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ABSTRACT

The aim of this project is to design and develop the framework of a Piconew-
ton Force Transducer (PFT) to be experimentally used at Macquarie University.
More specifically a unique and specifically tailored Optical Tweezer device is
designed and developed to allow for measuring the stiffness of cells and other
micrometre sized object or biological specimens. In order to achieve this, all
components and subsystems of the framework had to be very accurately modeled
in CAD throughout all stages of the design process to ensure the correct lay-
out and alignment of the device. To show the full functionality of the device an
alignment calibration procedure is completed to validate that the device is ready
to be experimentally used. The main problem faced within this project was the
lack of funding to create a framework that could be entirely designed and con-
structed using purchased optical mounts. Due to this lack of funding an alternate
design was developed and generated through extensive research and a thorough
understanding of the requirements of each individual component. This process
determined which components of the framework could be CAD modeled and 3D
printed as a replacement to using purchased optical mounts, without sacrificing

any functionality or accuracy of the device.
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Chapter 1

Introduction

There is a significant lack of knowledge in regards to the effects of different diseases on cell
stiffness and other changes due to cellular biomechanical events. The knowledge gaps in
literature are slowly being filled through the use of Piconewton Force Transducers (PFT).
A PFT is a very useful scientific instrument that allows that allows for a wide range
of biological systems to be studied. These devices are now considered to be indispens-
able tools for measuring forces and displacements associated with cellular and molecular
biomechanical events.

One specific application of a Piconewton Force Transducer (PFT), is to measure the
stiffness of different diseased cells’ to gain further understanding into how the cells” deal
with disease as well as looking at the direct effect the disease has on the properties of
cells’. By researching these effects on diseased cells, the mechanisms associated with
disease can be further understood, and therefore, potentially provide methods to prevent
or cure diseases [10]. Consequently, any improvements on the literature already available
in this field could have tremendous health benefits in todays society.

Besides from this there are many other vital applications for the use of a PFT de-
vice such as the effects that mechanotransduction has on cell properties and stiffness.
Mechanotransduction is the process of mechanical forces being converted into chemical or
electrical signals. These chemical and electrical signals cause the cells to transform and
adapt to suit the surrounding environment [9].

Due to the importance of Piconewton Force Transducers (PFTs) in today’s biomedical
industry, this project is aimed to design and develop a PF'T that allows for the measuring
of cell stiffness and other biomechanical events. The device to be designed and constructed
is that of an optical trap device (Optical Tweezer) which can be used to measure forces
smaller than 200 pN and displacements smaller than 150um. This device is used as an
attachment to a high-resolution microscope, to measure forces and displacements on cells,
virnses, bacteria, organelles and even DNA as discussed in [4].
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1.1

Project Goal
Understand the operation of an OT based on it’s individual optical components.

Use this understanding to manipulate the optics to allow for the OT to be designed
for the Nikon Ti-U microscope.

Use CAD modeling to set the location required for each individual optics component
of the OT.

Use CAD modeling to design the framework allowing for the construction of a unique
working OT.

Calibrate the optical alignment of the device to ensure correct operation of the OT.

1.2 Costs

The budget allocated to this project as per the standard at Macquarie University is
approximately $300, this depends loosely on the project itself and the specific requirements
as well as the costs associated with other projects. For this project the standard budget
of $300 was exceeded in the purchasing of vital optical components and therefore, some
adjustments had to be made to accommodate for the lack of additional funding. The
details on the purchases and the costs that they incurred can be found in Section 5.4.5.




Chapter 2

Background and Other Related
Work

This section of the document contains the background research relating to the Optical
Tweezer (OT). This is focused on the background behind the OT and what it is used for
and why a Piconewton Force Transducer (PFT) is so important in biomedical research.
Research specifically based on OTs and their operation and use can be found further on
in Chapter 3.

2.1 Mechanical properties of cells

Human organs are constantly subjected to physiological forces and this is necessary to
regulate their biological function. The process is complex and knowledge on this remains
fragmentary. Physiological forces such as the pulsation of the heart and mechanical shear
forces at the walls of blood vessels regulate cells’ responses and their function such as
cell-cell and cell-matrix interaction [5].

