments. It is a daunting task to think of a mechanical 
mechanism which adjusts the height with an accuracy of micrometers.  

The viscosity of the fluid is the parameter which acts as constant 
during the existence of the thin film. This also does not play any 
critical role for simpler purpose at hand, hence is not considered in 
much detail. 

The relative velocity of layers of the thin film is a very critical 
parameter with respect to this thesis. The velocity represents rate of 
shearing of the layers of the thin film, which results in the generation 
of pressure inside the layer. In light of this, it is evident that the layer 



must not only be generated and also must undergo some relative 
velocity to become a hydrodynamic thin layer.  

The thin layer may be set to motion at a certain velocity either, 

• By pumping the fluid through the geometrical profile at a 
certain velocity, or 

• By making the geometry move through the fluid at a certain 
velocity. 

Any mechanical idea that may generate a hydrodynamic thin layer 
must exploit one of the above two velocity generation methods. 

The mechanical ideas which have been worked on in this thesis are 
briefly explained in the forthcoming two sections. 

4.2 Forcing Fluid through the Channel 
In this approach, the channel or geometrical profile is at rest while 
fluid is moving at a certain velocity trough this channel. This approach 
is very appealing at first glance and seems to be an ideal case scenario 
to meet the challenge at hand.  However, it is neither simple nor that 
ideal. The pros and cons of this approach would become clear when 
mechanical ideas exploiting this approach are presented in the 
corresponding sections.  

The idea of pumping fluid through a channel is very handy from 
operational point of view for the setup. The reason for this is the 
absence of any moving parts in such a mechanical design. This 
absence of moving parts in the proposed design leads to the reduction 
of manufacturing and dynamic complexities. The major instance in 
this regards is reduced costs of generating highly polished surfaces on 
a comparatively a smaller scales in contrast to the setups involving 
moving mechanical part. 



Despite the major advantage mentioned above, this approach has been 
discarded because of the draw backs. The proposed mechanical 
designs are modified to tackle the drawbacks, but could not be 
removed. The major drawback in this regards is absence of the 
Reynolds boundary conditions. These boundary conditions are the 
soul of the Reynolds derivation of theory of lubrication and are the 
cost which these conceptual designs put at stake. Efforts to evade this 
cost are summarized below. 

4.2.1 Initial Idea 
The first step to achieve goal of this thesis has been named as initial 
idea. The setup proposed during this first step, is the simplest 
mechanical design to generate a hydrodynamic thin layer.  The 
components of this conceptual design are a moving part and a fixed 
part. 

The fixed part may be described as an open rectangular duct fixed to 
some foundation. The geometry of micrometer level scale is etched on 
its floor and represents the working zones of the initial idea. The 
function of the part makes it a more than a simple rectangular open 
duct. The part is shown in the figure 4.1. 

 

Figure 4.1 Fixed Part of Initial Idea 



The side walls made higher to provide easy connectivity with the 
external supply of fluid and geometry of interest etched out on its 
surface as shown above. 

The moving part is a specially designed plate which, 

• provides for a working channel to generate the hydrodynamic 
thin layer, by enclosing the fixed part, 

• serves as a connector between the working area of the 
proposed design and source providing highly pressurized fluid, 

• Moves in vertical direction to adjust the height of the channel. 

The plate is graphically shown in the figure 4.2: 

 

Figure 4.2 Moving Part of Initial Idea 

Assembly of the initial setup is given in the figure 4.3: 



 

Figure 4.3 Assembly of Initial Idea 

Before, any attempt is made to model the fluid flow inside this 
channel, the presence of inverse behavior between the presence of 
clearances and leakage must be considered. It is evident that some 
clearance must be present between the walls of fixed and moving parts 
to make the height adjustments available easily and accurately. 
However, when this is done, the challenge of leakage of the fluid from 
the clearance channel arises. This leakage would result in pressure 
drop in the working area which would result in the introduction of 
nonlinear hydrodynamic thin layer with respect to the one dimensional 
flow that is the main aim of the thesis. Some modifications must be 
introduced in this idea to meet the above mentioned nonlinearity. 

For more angles of views of the setup refer to appendix A.3. 

4.2.2 Modified Idea 
The inverse relationship between leakage and clearance in the 
mechanical initial idea to generate the thin layer is figured out by 
introducing modification to it. The modifications must provide for a 
point where the both parameters must exist in balance while 
eradicating the nonlinearity.  



Conceptually, the moving part and the fixed part have been 
maintained as they were in the initial idea; however the structure of 
these components has been modified to solve the issues of leakage and 
clearance. 

To prevent any leakage from the proposed design, the heights of the 
side walls of the open rectangular channel and the moving part have 
been increased. A clearance has been introduced between the walls of 
the two components to make height adjustments easy. Plugs in the 
shape of wedges have been added to the design to seal the leakage 
from the side clearances. The additional purpose of the wedges has 
been to bear the load during the operation of the designed setup. The 
wedges are shown below in the figure 4.4. 

 

Figure 4.4 Wedge for Modified Idea 

The height of the side walls of the fixed part has been increased to 
prevent leakage. The thickness of these walls has also been increased 
to mount the foundation of height control assembly. Further, the 
profile shape has also been removed from this part. The part has been 
shown figure 4.5. 



 

Figure 4.5 Fixed Part of Modified Idea 

In the moving part, considerable amount of modifications have been 
undertaken. In the simplest words, it is a baseless box with provision 
of fixing geometry plate at the bottom and connectivity to the height 
control assembly at the top. The plate and the top and bottom views of 
the box have been shown in the figures 4.6 and 4.7. 

 

Figure 4.6 Top View of Moving Part of Modified Idea 

 



 

Figure 4.7 Bottom View of Moving Part of Modified Idea 

The plate to be fixed on the lower side of the moving frame contains 
the geometry which dictates the shape of the channel. It is shown in 
the figure 4.8: 

 

Figure 4.8 Plate of Moving Part of Modified Idea 

The foundation for the height control assembly may be mounted on 
the side walls using screws. The foundation provides for the reference 
surface for the height of the channel with respect to the floor of the 
fixed part. 

The foundation for height control assembly is shown in the figure 4.9: 



 

Figure 4.9 Foundation for Height Control Assembly for Modified Idea 

The proposed set up when assembled looks like something in the 
figure 4.10. 

 

Figure 4.10 Modified Idea 

The proposed setup seems to be the most suited middle ground 
between clearance and leakage. The mathematical equilibrium point 
for the two parameters may be worked out for this design. However, 
the presence of nonlinearity specific to all such channels, as explained 
ahead, is a challenge that must be taken into consideration. 



The velocity profile of the cross section of one dimensional, uniform 
laminar jet is shown in the figure 4.11. 

 

Figure 4.11 Cross Section of Uniform Fluid Jet 

This profile shape is the result of velocity deficit of the adjacent layers 
due to the resistive forces these layers offer to each other. If the 
boundary layer is in contact with a solid, the profile becomes more 
curved. 

The above mentioned phenomenon is present at every speed level 
ranging from lower to highest velocities. At lower velocities this 
effect is lower, but at higher velocities the effect becomes quite 
considerable. The relationship is best explained by the graph between 
velocities of exhaust gas and cross section of a jet nozzle, plotted by 
NASA. The graph is given in the figure 4.12: 

 

Figure 4.12 Velocity Profile of Cross Section Exhaust Nozzle of 
Rocket [5] 



In the above graph, though the velocities of the fluid are of the order 
of Mach number, considerably higher than the velocity limit which is 
being considered in the thesis and the Reynolds equation. But the 
presence of high pressure inside the channel and the dimensions of the 
channel are the points that would generate the boundary nonlinearity 
effect of the same magnitude as in the figure. 

The channel would require high pressure to make the fluid flow at a 
certain velocity through the micrometer dimensions. At such a high 
pressure and meager dimensions, the effect of the side walls on the 
film becomes quite humongous. The above mentioned point may be 
confirmed by the Reynolds assumption of infinite width for 1-
Dimensional equation of hydrodynamic lubrication. Since, having an 
infinite dimension in real life is not possible, some way must be 
figured out deal with the issue of development of high boundary 
pressure. 

For more angles of views of the setup refer to appendix A.4. 

4.2.3 Improved Idea 
The boundary pressure at the side walls of the cross section of the 
channel, would affect directly the working area of the proposed setup. 
Several possible solutions to tackle this problem are: 

• Making sides of the conceptual design exposed openly the 
ambient pressure, 

• Making the side channels very large in relation to cross section 
of the working channel, 

• Splitting the side pressure into two components. 

The first solution would result in huge nonlinearities, with respect to 
one dimensional flow, as mentioned in the form of leakage in first 
idea where the fluid under higher pressures would escape towards the 
side channel. As this fluid escapes, there would be a pressure 
generation along the transverse direction of the setup. The presence of 



the two vertical components of pressures would hence damage the 
Reynolds thin layer being developed inside the channel.  

In the second solution, when the side channels are made very large in 
relation to the working cross section of the setup, the pressure 
concentration at the edges may be avoided. However, if the side 
channels are made large in relation to the cross section of the working 
channel, the effects would be similar to leakage, in addition to the 
ones mentioned at the end of this section. 

Pressure is force per unit area. Hence, the presence of pressure 
represents the presence of force. A force may be split into its 
components, to adjust the quantity of force in each direction. If the 
force present at side channels is split into its components, the pressure 
may be directed accordingly. The process of splitting a force is 
described in the figure 4.13: 

 

Figure 4.13 Force Components 

The components of the conceptual designs are functionally same as 
older ones, but with significant structural differences. The major 
difference is the high angled side walls of the major two components 
of the proposed design. 

x 

y 

F 

Fx 

Fy 



The moving part has been modified quite a lot due to complexities 
involved in the flow of the fluid inside the channel. The notable 
feature added to this part, in addition to the angled walls, is the 
introduction of unit step on the side wall of the moving part. The 
addition of this feature is very critical to the working of the setup and 
may be explained in the best possible way by the aerodynamics of a 
car given in the figure 4.14: 

 

Figure 4.14 Fluid Flow Diagram of a Car[6] 

If the pressure stream lines are observed carefully at the front of the 
car, pattern of flow of fluid, and hence pressure, may be easily 
understood for the setup. The stream lines scatter as the shape of the 
body offers a convex surface. But as corner of the front side of the car 
are approached by the fluid, the stream lines tend to leak towards the 
sides, which have been controlled by controlling the geometry of the 
car. In case of the setup at hand, these boundary layers would escape 
the main flow at the edges towards the side channel, hence causing the 
major flow to deviate from ideal one. 

The second notable feature in the above diagram is the side stream 
line which is controlled by providing a step at the side. This step 
makes the side stream lines to flow linearly to stabilize the 
aerodynamics of the car by avoiding any mixed or turbulent flows. 



The unit step provided on the side wall is to linearize the flow to 
stabilize the working of the mechanical design, by avoiding any 
turbulent or mixed flow. 

The sides of the improved setup are made angled to dissolve the 
boundary pressure as mentioned before. The side channel flow is 
controlled by providing a unit step on the side channel to stabilize the 
setup. The connection point for the height control assembly has been 
provided. The moving part is shown in the figure 4.15: 

 

Figure 4.15 Supporting Frame of Moving Part of Improved Idea 

The plate having the geometry is fixed on the frame of above figure to 
complete the moving part. Geometry is etched on the lower plane side 
of the plate. The plate is shown in the figure 4.16: 

 

Figure 4.16 Plate of Moving Part of Improved Idea 



The walls of the fixed part have been angled to dissolve the boundary 
pressure. The fixed part has also been modified to provide the 
foundation to mount the height control assemblies for the moving part 
and the sealant wedges.  

The fixed part is shown in the figure 4.17: 

 

Figure 4.17 Fixed Part of Improved Idea 

The assembly of the setup is shown in the figure 4.18: 

 

Figure 4.18 Improved Idea 



Pressure development at the edges of the setup may be controlled by 
controlling the geometry of the moving part. The pressure 
concentration at the edges due to the boundary walls has been 
controlled using angled walls. However, this does not seem to be the 
final solution for the setup. As the figure 4.14 shows that the geometry 
of the car has been used to control the stream flow of the air. Similar 
methodology needs to be applied to this setup to control the fluid flow 
at the edges of the moving part. 

Even the above mentioned measure may not be sufficient in case of 
the geometry at hand. Pressure build up in the current setup must go to 
certain maximum value and then fall to the boundary pressure at the 
ending part of the setup. If such a pressure build up is considered 
along the length of the setup, the fluid escaping from the sides of the 
moving part would represent the similar pattern. So, the proposed 
conceptual design of the setup needs further modification to 
accommodate the kinetic head of the escaping fluid. 

From the above empirical analysis it becomes evident that generating 
the Reynolds flow utilizing this approach is almost impossible. So, the 
approach has been discarded, and a more empirical approach has been 
adopted which is explained in the corresponding section. 

The method might work very nicely for hydrostatic of lubrication 
because of its resemblance with the working of a hydrostatic bearing. 
And because of the scope of the thesis, this method will not be 
considered in that respect in more detail in this thesis. 

For more angles of views of the setup refer to appendix A.5. 

4.3 Forcing the Channel through the Fluid 
Reynolds derived equation of lubrication of bearings by simplifying 
Navier-Stokes equation for fluid flow. He simplified Navier-Stokes 
equation by taking some assumptions, in accordance with the fluid 



film inside a bearing. Since, the equation has been derived for 
hydrodynamic bearings, working of the setup to generate Reynolds 
thin layer must be similar to that of a bearing.  

In a bearing, the pressure is generated due to the shearing of the fluid 
layers trapped between the two relatively moving surfaces. When a 
bearing forces its way through the lubricant, a thin layer is established 
between its solid surfaces and is sheared to generate the pressure as 
explained in the third chapter in detail. 

The working of the mechanical setups being presented in this section 
resemble closely to an actual hydrodynamic bearing. So, any of such a 
mechanical concept would generate the thin layer without a shadow of 
doubt. However, the setups had to undergo a lot of modifications due 
to various practical issues. The setups are explained in detail in the 
concerning sections. 

The mechanical setups being presented in this part of the thesis may 
be termed as: 

• Single Stroke Idea, 
• Continuous Flow Idea. 

4.3.1 Single Stroke Idea 
As the name reveals, this type of mechanical setup would allow 
geometry to move through a fluid at constant velocity in a manner 
similar to that of reciprocating engine or compressor. This sort of 
setup is expected to generate Reynolds thin layer in readily manner, 
because of its similarities to a hydrodynamic sliding bearing.  

In this idea, the setup is expected to have a driving and a driven part 
explained as: 

Moving Part: 



The purpose of this part is to provide a plane surface moving at a 
constant velocity while generating a hydrodynamic thin layer of the 
fluid between the surfaces of moving part and the fixed part. The part 
has a power generating mechanism in the form of an electric motor 
and a mechanism that imparts the power to the driven part in the form 
of either roller screw or guide rails. 

The details of the roller and guide rails with respect to this thesis are 
given below: 

Roller Screw: 

Roller screw is a complicated, low friction and precision mechanical 
device that coverts rotational into linear motion. This sort of a 
mechanism may achieve load capacity of 120 tons of dynamic loads 
with a high degree of precision. 

A roller screw has three major components i.e. screw shaft, nut and 
planetary rollers. The three components are arranged in a manner that 
a number of rollers are first radially arranged around the shaft and 
then encapsulated by a nut. The arrangement is depicted in the figure 
4.19: 

 

Figure 4.19 Cross Section of a Roller Screw[7] 

When screw the screw shaft rotates, the nut and rollers travel along 
the length of the shaft, converting circular into linear motion and vice 



versa. The roller screws assure repeatability of a process and may 
present high degree of precision for the process. 

Screw shaft may be designed up to 6 meters in length with the 
straightness of the shaft up to 10 micrometers per 1000 millimeters. 
These factors make the screw shaft a precise mechanical actuator with 
high repeatability of the process being carried out. This mechanism 
provides high acceleration options as well [7].  

Guide Rail: 

A device or a mechanism which directs another machine or 
mechanism through a certain path is called guide rail. The most 
common example of guide rail mechanism is the railway track that 
guides trains through long distances. Guide rails are high load, 
precision and durability mechanisms. 

A guide rail ensures linear motion of the mechanism or machine 
through its path. Guide rails have numerous applications and designs. 
For the purpose the setup, high precision guide rails are required 
which show high amount of stability, repeatability and precision for 
very high amount of loads. 