2.2 Mechanotransduction

The cells’ response to these forces is Mechanotransduction, which is described as the ability
of cells to convert mechanical forces to electrical or chemical signals as demonstrated in [9]
and [10]. Due to this process, cells are able to transform and adapt into different cell
tvpes with specific stiffness, size and structure, and this is largely dependent on their
environment and the magnitude of mechanical forces they are subjected to as discussed
in [10]. Cells which are subjected to more physiological forces, alter their structure and
stiffness to become more compliant (less stiffness) - this adaptation to the environment is
vital as emphasised in [17]. Journal article [5] addresses how the integrated forces affect
the cell behaviour itself which in turn creates its own mechanical tension throughout the
cell. This leads to the underpinning hypothesis as stated in [5] that the shape of the cell
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is controlled by its location, which allows for changes in the stiffness and tension in the
cell, thus regulating the cell’'s behaviour.

2.2.1 Pathways of Mechanotransduction

The extent of the effect that mechanical input has on the development and migration of
cells and how this process works is still poorly understood as emphasised in [32]. However,
it is known that mechanotransduction operates in pathwavs depending on the location
within the body and the mechanical forces applied to it. As analysed in [32] tension,
exerted either by muscles or externally, promotes the migration of cells in that specific
pathway to resist mechanical stress and helps to coordinate the morphogenesis of muscle
and epidermal tissue. Although it is not fully understood how this process occurs, it is
understood that the mechanotransduction follows a pathway that allows for all the cells
under those conditions to adapt to suit. This then suggests that similar pathways can
promote other cell adaptations, not just the stiffness and structure, such as adhesion to
promote the healing of wounds or other tissue damage as hypothesised in [32].

2.2.2 Effect of Disease on Cell Stiffness and Mechanotransduc-
tion

Cell stiffness is likely to change in diseases and understanding how cell stiffness can change
according to health and disease is important to elucidate the disease mechanisms as ad-
dressed in [10]. This article [10] also addresses that although many diseases have very few
similarities, they still show similar signs of defective mechanotransduction in the cells.
When analysing [10] and [32] a better understanding is developed in regards to the result-
ing defective mechanotransduction in cells due to disease affecting the pathways. This
reinforces that although a lot of research has gone into understanding mechanotransdue-
tion and cell stiffness there are immense holes in current research and information and
entire components that are still a mystery.

2.3 Devices Allowing for the Measurement of Piconew-
ton Forces

2.3.1 Optical Tweezer

Optical tweezers (OTs) use a laser beam in tight focus which allows it to use optical
gradient forces to manipulate micrometre-sized particles such as cells as discussed in
[7]. This manipulation allows for the analysis and measuring of minute forces in the
piconewton range as well as displacements within the nanometre range. These devices
also allow for the assembly of components such as cells into groups and structures. As
portrayed in [7] the device works by the particle being attracted to the gradient force
of the laser’'s focal point. It is this mild attraction that allows for the application and
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measurement of the minute forces and displacements.
As mentioned earlier in Chapter 2 further information and research on the OT device

itself can be found in Chapter 3

2.3.2 Dynamic Holographic Optical Tweezers

Dynamic holographic optical tweezers are and work similar to a standard OT as portrayed
in [7]. However, the single laser beam is transformed into multiple separate beams, each
of which can be focused into an OT as described in [6]. This is highly beneficial where
applicable as it allows for the controlling of multiple independent OTs through a computer
while only requiring a single initial laser beam. As addressed in [6] dynamic holographie
optical tweezers are unable to reach their full potential due to the complexity of calculating
the phase hologram required for each tweezer.

2.3.3 Micro-manipulation using magnetic particles

The foree transducer portrayed in [8] and [12] is a flexible alternative to the optical tweezer
(OT) that also allows the measurement of forces in the piconewton range. It works using
the original technique of single magnetic beads attached to leukocytes combined with new
micro-manipulation techniques as portrayed in [8] and [12]. This allows for the applica-
tion and measurement of a well-controlled piconewton force on micro particles, cells and
small tissue samples.