Precision guide rails may be as accurate as 2 micrometers per 1000 
millimeters at a linear speed 3.5 meters per seconds [8]. The needle 
roller guide rails are shown in the figure 4.20:  

 

Figure 4.20 Precision Guide Rails [8] 



Fixed Part: 

This part is a subassembly of height control mechanism and the 
moving part of the improved setup. The assembly that results in the 
formation of the fixed part is shown in the figure 4.21: 

 

Figure 4.21 Fixed Part of Single Stroke Idea 

Schematic arrangement of the setup is shown in the figure 4.22: 

 

Figure 4.22 Schematic of Single Stroke Idea 
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It becomes eminent from the above figure that hydrodynamic fluid 
film would be generated in the clearance between the fixed and the 
moving parts. 

Attaining a constant velocity in such sort of setup may prove to be 
problematic because of the length of the finite length of the moving 
part.  The length of the moving part represents the length of the stroke 
of the setup. And the thin is expected to get developed during the 
entire stroke. However, the steady state film will be developed along 
the length of the stroke where velocity becomes constant. However, 
during this one stroke the setup must accelerate and de-accelerate to 
provide a constant velocity. This would lead to issues like high 
amounts of force present in different components of the setup, and the 
presence of unsteady thin layer for some time which would affect the 
degree of precision of the setup and the reading being extracted from 
the setup, respectively. The setup must be modified to evade the 
mentioned issues. 

4.3.2 Continuous Flow Idea 
In the previous conceptual design, duration for which the setup 
worked is equal to the length of its stroke. This makes the proposed 
setup a bit cumbersome from operational point of view. Attaining a 
certain constant velocity with in a specific length requires complicated 
mathematical equation to model or dependence on electric equipment. 
Presence of high stresses in the components of design is additional to 
the mentioned complexity. 

The other disadvantage of the previous conceptual setup is availability 
of Reynolds thin layer for a very short amount of time coupled making 
the measurement results in prone to inaccuracy. 

This problem may be overcome, if the surface motion is made 
continuous. In this case, the generation of Reynolds thin layer 
becomes available for more elaborate experimentations and 
measurements. 



The composition of this setup is same as the previous one, difference 
being the replacement of guide rails or roller screws with rotating 
drums and rigid plane surface being replaces by a metallic belt. 

General scheme of this idea is shown in the figure 4.23: 

 

Figure 4.23 Schematic of Continuous Flow Idea 

Fixed Part: 

Fixed part provides a plane surface moving at a certain constant 
velocity. The components are: 

Foundation Table: 

The foundation table houses the conveyor system and belt. It serves as 
the supporting structure for the whole setup and contains driving 
drums of the metallic belt at a certain constant speed, tensioning 
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rollers and supporting idlers to ensure that the belt moves in a perfect 
plane. The foundation table is shown in the figure 4.24: 

 

 

Figure 4.24 Foundation Table of Continuous Flow Idea 

Metallic Belt: 

It represents the surface shearing the fluid of channel as it moves with 
a certain velocity. The belt surface must be smooth and the tensioning 
of the belt must be adjusted so that there is: 

• no deflection in the belt, 
• It does not vibrate in direction vertical to its surface area.  

The first part may be ensured by providing extra idlers under the 
surface of the belt, and for the latter, belt may be tensioned in such a 
direction which ensures that the belt is stuck to the idlers. 

Conveyor System: 

The conveyor system has a driving pulley, driven pulley, tensioning 
pulley and driving system. The conveyor system would ensure the 
perfect operation of the system. 



Moving Part: 

This part is similar to the one used in single stroke equation, and is the 
assembly of height control mechanism and moving part of the 
improved setup. This part not only controls the height of the channel, 
but also provides for the foundation of the measurement technique. It 
is shown in the figure 4.25: 

 

Figure 4.25 Moving Part of Continuous Flow Idea 

The following figure shows the assembly of this setup in the figure 
4.26: 

 

Figure 4.26 Continuous Flow Idea 



For more angles of views of the setup refer to appendix A.5. 

4.3.2.1 Critical Points for Continuous Flow Setup 
• The vertical component of the tension must be greater to 

ensure that the belt stays in its plane during the running of the 
setup. It is graphically shown ion the figure 4.27: 

 

 

Figure 4.27 Tension Components 

Providing rollers under the belt around the region where pressure is 
being generated. It is explained in the figure 4.28: 

 

Figure 4.28 Idlers to Minimize the Deflection 

For more angles of views of the setup refer to appendix A.3. 
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4.4 Height Control Mechanism 
The height control mechanism is a very critical part of this thesis, 
because attaining micro-level height through mechanical means is a 
daunting task. However, since measurement of micrometers has been 
carried out in the past, general theory and practical model seems 
readily available for this purpose. 

It is known that in a micrometer, ten micrometers can be measured by 
dividing the rotation of pitch of a 1 mm thread into 100 equal parts. 
The same general approach is adopted to achieve this height level. 

Based on this approach, two types of height control mechanisms may 
be used explained in the respective sections ahead. 

4.4.1Analog Height Control Assembly 
This assembly, as evident from the name, adjusts the height of the 
channel by continuous rotation of the thread. This mechanism may be 
termed in the simplest words as inverted micrometer. The components 
of this set are given under. 

Thimble is a part which that divides the rotation of thread into 100 
equal part. It is shown in the figure 4.29: 

 

Figure 4.29 Thimble of Analog Height Control Assembly 



The second part is spindle which is modified a lot from the original 
one. This part has threading with the pitch of one millimeter. This 
threading also provides for locking the design at certain height. At the 
lower part there is a provision provided that will attach the plate with 
the height control assembly. The part is of the configuration given in 
the figure 4.30: 

 

Figure 4.30 Spindle of Analog Height Control Assembly 

The assembly in complete is depicted by the figure 4.31: 

 

Figure 4.31 Analog Height Control Assembly 

4.4.2 Discretized Height Control Assembly 
In this, the idea is to exploit the gear teeth ratio to rotate the main 
spindle of the setup. The advantage of using this sort of mechanism is 



that the height control adjustments become easier to handle than the 
previous one. 

Simple mathematics is given below: 

For Height Control Assembly: 

Pitch of the threads ht = 1mm 

Number of teeth on the gear = 100 

The gear pitch = hg = 1 mm 

Circumference of the larger gear = S = 2πr = 100 mm 

Diameter of the gear = dg = 2r = 100/π = 31.84 mm 

From here it can be concluded that 10 micrometers of linear distance 
may be achieved comprehensively by utilizing 100 teeth large gear on 
one millimeter pitched screw. The pitch may be halved to halve the 
diameter of the larger gear. 

Travelling of one millimeter of a thread pitch is divided into one 
hundred parts by using the arrangement shown by the figure 4.32: 

 

Figure 4.32 Driven Gear of Discrete Height Control Assembly 



When one teeth of the circumference is advanced, one hundredth part 
of one millimeter pitch is moved i.e. 10 micrometers of distance is 
travelled. 

The gear which makes the advancement, as mentioned before, to 
occur is also shown by the figure 4.33: 

 

Figure 4.33 Driving Gear of Discrete Height Control Assembly 

For clearer depiction of the mentioned mechanism is shown in the 
figure 4.34: 

 

Figure 4.34 Discrete Height Control Assembly 



This conceptual design is preferable to the previous one because, 
requirement of a separate locking arrangement for the height is not 
required. However, basic working principle is same in the both types 
of arrangements. 