Although all of these device are usable PFT devices, this project is focused specifically
on the desigh and construction of an Optical Tweezer as the optics required for such a
device are already available for use in this project, this was mentioned previously and is
discussed throughout this thesis.
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Chapter 3

Research on Optical Tweezers and
their operation

The main focus of the specified OT research was on Block’s method for constructing an
optical tweezer as shown in [3], as Block’s article was used by a previous academic to set up
this project to be previously completed, including the purchase of the optics components
specific to the presented optics layout. In some instances in this section other literature
has been used and listed for the more generalised areas of research, those aspects less
dependent on a specific optics layout and setup.

As previously mentioned this project is focused on the design and development of a
device that can measure piconewton forces, a piconewton force transducer (PFT). More
specifically an Optical tweezer (OT) device which was briefly outlined and explained
in 2.3. The requirement is to design a unique framework for its specific application at
Macquarie University for use with the Nikon Ti-U microscope. To successfully design
and produce a unigue framework for an OT, it is imperative that the device itself is ex-
tensively researched and all aspects and components of the device are entirely understood.

This section of the thesis focuses on the research of existing literature on the OT device
and how it operates. It is vital to have a complete understanding of the operation of the
device at a svstem, subsystem and component level. This allows the system requirements
to be defined and followed to produce the specific device for its application and use with
the Nikon Ti-U microscope. The research done on OTs and discussed in this section is
vital in understanding how the device will operate and which components of the OT need
more focus, such as greater accuracy and/or independent calibration.

As mentioned the layout and design of the OT created are based loosely on the layout
as discussed and analysed in [3]. The OT layout that has been previously developed is
shown to be easily adapted and used with inverted Nikon microscopes such as the Nikon
Ti-U that is accessible for this project, making it an ideal foundation for the OT layout.
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3.1 Optical tweezer (OT) system Analysis

The general use for optical tweezers was briefly discussed and mentioned earlier in section
2.3 when looking into what a working OT can do in terms of experimental research and
why it is vital in the biomedical field. This section focuses on how the device itself actually
works as a system and the sections following will break this down into the sub systems
and components that allow for the general device to meet its experimental requirements.
As previously mentioned an optical tweezer (OT) is a device that is able to use focused
laser light to manipulate and attract microscopic specimens and objects. This is possible
because a laser has a trapping capability through the gradient of light intensity that is
generated at the laser’s focal point. This means that in order to have a fully functioning
OT device there must be a unified laser beam that can be manipulated to form a focal
point with the steepest gradient possible and to three-dimensionally locate that foeal
point directly next to a specimen under the microscope as found in [3].

In order to allow for this there are a combination of requirements that all optical tweezers
must have and these can be considered to be the overall general OT system requirements,
as follows.

3.1.1 General Optical Tweezer Requirements

1. An infrared laser source with a wavelength between 7T00-1300nm, ideally with an
adjustable attenuator to allow for testing with the laser set at different powers to
allow for an adjustable force output from the laser as listed in [3].

2. Using external optics (separate from the microscope) the optical trap must be able to
be steered in the x-y (specimen) plane as well as the z (axial) direction. This allows
for complete manipulation and confrol of the location of the trapping force and
laser’s location, before entering the microscope at all, as researched and discussed
in [3].

This allows for a completely independent device to be designed and set up ready
for use with any compatible microscope in any situation. It is this requirement that
this design thesis is aimed to uniquely achieve and meet.

3. A microscope equipped for epi-fluorescence that has a x-y-z translatable specimen
plane. This allows for the positioning of the specimen to be adjusted if required to
meet the laser’s gradient perfectly without having to rely entirely on the external
system components for fine tuning. The microscope also requires a camera port to
be connected to a computer to allow for the viewing of the trapped specimen.

It is these basic requirements that are needed from any optical trap as a complete device,
in order to successfully generate an optical trap that can be used experimentally to test
micrometre sized objects and cells.
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3.2 OT subsystems

The operation and functionality can be very easily separated into two major sub systems
with independent roles to generate the optical trap. These subsystems are the external
optics and the internal optics. The internal optics refers to the microscope itself and
the optics and the optical path used to generate the optical tweezer within it. Whereas
the external optics refers to all the optical equipment and optics that are separate from
the microscope, generating and manipulating the laser beam before entering the internal
microscope subsystem.

The external optics are the focus of this thesis as this subsystem requires the design and
creation of the framework and layout. This subsystem can actually be split again into two
separate subsections as they have independent tasks which will be analysed and discussed
below. It is this focus and understanding of each subsection that enables for an ideal,
unique design to begin formation through research.

3.2.1 External Optics

The external optics subsystem of the OT device is all the components that require a
unigue framework design to suit the specific needs of the OT being developed. This sub-
system involves having the laser source and then manipulating the laser beam in a way
that allows for it to be steered and generate a par-focal laser spot [3]. This means that
the beam will maintain focus after magnification has been changed inside the microscope.

In order to best understand and analyse the external subsystem it is best to break it
into two separate sections so more appropriate requirements can be understood and set
later. These subsections as found below are the laser beam initialisation and the lens
telescope.

3.2.2 Laser setup

The laser system refers to the use and operation of an infrared or near-infrared laser to
manipulate the beam, generating a gradient that applies the force to the micrometre sized
particle and "traps” it [4]. The laser beam is expanded using a beam expander where it
is then guided by the rest of the device’s optics and framework into the epi-fluorescence
port of the microscope [3]. This is often done in most standard designs by using two or
more angled mirrors that can be adjusted and moved to allow for the laser beam to be
guided, as required directly into the centre of the microscope’s input port.

3.2.3 Lens Telescope

The lens telescope subsystem of this styvle of optical tweezer consists of two identical
planoconvex lenses L1 and L2. These lenses are set up to be the sum of their focal
lengths away from each other, with the flat faces facing in towards the other lens [3]. The
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Figure 3.1: The layout of optical components in OT [3]

distance between the two lenses being double their focal length means that the parallel
laser light entering the first lens will produce parallel light of the same beam size leaving
the second lens. Demonstration of this can be seen in reference to Figure 3.1 of the overall
system layout and Figure 3.2. By having the flat lens faces facing towards one another
the spherical aberration (loss of image definition due to surface of spherical lens) can
be reduced without having to use aplanatic lenses, which are very expensive, to avoid
distortion [3].

The lens telescope component is a vital component in this design and layout of an OT
device as it controls the majority of the beam steering which allows for the development
of an external fully steerable optical trap to be created. This beam steering is made
available through the manipulation and adjustment of lens L1 seen in Figure 3.1 which
allows for the generation of three dimensional movement of the laser trap [3]. How this
beam steering takes affect will be discussed below in the individual component section for
each lens.

3.2.4 Internal Optics (Microscope)

The subsystem of the internal optics in the microscope has a vital role in the generation
of an optical trap. Although the microscope itself is what actually generates the optical
trap to be used, it is not the focus of this thesis as it does not require any additional
design or development. In order to set up the optics to be placed inside the microscope,
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-

Figure 3.2: Interaction of laser light with lens telescope

all that is needed is to purchase the correct optics components and place them into the
pre-existing fixed mounts within the microscope.

Role of the Internal Optics The microscope itself has many major aspects that are
vital in the successful generation of an optical trap. The laser beam must be guided and
directed through the optical path before being reflected to allow for the collimated beam
to be focused onto the sample slide [1].

This operation is what causes the laser beam to have a focal point centered next to the
specimen being tested and generating the gradient that allows for the generation of the
optical trap [3]. In this instance the optical trap is then observed through the computer
via a mounted camera that is attached to the existing microscope. The microscope’s
internal components, when looking at a microscope attachable OT, is the subsystem that
allows for the focusing of the laser beam, and therefore the generation of the optical trap
itself. This process and the beam steering within the microscope itself can be seen in
Figure 3.3.

3.3 OT individual components

This section looks at the roles and requirements found for the overall system and each
subsystem, before allocating them to individual components of the overall OT device.
This is a vital step in understanding what is required of each component individually and
how to generate a unique design using this understanding,.