For more angles of views of the mechanism components refer to 
appendix A.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5- Modeling and Simulation for 
Dimensional Optimization 
5.1 Modeling 
5.1.1 Assumptions 

• The fluid is strictly Newtonian, 
• Body forces are zero on the film, 
• The flow is laminar, 
• Pressure and viscosity remain constant across the thickness, 
• All joints are perfectly rigid. 
• The film is strictly one dimensional, 
• The solid surfaces are perfectly plane, 
• The solid surfaces are perfectly polished, 
• Cross sectional area of beam remains perpendicular to the axis 

of the beam 

5.1.2 Hydrodynamic Thin Fluid Film of Unit Step Channel 
The pressure variation inside the thin film is governed by Reynolds 
equation of lubrication as:  

 (5.1) 

 

Figure 5.1 Unit Step Fluid Channel 
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As the geometry is unit step: 

dh
dx 0 

Hence, 

d
dx h

dp
dx 0 

Integration leads to: 

P A x B  (5.2) 

The geometry has two sections solved as follows: 

Section 1: 

 

First Boundary Condition 0: 

0 

Second Boundary Condition : 

 

 

Section 2: 

 

First Boundary Condition 0: 



 

Second Boundary Condition : 

 

 

 
 

  

  

 

From Continuity of Flow: 

 (5.3) 
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5.1.3Beam Deflection 
Because of the assumptions above, the differential equation governing 
the beam is Euler-Bernoulli equation. It is given as [9]:  

  (5.5) 

Macaulay’s method is used as depicted in the figure 5.2 [10]:  

 

Figure5.2 Free Body Diagram of Beam Fixed at both Ends 
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Taking Moment about right side of the beam: 

 

Integrating: 
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Figure 5.3 Conversion of Triangular Force into Point Load Force 

Location of forces on the beam: 
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To calculate , moment about right side of the beam is taken as: 
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            (5.8) 

5.2 Simulation 
5.2.1 Finite Difference Method (FDM) 
Finite difference method is a simple computational technique with 
high degree of precision with respect to its simplicity. In this method, 
the derivatives of the differential equation are transformed into simple 
algebraic equation. Each algebraic equation gives rise to unknown 
values, which are termed as nodal values. 

The transformation procedure in mathematical language is done in a 
way expressed below: [11] 

 (5.9) 
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Figure 5.4 Finite Difference Method 

For second order derivatives: 

  (5.10) 

Using half step than before: 

 (5.11) 

Truncation error in this case is of the order of E h . 

5.2.2 Pressure Simulation 
General transformation of this equation in FDM is: 

P 6      (5.12) 

A series of simulations have been carried out in MATLAB while 
using a unit-step of 90 µm, minimum height of 10 µm and plate 
thickness of L/15m to look for the most suited setup with respect to 
deflection of the beam and practical feasibility of the setup. The 
graphs of these simulations are given in the figures 5.5-5.8: 

 
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

-1

0

1

2

3

4

5

6
x 105

X: 0.0099
Y: 5.395e+005

Pressure Inside Fluid Film Using FDM

P
re

ss
ur

e 
P

a

Position m



Figure 5.5 Pressure in the Thin Film Calculated Through FDM for 
L=0.02m 

 

Figure 5.6 Pressure in the Thin Film Calculated Through FDM for 
L=0.1m 

 

Figure 5.7 Pressure in the Thin Film Calculated Through FDM for 
L=0.2m 
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Figure 5.8 Pressure in the Thin Film Calculated Through FDM for 
L=1m 

 

5.2.3 Beam Deflection Simulation 
Theoretically, the approach is to allow the beam deflect in a controlled 
manner to judge the pressure in the beam. To do so, the beam is 
assumed to follow Euler-Bernoulli beam equation. 

General transformation of this equation into FDM is: 

 I y 2 I I y  I 4 I

I y    2 I I y  I y q
 (5.13) 

A series of simulations have been carried out in MATLAB while 
using a unit-step of 90 µm, minimum height of 10 µm and plate 
thickness of L/15m to look for the most suited setup with respect to 
deflection of the beam and practical feasibility of the setup. The 
simulations are given in the figures 5.9-5.12: 
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Figure 5.9 Deflection in Beam Calculated Through FDM for L=1 m 

 

Figure 5.10 Deflection in Beam Calculated Through FDM for L = 0.2 
m 
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Figure 5.11 Deflection in Beam Calculated Through FDM for L=0.1m 

 

Figure 5.12 Deflection in Beam Calculated Through FDM for L=0.02 
m 

For MATLAB coding refer to appendices A.1 and A.2.  
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6- Proposed Pressure and Force 
Measurement Techniques 
 

6.1 Pressure Measurement 
Thin layer pressure sensors as mentioned in the third chapter may be 
used for the measurement of pressure inside the setup; however, the 
complication arising from using this sort of technology may not be 
neglected. These sensors are typically made up of micro-layers of 
three materials. The sensors are installed on one of the working 
surfaces by installing them in micrometer level layers. The effects of 
any such installation would lead to change in the shape of the micro 
channel considerably. And also, there is need to optimize the results 
from these sensors using certain techniques and methods.  

6.2 Force Measurement by Beam Deflection 
The objective of this method is to measure the deflection of beam 
under given steady state conditions. One surface of the setup is 
expected to be kept flexible to measure the pressure inside the setup 
by measuring the deflection of the beam. The setup has been modeled 
and simulated various times to find the optimal values of length and 
deflection of the beam. The thickness of the beam is kept at L/15, to 
maintain the engineering convention for a beam. The results are given 
in the tabular form through tables 6.1-6.4: 

 

 



Table 6.1 Comparison of the Analytical and Computational 
Calculations 

For L = 1.0m, t = L/15 m, unit-step of 90 µm, minimum height of 10 
µm: 

Parameter(at 
center of the 
setup) 

Analytical 
Solution FDM Solution Percentage 

Error 

Pressure 2.7027e+007 Pa 2.697 e +007 Pa
 

0.21% 
 

Deflection 
 

0.1349 m 
 

0.144 m 6.74% 

 

Table 6.2 Comparison of the Analytical and Computational 
Calculations 

For L = 0.2 m, t = L/15 m, unit-step of 90 µm, minimum height of 10 
µm: 

Parameter(at 
center of the 
setup) 

Analytical 
Solution FDM Solution Percentage 

Error 

 
Pressure 

 
5.4054e+006 Pa 5.395 e +006 Pa 0.19% 

Deflection 
 

0.0054 m 
 

0.005942 m 10.03% 

 

Table 6.3 Comparison of the Analytical and Computational 
Calculations 



For L = 0.1 m, t = L/15 m, unit-step of 90 µm, minimum height of 10 
µm: 

Parameter(at 
center of the 
setup) 

Analytical 
Solution FDM Solution Percentage 

Error 

Pressure 2.7027e+006 Pa 
 

2.697 e +006 Pa 
 

0.21% 

Deflection 
 

0.0013 m 
 

0.001548 m 19.08% 

 

Table 6.4 Comparison of the Analytical and Computational 
Calculations 

For L = 0.02 m, t = L/15 m, unit-step of 90 µm, minimum height of 
10 µm: 

Parameter(at 
center of the 
setup) 

Analytical 
Solution FDM Solution Percentage 

Error 

Pressure 5.4054e+005 Pa 
 

5.395 e 005 Pa 
 

0.19% 

 
Deflection 

 
5.3960e-005 m 5.269 e-005 m 2.35% 

The review of the above data reveals a direct relationship between the 
length of the beam and deflection of the beam. It is evident from the 
above data that the measuring force by utilizing the deflection of beam 
is not feasible. The above data also reveals that the length of the 
bearing is directly proportional to the pressure developed inside that 
bearing. This direct relationship between pressure and length of a 
beam makes deflection and length of the beam directly proportional to 
each other. 



6.3 Force Measurement by Transfer 
Function 
The proposed measurement of the force on beam would be to utilize 
the transfer function measurement of the setup. General mathematics 
of the method is given below: 

   (6.1)[12] 

Where, 

 is displacement in frequency domain, 

 is force in frequency domain, 

 is transfer function in frequency domain, 

At a resonance frequency f0, H (f0) is known by the graph, while X (f0) 
may be known by taking single sided spectrum. From the two 
quantities F on the beam may be known.  

The other transfer functions which may be measured are: 

2   (6.2)[12] 

2  (6.3)[12] 

Here, 

 is the Mobility of the beam, 

 is the Accelerance of the beam. 

The experimental measurement of the transfer function seems the 
most suited experimental setup for measurement of the deflection and 



force under steady state conditions. In this case a minor constant 
transfer function signal is expected from the setup using very sensitive 
accelerometer or mobility meter or dynamic-flexibility meter in 
practice. However, under ideal circumstances, this method of 
measurement is not recommended for steady state conditions, but is 
the most suited for unsteady state conditions of the thin film. 

6.4 Force Measurement by Load Cell  
A load cell is a device that measures the force by measuring the 
change in its resistivity under the action of that force. A load cell is 
designed to undergo strain on application of the force. Under the strain 
its physical dimensions change resulting in the change in its electrical 
properties. These electrical properties may be exploited to measure the 
force being applied on the sensor by using supporting equipment. The 
load cells may be installed between the plate and the supporting frame 
of the moving part as explained in the corresponding section.  

6.5 Dimensions of the Setup 
The thickness to diameter ratio of a hydrodynamic bearing is preferred 
to be 0.001[1].For the hydrodynamic bearings which are explained by 
one dimensional Reynolds equation to possess the length/diameter 
ratio in the range of 0.5–1[13]. 

Working Parameters: 

  Height to Film thickness ratio = h/L = 1/1000 

So,  

  For h/L = 1000, the maximum achievable height = hmax = 200 µm 

However, for practical reasons, the height limit is adjusted between 
200 µm to 500 µm. 



  Maximum height of the channel = h1=100*10^-6 m  

  Minimum height of the channel = h2 =10*10^-6 m 

  Length of the first part of the beam = L1 = 0.1 m 

  Length of the first part of the beam = L2=0.1 m 

  Total Length of the beam = L =L1+L2 = 0.2 m 

  Relative velocity of the two surfaces = U=1 m/sec 

  Viscosity of the fluid = η = 0.1;  

  Load capacity of the film = 5.2 x 104N 

  Maximum Pressure in the film = 5.2 x 105Pa 

 

Plate: 

The plate is shown in the figure 6.1:  

 

Figure 6.1 Plate of the setup 



The plate has a unitstep at the mid of its length. The unit step runs 
along its width to ensure the one dimensional hydrodynamic flow. The 
thickness of the plate is adjusted to make it rigid and maintain zero 
deflection state. 

The plate is provided with five threaded connecting shaftsto fix it to 
supporting frame, using M 20x 1 threaded nuts. 

The presure acting on the plate would be maximum along the unit step 
for the designed profile. which is supported by the supporting frame.  

The designed dimensions of the plate are given below: 

  Length of the plate = L = 0.2 m 

  Width of the plate = W = 0.4 m 

  Thickness of the plate = tp = 0.06 m 

Supporting Frame: 

The supporting frame is shown in the figure 6.2: 

 

Figure 6.2 Supporting Frame of the setup 



The supporting frame is designed primarily to support the maximum 
pressure on the plate along its greater dimension. The purpose of this 
design is to ensure the zero deflection condition of the plate under 
pressure. 

The frame is provided with five bolt spacing of diameter 20 mm  to 
form the subasembly of plate and frame i.e. the fixed part of the setup. 

The height control threading of M 10x1 is provided to adjust the 
height of the channel. The height control threading of the frame acts 
as nut for the height control screws. The length of the height control 
threading is 50 mm to ensure the threading contact etween the height 
control srews and the frame. Internal diameter of the connecing shaft 
is 10 mm while, external diameter is 30 mm. The direction of the 
height control threading is anticlockwise of specifications M 10 x 1. 

Thickness of the supporting plate is 50mm, width 40 mm and major 
and minor lengths being 430 mm and 230 mm, respectively. 

Force Sensors: 

The force sensors are to be installed between the contacting surfaces 
of the plate and the frame. The force sensors are planned to installed at 
regular intervals of L/4 and w/4 to ensure maximum support to the 
plate. The preferred sensors would be foil continous sensors to ensure 
minimum deflection of the plate.  

Fixed Part Sub-Assembly: 

The fixed part sub-assembly is shown in the figure 6.3: 



 

Figure 6.3 Sub-assembly of the fixed part 

The fixed part sub-assembly comprises of supporting frame, plate, and 
fixing nut and the load sensors. The plate and the supporting frames 
are joined while installing five load sensors at equal distances along 
the greater dimension, and four along the lesser dimension. The setup 
is tightened through the nuts and the connecting shafts of the plate to 
generate a fixed sub-assembly. 

Height Control Screws: 

The preferred height control mechnism is continous height control 
one, because of its ability to withsatand high amount of loads and 
simple construction. 

The height control screws have the technical specification of M 10 x 
1, and must be of special grade to ensure maximum accuracy of the 
height control at micrometer level. The screw head has a unit indicator 
to show and adjust the height of the channel. 

The screw has two types of threading i.e. clockwise and anti-
clockwise. Threading along the initial half length from the screw head 
of the screw is standard M 10 x 1 in clockwise direction, and the half 
has M 10 x 1 threading in anticlockwise direction. This combination 



of threading would lead to the motion of the fixed part relative to the 
foundation table. 

The general specification of the screw are: 

  Lead of the height control screws (M10 x 1) = 0.001 m 

  Diameter of the height control screws = 0.01 m 

  Length of the height control screws = 0.4 m 

  Tensile stress in the screw = σscrew = F/A = 5.4x104 / πr2 = 687.52 
MPa 

  Factor of Safety = σultimate / σscrew = 1700/687.52 = 2.47 [16] 

It is shown in the figure 6.4: 

 

Figure 6.4 Height Control Screw of the setup 

Foundation Table: 

The foundation table is shown in the figure 6.5: 



 

Figure 6.5 Foundation Table of the setup 

The foundation table is houses the metallic belt and roller sub-
assembly and fixed part and height control sub-assemblies. The table 
provides the foundation for the height control and metallic belt 
conveyor mechanisms at its the top and bottom, respectively. The 
table is to be rigid and zero deflection components. The foundation 
table is provided with a table to provide for the rigid moving plane 
surface relative to the geometry profile surface. The edges of the 
support for the belt are rounded to avoid early wearing out of the belt. 

  Thickness of walls of the foundation table = 0.05 m 

  Width of the belt support of the foundation table = 0.430 m 

  Length of the belt support of the foundation table = 0.220 m 

  Width of the frame of fixed part = 0.530m 

  Length of the frame of fixed part = 0.500m 

 

 



Conveyor Belt and Drums: 

The conveyor belt is metallic to withstand high loads and temperatures 
arising during the working of the setup. The conveyor belt provides a 
moving surface relative to geometry the fixed part. The belt is given 
an angle of 2250(450+1800) to ensure smooth movement of the belt. 
The drums are to impart steady state motion to the belt of a certain 
velocity.  

Additional tensioning belt must also be provided. 

  Width of the belt = W  = 0.400 m 

  Load Capacity of the film = F  = 5.4 x 105N 

  Load Capacity of the film per m= FB =F /L = 5.4 x 105 /0.2 = 
2.7 x 106N/m 

  Force per mm in the belt = FB = 2700N/mm 

  Co-efficient of table friction = μT = 0.33 

  Force in the Belt = F μTFB = 891 N [14]  

  Angle of contact = 1800  

  C = 25 

  Diameter of the pulleys DP
F C

W
 =55.6875mm[14] 

  Thickness of the belt = tb = DP  = 0.139mm[15] 

Sub-assembly of the Moving Part 

The sub-assembly of moving part comprises of metallic belt and 
driving drums mounted on the foundation table. The angle between 



drum center and the edge of the support table for the belt is 1350 to 
ensure smooth running of the belt. 

The sub-assembly is shown in the figure 6.6: 

 

Figure 6.6 Sub-assembly of Moving Part 

Assembly of the Setup 

The assembly of the setup id depicted in the figure 6.7: 

 

Figure 6.7 Assembly of the setup 

For detailed drawings of the setup refer to appendix A.7. 



The two sub-assemblies i.e. fixed part and moving part subassemblies, 
are assembled using height control screws. The surface of the metallic 
belt acts as a reference point for the height of the geometrical profile. 

Working of the Setup: 

The dimensions are based on the results from the section 6.2 of the 
report. The drawings are given in appendix A8. 

The setup is expected to work fine for the height of 500µm i.e. 0.5 
mm, while the height difference between the steps is maintained to 
lower value i.e. Δh ( h1-h2) is low. 

Additional Aspects for the Setup:  

There have been few practical issues that have been assumed to be 
achieved readily. Some provisions must be considered before 
assembling the setup to tackle these points. These points are 
mentioned briefly in the following paragraphs. 

Belt: 

The joint of the belt must be smooth and polished to ensure the plane 
movement of the belt over the drums. To provide tension in the belt, 
additional tensioning element may also be provided in the setup. The 
setup also needs to be modified to mount and dismount the belt. This 
may be accomplished by making the support for the belt as a sliding 
component that may be mounted and dismounted into the foundation 
table. The other solution may be to make one side of the foundation 
table detachable. However, this solution may not be preferred to 
maintain the rigidity of the structure. 