3.3.1 Diode laser

A variety of different lasers can be used without impacting the optical trap too greatly.
The critical factors of the operating laser are that the wavelength is between the range
of T00nm and 1300nm and that it has a variable attennator attached to it [3]. This
attenuator is vital as it allows for the laser power itself to be changed and reduced for the
purposes of alignment as well as for certain experiments and optical traps to be generated.
The trapping laser itself can focus up to 1W of light into the microscope depending on
the laser. The large fluxes at the specimen plane can cause optical damage and ruin the
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specimen and the experiment [3]. For this reason a laser with a wavelength that lies close
to the infrared region is best suited, such as a 1064nm or 1047nm laser [3].

3.3.2 Beam expander

The Beam expander is integrated for a fairly simple reason and that is to magnify the laser
so that it approximately fills or slightly over-fills the objective pupil of the microscope
objective being used. This process allows for the objective to properly focus the entire
laser beam for maximal optical trapping to occur [3]. Beam expanders come in fixed
sizes such as 3x, bx, 7Tx magnification and are designed fo suit specific wavelengths. It is
vital that depending on the laser wavelength, the correct beam expander is obtained as it
will significantly reduce wavefront distortion at that wavelength over the entire opening
of the device [3]. By minimizing the wavefront distortion spherical aberration can be
further reduced, which will lead to improved focusing in the specimen plane and therefore
improved potential trapping [3].
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Figure 3.4: The effect of changing the distance between L1 and L2 as shown in [2]

3.3.3 Lens L1 of the lens telescope

Lens L1, the lens located immediately after the beam expander as seen in Figure 3.1 is
the vital component in enabling the manipulation and steering of the laser trap. This lens
needs to have x-y-z translation in order to allow for the OT device to have a steerable
focal point. The way this works is for example movement in the axial (z) direction such
as L1 being moved closer to L2 will force the parallel beam entering the telescope to
become slightly divergent as it leaves L2. By having this exiting light being divergent the
focal point will be pushed away from the objective and further into the test specimen as
discussed by Block [3].

The opposite oceurs when L1 is moved further away from L2 making the distance between
them greater than 2f where f is the focal length of the lens. This will cause the light from
the telescope to become slightly convergent, which will bring the focal point closer to the
microscope objective, a visual example of this can be seen in Figure 3.4.

Moving lens L1 in the x-y plane, the plane perpendicular to the laser light and the
optical axis, causes the deflection of the light leaving the lens. This essentially is rotating
the beam, where the rotated light is then imaged through the back of the microscopes
objective pupil by lens L2. As the rotation of the beam is occwrring in the objective
pupil’s conjugate plane, this results in the translation and movement of the laser spot and
the optical frap itself [3] as can be seen in Figure 3.5.

The x-y-z fine translation of L1 is vital in the design for this optical tweezer as movement
of this lens in all three dimensions results in the corresponding translation of the optical
trap in the same three dimensions [3].
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Figure 3.5: The effect of x-y plane translation of L1 [2]

3.3.4 Lens L2 of the lens telescope

Lens L2 is the second lens that forms the vital subsystem of the lens telescope as discussed
earlier. While lens L1 must be translatable to allow for the beam steering, L2 must be
very accurately and securely fixed into position to convert the movements of the beam
generated from L1 into movements of the optical trap itself. As L2 is fixed and mounted
parallel to L1 with its flat face facing inwards, the light that is being received from L1
is converted back into parallel light upon exiting its spherical (rear) face [3]. It is due to
this layout that any parallel light entering the lens telescope will, after any translation or
rotation, result in parallel light exiting the telescope via lens L2.

3.3.5 Dichroic mirror in microscope filter cube

The dichroic mirror or as it is sometimes called "hot mirror” is used to reflect the laser
light into the microscope objective. This dichroic mirror should reflect the wavelength of
the laser, while still transmitting visible light below 650nm [3]. The mirror needs to fit
into the epi-fluorescence cube for the microscope being used as it is an existing mount
specifically for use with the microscope, and that will provide a guaranteed 45 degree
angle for the mirror. The mirror itself should reflect almost all laser light from the front
surface of the glass while also having an anti-reflection coating for 1064nm wavelength on
the rear surface [3].