Drum: 

The alignment issues are very critical for the setup. The 
misalignments in the axes of the drums along any of the three 
dimensional rectangular coordinates would lead to additional velocity 



components. This would make the setup to deviate from the aimed for 
one dimensional Reynolds hydrodynamic flow. 

The second issue regarding the drum is of power supply and 
connectivity of the drums with the power providing motor for the 
rotation of the drum. This may be done by extending the drum shaft 
out with a suitable connecting mechanism between the two shafts i.e. 
drum shaft and motor driving shaft. Needed support for the shaft may 
be attained by selecting a suitable bearing arrangement. 

Introduction of the bearings mentioned above may lead to vibrations 
which may be tackled using a suitable workshop technique like 
transitional fits, to achieve perfect rigid fitting. 

Materials: 

Table 6.5 Materials for the Setup 

Part Name Material 
Plate Mild Steel 
Material of the Frame of the Fixed Part Mild Steel 
Foundation Table Mild Steel 
Material of Height Control Screws Mild Steel 
Material of the Metallic Belt Stainless Steel 
Material of the Pulleys Stainless Steel 
Height Control Screws Stainless Steel 

 



 

Figure 6.8 Pressure Profile in the Finalized Setup 

 

Table 6.6 Pressure for the Finalized Setup 

 
Variable 

Name (Units) 
 

Analytical Computational Error 

 
Pressure (Pa) 

 
5.4054e+006 5.395e 006 0.19% 
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7- Results 
Thin Film Generation: 

Thin film may be generated either by, A forcing fluid through a 
geometry or B by forcing geometry through fluid. Method B is found 
to provide the thin layer readily and more ideally.  

Final Conceptual Design: 

The ideal conceptual design exploiting the method B is of continuous 
flow mechanism with the metallic belt. The most suited working area 
dimensions of the setup exploiting the method B are: 

  Working height between the two parts = 10-500 µm  

  Length of the working area = 0.2 m 

  Width of the working area = 0.4 m 

  Unit-step size = 10-100 µm 

  Relative velocity of the surfaces = 1-10m/sec 

  Diameter of the pulleys = 55.6875mm 

  Thickness of the belt = 0.139mm 

Gap Control Mechanism: 

The working gap between the two parts of the finalized conceptual 
design exploiting the method B is in the range of 10-500 µm and 
continuous height control mechanism is found to be more suited than 
the discrete height control mechanism. 

 

 



Pressure/Force Measurement Technique: 

It is found out that the pressure or force cannot be measured, A, by 
any direct intervention into the thin film or, B, at various point of the 
setup in accordance with the pressure graph of the thin layer. The load 
cells are the most suited indirect method of measuring the force being 
exerted by the thin film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8- Discussion 
Hydrodynamic thin layer inside the bearings reduces friction that 
results in the reduction of wear and tear and energy conservation. 
Though the thin layer has been modeled and simulated, yet no 
significant effort has been made to generate the imagined modeled 
hydrodynamic thin layer. This thesis is an endeavor to look for the 
possibility of generating the simplest case of the hydrodynamic thin 
layer i.e. one dimensional, full scale hydrodynamic thin layer. 

The study reveals that the layer could be generated either by passing 
the fluid at constant velocity through geometry or making the 
geometry to pass through the fluid at constant velocity. Various 
conceptual mechanical designs have been put forth, analyzed and 
discarded or improved. Each of these proposed setups followed one of 
afore mentioned approach to generate the thin layer. 

In the light of, initial mechanical designs it was concluded that the 
forcing of the fluid through the geometry does not result in the desired 
thin layer. The initial idea was improved to modified idea after 
conducting simple analysis that showed that the initial idea could not 
satisfy the boundary conditions. The analysis of the modified idea 
made the design to be enhanced to the improved idea to meet the 
required boundary conditions. As the boundary conditions were not 
met in the improved idea, the approach was discarded in this regards. 
However, the designs presented in wake of forcing fluid through the 
geometry may be used in designing hydrostatic thin layer. 

The single stroke idea presented to make the geometry run at constant 
velocity through the fluid was discarded due to the involved 
mechanical complexities. The mechanical complexities were removed 
by putting forth the continuous flow idea which shows many 
advantages in regards to the thin layer. 



The quests for finding a way to measure the pressure or force of the 
thin layer lead to optimize the dimensions of the setup. The 
dimensions were brought in accordance with the requirement for ideal 
one dimensional hydrodynamic full scale thin film flow. The point to 
point measurement of pressure or force and direct intervention into the 
thin film proved impractical due to the nonlinearities these cause in 
the thin film. The most suited force measurement method was proved 
to be through the load cells. 

When the fluid is forced through the geometry, the boundary 
conditions required by the thin fluid film are not met, because, the 
flow direction of the fluid in 1-Dimensional hydrodynamic thin layer 
remains along the major axis of the geometry. This direction of the 
flow would be affected considerably if the sides of the setup are kept 
open, because it would generate a lower pressure zone at the sides of 
the channel. Because of this free condition along the boundaries of the 
micro channel, the fluid there would undergo velocity perpendicular to 
the major axis resulting in non-ideal 1-Dimensional hydrodynamic 
thin. 

On the other hand, generation of the Reynolds thin film by forcing 
geometry through the fluid bears a great similarity to the working of 
the bearing for which Reynolds had derived his equation. This reason 
makes the possibility of generation of the Reynolds thin film much 
closer to his equation. Consequently, the film generation is easier and 
the closest to the ideal one. 

Future Work 

The foremost future work for the thesis is tackling of the issues of belt 
tensioning; belt mounting and connectivity of the driving drums to the 
power source. Once these issues are resolved and the setup is ready to 
be translated into its practical form. 



The parameters given in a 1-Dimensional Reynolds equation may be 
studied individually with respect to others. For example, the effect of 
the height control on the pressure may be studied, while keeping all 
the other involved parameters constant. Such a study would prove to 
be a direct validation of the Reynolds equation in the simplest possible 
way. 

The work may be extended to the temperature that is not considered in 
the Reynolds equation. However, in any mechanical setup that 
generates the thin layer, involving components and the temperature of 
the fluid changes. This change of temperature of fluid results in 
changing of the viscosity of the fluid to change. So, realization of the 
setup would prove to be an asset to study the temperature dependent 
behavior of the thin film. 

The realization of the setup might prove to be a simple step to the field 
of microfluidics, as study may be carried out to understand the thin 
film from the microfluidics perspective i.e. 

• low energy consumption, 
• effects of the micro domain, 
• small volumes. 

 

 

 

 

 

 

 



9- Conclusion 
Generation of the thin film of the thickness below 1 mm spanning over 
a larger area is critical for Tribology and microfluidics. So, designing 
an experimental setup that could generate and measure the pressure of 
the imagined hydrodynamic thin film is a step to better understand the 
behavior of the thin layers of a fluid. 

The thesis work shows that the one dimensional hydrodynamic thin 
layer may be generated by forcing geometry through a fluid. This may 
be achieved by moving a flat metallic relative to the plate containing 
the geometrical profile locked at a certain height from the belt with the 
help of the analog height control mechanism. The force developed 
inside the thin layer may be detected and measured using load cells. 
The area dimensions of the thin film generated by the conceptual 
design are large enough to probe for better understanding of surface 
tension, energy dissipation and fluidic resistance of the micro-scale 
fluid. Hence, further pursuing of the hydrodynamic thin film using the 
approach given in the thesis will prove to be a fruitful for 
microfluidics and Tribology. 
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Appendix 
A.1 Analytical Solution 
MATLAB code for calculation of analytical solution of 1-D Euler-
Bernoulli Beam equation, using McCauley’s Method, and 1-D 
Reynolds equation for unit step hydrodynamic bearing is given below. 

 
clc; 
clear all; 
close all; 
  
%%% Data for the system 
  
L1=0.1; % Length of the first part of the beam 
L2=0.1; % Length of the first part of the beam 
L=L1+L2; % Total Length of the beam 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
U=1; % Relative velocity of the two surfaces 
eta = 0.1; % Viscosity of the fluid 
h1=10*10^-5; % Maximum height of the channel 
h2=10*10^-6;% Minimum height of the channel 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
lf= ((h2^3)/L2)-((h1^3)/L1); 
pmax = (6*eta*U*(h2-h1))/lf  % Maximum Pressure developed in a 
thin layer 
Fmax= ((pmax/L1)*(L1^2/2))+((pmax/L2)*L*(L-L1))-
((pmax/L2)*((L^2/2)-(L1^2/2))) % Maximum forcce developed in a 
thin layer 
F=Fmax*L1/2 % Concentrated Force on the beam 