3.3.6 Microscope Objective

The microscope objective is what actually generates the gradient at the focal point, there-
fore, generating the optical trap to be used. This is a standard microscope component
and there are many different objectives that can be purchased for different reasons. In
this instance a high NA objective is required to generate the steepest force gradient, for
which in this case, the ideal range is between 1.25 and 1.40. The objective’s magnification
ideally is 100X and because of this high magnification, oil-immersion is best suited.
Once purchasing an objective it is simply used by screwing if into the port or rotator of
the microscope for the objectives.




Chapter 4

System design methodology

This chapter focuses on the preliminary design stages and aspects in order to set a foun-
dation for the final design. For this project this chapter of the design process was very
important as it sets the unique design dependent parameters and requirements. Focus in
this chapter is drawn to the many different factors that affect the system being designed.
These factors can then be used to generate a unique set of system requirements for the
Optical Tweezer being designed in this project for operation at Macquarie University.
This project is about designing an OT device ideal for the use and application with the
specific set up at Maequarie University. In order to achieve this, not only must the device
itself be understood as shown in Chapter 3 but also the specific layout, requirements and
possibilities available must be considered and that is the basis of this chapter.

4.1 External framework temporary layout

Early on in the development of this project it was decided that in order to gain some
insight into the requirements of each component of the external framework, by attempting
to set it up using temporary framework. This layout of the external optics was attempted
using temporary framework, such as eut outs, without using the laser itself due to having
poorly mounted optics. Setting up this layout using temporary cut outs and other forms of
framework did not actually work properly due to the drastic inaccuracy of the two lenses
making up the lens telescope. This was not possible as with the temporary framework
the correct alignment and vertical positioning of the lenses could not be achieved.

Although the proper layout of the external optics could not be achieved this process
did generate some valuable insight into the requirements of the framework. This included
how the framework could be manipulated to ensure a safer, simpler and improved design.
The main aspect in regards to this was that the laser and beam expander could be
considered as one complete subsystem (similar to the lens telescope) and that the height
and alignment of this subsystem can be quite easily fixed and set as required.

This understanding led to the incorporation of this idea in the design, as by fixing the
beam expander and laser relative to each others position, the rest of the design can be
modeled in CAD around the required and set location of this subsystem.

15
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4.2 University safety guidelines

There are many risks associated with the use of a class 4 laser such as the one required
and used in the Optical Tweezer device (OT). The OT being designed in this project
is for operation and use at Macquarie University. Due to this it is vital to analyse the
university’s laser safety guides and procedures to help determine the system requirements,
thus producing a device that meets the universities safety requirements.

Safety in university’s is very important and must be taken into consideration in order to
prevent injuries and reduce possible risks. In order to gain approval of such an OT device
to be used, all aspects of university regulations and safe practices must be followed. This
section looks at all the potential aspects of good practice that may relate either directly
or indirectly to the operation of an OT. The important aspects of Macquarie University’s
policies have been split into sub sections below.

4.2.1 Horizontal single plane setup

According to the university policies defined at [13], all optical devices are best contained to
one single horizontal plane, maintaining a parallel line from the optical table. Periscope
designs using mirrors and other reflectors must be completely avoided as this form of
multi plane layout with vertical beams has a very high risk for laser operators. Having
any vertical laser beams poses a very high risk of the laser light reflecting up into an
operator’s eyes. The use of vertical beams also puts others using the laboratory at risk
as they may not realise a laser is in operation and take the necessary precautions when
approaching the device.

This risk is further inereased through the operation of a class 4 infrared laser as there
will be no visible vertical beam. This leaves the operator and other individuals at serious
risk of placing themselves above the mirror and in the beam’s path. The beam may also
reflect slightly unintentionally and could be directed at an individual, putting them at
risk of serious permanent damage being done to their eyves.

4.2.2 Reflective Surfaces

When using class 4 lasers or other infrared lasers any reflective surfaces or materials
presents a risk of unwanted reflection. This is made very clear in the university’s good
practices documentation [13] to prevent any unnecessary risk of lasers reflecting or re-
fracting without the operator being aware of it. Due to working with infrared laser light,
unless an IR detector card or filter is used to show the light, reflected beams will not be
visible, making them extremely dangerous. As the OT device uses a class 4 IR laser, even
slight or partial reflections of the laser into an eye will cause permanent damage. Due
to this it is imperative that when operating a device at university any potential surface
reflections are reduced to a minimum if not entirely at all times.