%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
E=90*10^9; % Youngs Modulus of the material for the beam 
Aliminium 
t=L/15;    % Thickness of the Aliminium beam  
w=L/5;     % Width of the Aliminium beam 
I=(w*t^3)/12; % Inertia of the Aliminium beam 
a=2*L1/3;     % Location of the first force 
b=(L-a);      % Location of the first force 
mf=E*I; 
x=L/2;        % Centre of the beam 
  
ya= ((F*x^3))-((F*(x-a)^3))+((((F*(L-a)^3)/L)+((F*(L-b)^3)/L)-
((F*(L)^2)))*x) %% Maculays Equation for the system beam 
yyyaa= ya/(12*mf) %% Maculays Equation for the system beam for 
two element forces 
  
newmetod1= 
(((2*F*x^4)/2)+((2*F*L*x^3))+((2*F*(L^2)*x^2)/2))/(12*mf) %% 
Equation of the beam using single impluse function at the centre 
  
a=1; 
 for z=0:0.0001:L1 
      
  newmetod(1,a)= 
(((2*F*z^4)/2)+((2*F*L*z^3))+((2*F*(L^2)*z^2)/2))/(12*mf); 
 a=a+1; 
 end 
zaza=[newmetod]; 
xx=0:0.0001:L1; 
plot(xx,-zaza) 
title('Analytical Deflection L1(Impulse Force)') 
ylabel('Deflction in Half of the Beam m') 
xlabel('Position m') 
  
 
 
 



 

Figure A.1.1 Deflection of Beam Using Impulse Force at Centre 
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A.2 Computational Techniques 
A.2.1 For Fluid Pressure 
MATLAB code for computation of pressure of the 1-D case of 
Reynolds equation for unit step hydrodynamic bearing using FDM is 
given below. 
 
%% Computational Solution of the Reynolds 1-D Equation FDM 
% Written by Muhammad Ishfaq Khan 
%% Feb 2012 
clc; clear all; close all; 
L1=0.1; % Length of the first part of the beam 
L2=0.1; % Length of the first part of the beam 
L=L1+L2; % Total Length of the beam 
U=1; % Relative velocity of the two surfaces 
eta = 0.1; % Viscosity of the fluid 
h1=10*10^-5; % Maximum height of the channel 
h2=10*10^-6;% Minimum height of the channel 
non = 200; % Number of steps 
dx = L/(non); % Step length 
for i = 1:non 
    if (i*dx+dx/2) <= L1    % Condition 1 
        h(i+2) = h1; 
    end 
     if (i*dx+dx/2) > L1    % Condition 2 
        h(i+2) = h2; 
    end 
    if (i*dx-dx/2) <= L1    % Condition 3 
        h(i+1) = h1; 
    end 
    if (i*dx-dx/2) > L1    % Condition 4 
        h(i+1) = h2; 
    end     
    K(i,i) = (h(i+1)^3)/dx^2; 
    K(i,i+1) = -(h(i+1)^3+ h(i+2)^3)/dx^2; 
    K(i,i+2) = (h(i+2)^3)/dx^2; 
    q(i,1) = 6* eta * U * (h(i+2) - h(i+1))/dx; 
end 



K(:,non) = []; 
K(:,1) = []; 
J = inv(K); 
PP = J*q; 
xaxis = 0:dx:L-dx; 
plot(xaxis,PP) 
title('Pressure Inside Fluid Film Using FDM') 
ylabel('Pressure Pa') 
xlabel('Position m') 

A.2.2 Fluid Pressure after Deflection 
 MATLAB code for computation of pressure of the 1-D case of 
Reynolds equation for sloped hydrodynamic bearing using FDM is 
given below. 
 
%% Computational Solution of the Reynolds 1-D Equation FDM 
Sloped 
% Written by Muhammad Ishfaq Khan 
%% Feb 2012  
clc; clear all; close all; 
L1=0.1; % Length of the first part of the beam 
L2=0.1; % Length of the first part of the beam 
L=L1+L2; % Total Length of the beam 
U=1; % Relative velocity of the two surfaces 
eta = 0.1; % Viscosity of the fluid 
hmax= 5.3*10^-3; % Maximum height of the channel 
hmin= 10*10^-6;% Minimum height of the channel 
non = 150; % Number of steps 
dx = L1/(non); % Step length 
for i = 1:non 
        x = i*dx; 
        y = i*dx;  
        hy(1,i) = hmin + (hmax-hmin)*(y)/L1; % increasing 
        h(i+1) = hmin + (hmax-hmin)*(i*dx-0.5*dx)/L1;%for increasing 
slope of the line 
        h(i+2) = hmin + (hmax-hmin)*(i*dx+0.5*dx)/L1;%for increasing 
slope of the line  
        K(i,i)   =  (h(i+1)^3)/dx^2; 
        K(i,i+1) = -(h(i+1)^3+ h(i+2)^3)/dx^2; 



        K(i,i+2) =  (h(i+2)^3)/dx^2;  
        q(i,1) = 6* eta * U * (h(i+2)-h(i+1))/dx;% for increasing 
end 
yaxis = 0: dx : L1-dx; 
plot (yaxis, hy) 
figure 
K(:,non) = []; 
K(:,1) = []; 
J = inv(K); 
PP = J*q; 
xaxis = 0:dx:L1-dx; 
plot(xaxis,PP) 
title('Pressure Inside Fluid Film Using FDM') 
ylabel('Pressure Pa') 
xlabel('Position m') 

%%%%%%%%%%%%%%%%%%%%%% 
%% Computational Solution of the Reynolds 1-D Equation FDM 
sloped part 2 
% Written by Muhammad Ishfaq Khan 
%% Feb 2012 
clc; clear all; close all;  
L1=0.1; % Length of the first part of the beam 
L2=0.1; % Length of the first part of the beam 
L=L1+L2; % Total Length of the beam 
U=1; % Relative velocity of the two surfaces 
eta = 0.1; % Viscosity of the fluid 
hmax= 5.3*10^-3; % Maximum height of the channel 
hmin= 10*10^-5;% Minimum height of the channel 
non = 150; % Number of steps  
dx = L1/(non); % Step length  
for i = 1:non 
    x = i*dx; 
    y = i*dx;  
   hy(1,i) = hmin + (hmin-hmax)*(y)/L1; % decreasing 
     h(i+1) = hmin + (hmin-hmax)*(x-0.5*dx)/L1; %for decreasing 
slope of the line 
     h(i+2) = hmin + (hmin-hmax)*(x+0.5*dx)/L1; %for decreasing 
slope of the line  
    K(i,i)   =  (h(i+1)^3)/dx^2; 



    K(i,i+1) = -(h(i+1)^3+ h(i+2)^3)/dx^2; 
    K(i,i+2) =  (h(i+2)^3)/dx^2;  
    q(i,1) = 6* eta * U * (h(i+2)-h(i+1))/dx; % for decreasing 
end  
yaxis = 0: dx : L1-dx; 
plot (yaxis, hy) 
figure 
K(:,non) = []; 
K(:,1) = []; 
J = inv(K); 
PP = J*q;  
xaxis = 0:dx:L1-dx; 
plot(xaxis,PP) 
title('Pressure Inside Fluid Film Using FDM') 
ylabel('Pressure Pa') 
xlabel('Position m') 

A.2.3 For Beam Deflection 
MATLAB code for computation of the calculation of the 1-D case of 
the varying section of beam using FDM is given below. 
%% Computational Solution For Beam Euler Bernoulli Method FDM 
% Written by Muhammad Ishfaq Khan 
%% Feb 2012  
clc; clear all; close all; 
L1=0.1; % Length of the first part of the beam 
L2=0.1; % Length of the first part of the beam 
L=L1+L2; % Total Length of the beam  
F =  5.4054e+005; 
E= 90*10^9; 
t2 = L/15;      % Thickness of the Aliminium beam  
t1 = L/15 - 10^-5;      % Thickness of the Aliminium beam  
b = L/5;       % Width of the Aliminium beam  
I = (b*t1^3)/12;     % Inertia of the Aliminium beam  
non = 101;    % Numer of Emelements  
dx = L/(non);    % Step Length  
% x = dx;  
% first node  
K(1,1) = 6*E*I/dx^4; 
K(1,2) = -4*E*I/dx^4;  