Another potential risk associated with reflections is those relating to the operator and
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not. the device itself. This refers to all non-essential reflective materials, such as jewelery,
watches and belt buckles. All objects and materials such as these must be removed before
working in the area of the laser and operating it.

4.2.3 Beam steering optics

As per the University safety policy [13], any optics involved in beam steering must be
securely mounted with proper optical mounts. This secure mounting is vital because any
accidental misalignment or the fall of an optic component out of position may cause some
reflection of the laser and expose an individual to a high intensity, dangerous beam. For
this reason rotating mounts that move easily must not be used for optics involving beam
steering. This is mainly applicable when using mirrors to steer the beam and they are
able to rotate the mirror because it mayv rotate during operation and reflect the beam
into someone’s eyes,

4.2.4 Beam Enclosures

Where possible, university advises that all beams be fully contained within beam tubes
or a complete enclosure for the device. While not always applicable, this is advised in
order to remove any potential risk of reflecting IR beams. This is mandatory in the case
of the laser being operated outside of a laser laboratory equipped with interlocking and
with no windows. In these circumstances the laser must be contained and enclosed at
all times to prevent the beam from being reflected out of windows or doors and putting
other individuals at risk of exposure.

4.3 System Requirements of the Optical Tweezer

From a combination of the literature reviewed in Chapters 2 and 3, the author’s knowledge
and personal judgment and the experience gained from attempting initial set up discussed
in Section 4.1, the system’s unique requirements can be set. These aspects combined with
Macquarie University’s laser safety guidelines, regulations and procedures [13] as analysed
above in 4.2 make for an integrated framework from which to develop the requirements.
The system requirements can be split into multiple different sections as found below,
which allows for both a holistic and compartmentalized understanding,.

4.3.1 Overall Optical Tweezer (OT) device requirements

1. An infrared laser with a wavelength of 1064nm and an adjustable attenuator to
change the power output of the laser for alignment purposes and adjustable testing
as discussed previously. This laser beam must be at a height of 188.5mm off the
optical board and running in a parallel (horizontal) plane for its entire path through
the external optics. This will input the laser directly into the center of the epi-
fluorescence port of the microscope.
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s

G.

The laser beam must be steerable in the external optics using the lens telescope to
manipulate the location of the optical trap within the microscope. This requirement
will be discussed in detail below in the lens telescope requirements.

The external device must be easily removed and stored from the optical board
as permanent fixture is not available due to the microscope being used for other
experiments and tasks. This removal of the OT’s external framework must be made
possible in a way that does not effect the layout or positioning of the overall optics
and framework. This is a vital requirement as this will prevent having to perform
the entire alignment procedure every time the device is to be installed and used.

A complete enclosure for the external OT framework will be required as the location
of the microscope is not in one of the University laser laboratories. This also means
that there are windows, doors and other individuals in the room so the laser beam
must be contained at all times.

As the entire framework must be enclosed when the laser operation is in use, an
alternative method for an initial alignment check before each use must be used. This
alternate method must allow the alignment to be completed before each separate
session using the OT without the enclosure secured in place so any minor alignment
adjustments can be made to the external optics while using the microscope. Without
this the device would have to be aligned with the high intensity diode laser in
a separate laser laboratory where the microscope can not be accessed and used.
During transportation and re-installing the device with the microscope the results of
the fine tuning in the optical alignment may have changed, thus making calibration
of the device inside the microscope more complex.

The OT must be used with the Nikon Ti-U microscope as set up on the optical table
at Macquarie University. The microscope can and must provide x-y-z translation of
the specimen plane to allow for the specimen to be easily located next to the laser
beam focal point.

4.3.2 Laser framework requirements

These requirements correspond to the framework for the diode laser itself and the beam
expander as one subsystem.

1.