% second node  
K(2,1) = -4*E*I/dx^4; 
K(2,2) = 6*E*I/dx^4; 
K(2,3) = -4*E*I/dx^4; 
K(2,4) = E*I/dx^4;  
 % central nodes  
for i = 3:non  
     %%%%%%% i-2%%%%%%%%% 
    if (i*dx - dx) <= L1 
        I(i-2) = (b*t1^3)/12; 
    end 
    if (i*dx - dx) > L1 
        I(i-2) = (b*t2^3)/12; 
    end  
    %%%%%%% i-1 %%%%%%%%% 
    if (i*dx - 3*dx/4) <= L1 
        I(i-1) = (b*t1^3)/12; 
    end 
    if (i*dx - 3*dx/4) > L1 
        I(i-1) = (b*t2^3)/12; 
    end  
    %%%%%%% i %%%%%%%%%  
    if (i*dx + dx/2) <= L1 
        I(i) = (b*t1^3)/12; 
    end 
    if (i*dx + dx/2) > L1 
        I(i) = (b*t2^3)/12; 
    end  
    if (i*dx - dx/2) <= L1 
        I(i) = (b*t1^3)/12; 
    end 
    if (i*dx - dx/2) > L1 
        I(i) = (b*t2^3)/12; 
    end  
    %%%%%%% i+1 %%%%%%%%% 
    if (i*dx + 3*dx/4) <= L1 
        I(i+1) = (b*t1^3)/12; 
    end 
    if (i*dx + 3*dx/4) > L1 



        I(i+1) = (b*t2^3)/12; 
    end  
    %%%%%%% i+2%%%%%%%%% 
    if (i*dx + dx) <= L1 
        I(i+2) = (b*t1^3)/12; 
    end 
    if (i*dx + dx) > L1 
        I(i+2) = (b*t2^3)/12; 
    end     
    K(i,i+2) = E*I(i+2)/dx^4;  
    K(i,i+1) = -2*(E*(I(i+1)+I(i)))/dx^4;  
    K(i,i) = E*(I(i-1) + 4*I(i) + I(i+1))/dx^4;  
    K(i,i-1) = -2*(E*(I(i-1)+I(i)))/dx^4;  
    K(i,i-2) = E*I(i- 2)/dx^4;  
% last two nodes 
        if i == non  
            K(i,i) = E*(I(i-1) + 4*I(i) + I(i+1))/dx^4; 
            K(i,i-1) = -2*(E*(I(i-1)+I(i)))/dx^4; 
            K(i,i-2) = E*I(i- 2)/dx^4; 
            q(i,1) = 0;  
        elseif i == non-1  
            K(i,i) = E*(I(i-1) + 4*I(i) + I(i+1))/dx^4; 
            K(i,i-1) = -2*(E*(I(i-1)+I(i)))/dx^4; 
            K(i,i-2) = E*I(i- 2)/dx^4; 
            K(i,i+1) = -2*(E*(I(i+1)+I(i)))/dx^4; 
            q(i,1) = 0;     
        end  
    q(i,1) = F*i*2*dx/L1;  
end  
K(:,non) = []; 
K(:,non-1) = [];  
J = inv(K); 
PP = J*q;  
xaxis = 0:dx:L-dx; 
plot(xaxis,PP) 
title('Computational Deflection of the Beam L=0.2') 
ylabel('Deflction m') 
xlabel('Position m')  
figure  



I(:,non) = []; 
I(:,non-1) = [];  
plot(xaxis,I) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



A.3 Initial Idea 
Fixed part of the initial idea is shown in the figure A.3.1: 

 

FigureA.3.1 Fixed Part of Initial Idea 

Moving part of the initial idea is shown in the figure A.3.2: 

 

FigureA.3.2 Moving Part of Initial Idea 



Assembly of the initial idea is shown in the figure A.3.3: 

 

FigureA.3.3 Assembly of Initial Idea 

 

 

 

 

 

 

 

 

 

 



A.4 Modified Idea 
Fixed part of the modified idea is depicted in the figure A.4.1: 

 

Figure A.4.1 Fixed Part of Modified Idea 

Foundation for the height control assembly of the modified idea is 
depicted in the figure A.4.2: 

 

Figure A.4.2 Foundation of Height Control Assembly of Modified Idea 



Frame of the moving part of the modified idea is depicted in the figure 
A.4.3: 

 

Figure A.4.3 Frame of Moving Part of Modified Idea 

Plate of the moving part of the modified idea is shown in the figure 
A.4.4: 

 

Figure A.4.4 Plate of Moving Part of Modified Idea 



Assembly of the modified idea is shown in the figure A.4.5: 

 

Figure A.4.5 Assembly of Modified Idea 

 

 

 

 

 

 

 

 

 

 

 



A.5 Improved Idea 
Connecting pin for the improved idea is shown in the figure A.5.1: 

 

Figure A.5.1 Connecting Pin of Improved Idea 

Height control shaft of the moving part of the improved idea is shown 
in the figure A.5.2: 

 

Figure A.5.2 Height Control Shaft of Moving Part of Improved Idea 



Locking mechanism for the moving part of the improved idea is 
depicted in the figure 5.3: 

 

Figure A.5.3 Locking Mechanism for Moving Part of Improved Idea 

Frame for the moving part of the improved idea is depicted in the 
figure 5.4: 

 

Figure A.5.4 Frame of Moving Part of Improved Idea 

 



Fixed part of the improved idea is depicted in the figure 5.5: 

 

Figure A.5.5 Fixed Part of Improved Idea 

Minor shaft for the height control of the moving part of the improved 
idea is depicted in the figure A.5.6: 

 

Figure A.5.6 Minor Shaft Height Control of Moving Part of Improved 
Idea 

Plate of the the moving part of the improved idea is depicted in the 
figure 5.7: 



 

Figure A.5.7 Plate of Moving Part of Improved Idea 

Wedge for the moving part of the improved idea is depicted in the 
figure 5.8: 

 

Figure A.5.8 Wedge of Moving Part of Improved Idea 

Assembly for the moving part of the improved idea is depicted in the 
figure 5.9: 



 

Figure A.5.9 Assembly of Improved Idea 

The thimble of the continuous height control assembly is given in the 
figure A.5.10: 

 

Figure A.5.10 Thimble of Height Control Mechanism of Improved 
Idea 

 

 



A.6 Discrete Height Control Mechanism 
Larger gear of discrete height control assembly is given in the figure 
A.6.1: 

 

Figure A.6.1 Large Gear of Discrete Height Control Mechanism 

Smaller gear of discrete height control assembly is given in the figure 
A.6.2: 

 

Figure A.6.2 Small Gear of Discrete Height Control Mechanism 



Assembly of discrete height control assembly is given in the figure 
A.6.3: 

 

Figure A.6.3 Assembly of Discrete Height Control Mechanism 

 

 

 

 

 

 

 

 

 

 



A.7 Drawings of the Final Setup 
Top view of the supporting frame is given in the figure A. 7.1: 

 

Figure A.7.1 Top view of support frame 

 

 



Side view of the support frame is given in the figure A.7.2: 

 

Figure A.7.2 Side view of support frame 

 



Front view of the support frame is given in the figure A.7.2: 

 

Figure A.7.3 Front view of support frame 

 

 

 



Front view of the plate is given in the figure A.7.4: 

 

Figure A.7.4 Front view of plate 

 



Side view of the plate is given in the figure A.7.5: 

 

Figure A.7.5 Side view of plate 

 

 



Top view of the plate is given in the figure A.7.6: 

 

Figure A.7.6 Top view of plate 

 

 

 



Top view of height control screw is given in the figure A.7.7: 

 

Figure A.7.7 Top view of height control screw 

 

Side view of height control screw is given in the figure A.8.8: 

 

Figure A.7.8 Side view of height control screw 



Front view of height control screw is given in the figure A.7.9: 

 

Figure A.7.9 Front view of height control screw 

 

 

 



Top view of foundation table is given in the figure A.7.10: 

 

Figure A.7.10 Top view of foundation table 

 

 



 

Side view of foundation table is given in the figure A.7.11: 

 

Figure A.7.11 Side view of the foundation table 

 

 



 

 

Front view of foundation table is given in the figure A.7.12: 

 

Figure A.7.12 Front view of the foundation table 
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