The laser must be positioned in a way that makes its beam parallel with the hor-
izontal optical table while being precisely 188.5 millimetres above it. Due to the
positioning of the microscope port and therefore the laser, the beam expander must
also be positioned to allow for the beam to travel directly through its centre. This is
crucial as if the beam for any reason does not travel straight through the beam ex-
pander the beam may become slightly distorted or expanded to the incorrect beam
diameter. In order to remove any need for mirrors to change the height or location
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of the beam it is very important to ensure the laser and beam expander are correctly
positioned.

By considering the beam expander and laser as one subsystem emphasis on the
initial alignment to ensure the laser and beam expander are perfectly aligned as
discussed above is simplified. This subsystem must generate the laser and expand
it out to a diameter equal to or greater than the diameter of the objective pupil of
the microscope objective used for testing.

The beam expander must be suited to the specific output wavelength of the laser,
for example if the laser outputs a beam at a wavelength of 1064 nm, then the beam
expander must be specifically designed to take light of 1064 nm wavelength. This is
s0 that the lenses used in the beam expander are specifically suited to the correct
wavelength and will therefore minimise distortions and spherical aberrations [3] .

This subsystem should also incorporate in the design a system that will help to
simplify the alignment check of the optics before each separate session using the OT
device. As this procedure may need to be done without being completely enclosed
by a casing while outside the laser laboratory, it must present far fewer and less
hazardous risks. An example of this is using a filter to make the IR light visible
and using the laser on the lowest power setting, however, this is still not safe to use
in the environment it would be operated in. A better alternative would be using
a laser pointer or other less dangerous laser for the alignment check, although this
would have to be incorporated in a way that ensures the beam paths of the two
lasers are identical and that it is tested.

4.3.3 Lens Telescope Requirements

T

The lens telescope is required fo be a 1:1 design, which means that as the beam
expander increases the beam diameter enough on its own the lens telescope is not
required to do any further beam expanding. This means that the purpose of the
telescope is to allow for the manipulation and translation of the laser’s focal point
without further impacting the beam’s properties. As discussed previously this re-
quires the two lenses L1 and L2 making up the telescope to have their flat surfaces
facing each other to minimise spherical aberration and any other image distortion.

Any parallel light being received by the lens telescope must also allow for the exiting
light to be parallel in the same plane. This is essential in order to allow a direct
and precisely aligned beam along the optical path that, if required, can be finely
translated to adjust the location of the laser's gradient without taking it out of the
horizontal optical path entirely. This requirement can be seen in Figures 3.4 and
3.5.

The distance between L1 and L2 must be accurately adjustable to allow for any
need to change the location of the laser’s focal point relative to the microscope
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specimen plane. However, this distance is generally set and equal to the sum of
the lense’s focal points, or as the lenses are identical in this system, equal to 2f
(double the focal length of the lens). In order to accurately accommodate this
subsystem the distance between L1 and L2 (z-axis) should be easily determined and
accurately set. As knowing the distance between the lenses is very important this
must be incorporated in some way into the design to ensure the correct set up of
the external optics.

Lens L1 must be fine-tunable in the x-v plane to allow for the translation of the
focal point’s force gradient as located in the microscope. This must be fine-tunable
to allow for the precise manipulation of the beam within the microscope, so that the
micrometre sized test specimen can have the trapping force applied, as required by
the overall system. For translation in the x and y directions, the relative distance
to the original point is not necessarily required as it is entirely dependent on the
location of the test specimen and the application of a force under the microscope.
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4.3.4 Internal microscope requirements

1

The laser beam directed into the microscope must be reflected into the objective
with a dichroic mirror. This dichroic mirror must be able to reflect light above
a certain wavelength that ensures the laser beam is reflected. Visible light must
still be transmitted by the mirror, an example of this is if the mirror transmits all
light with a wavelength below 800 nm but reflects all light above 800 nm. By only
allowing the laser beam we want reflected, the intensity of the light is increased and
interference due to all other light reflecting is not an issue, as it would be if a normal
mirror was used.

The mirror itself mmst be mounted perfectly at a 45 degree angle to ensure the
precise reflection of the beam through the specimen plane. This mirror is located
within the fluorescence filter cube rotating turret of the Nikon Ti-U that has G
mounting slots for filter cubes. Due to these very strict requirements the dichroic
mirror should be mounted inside a filter cube specifically for the Nikon Ti-U turret.
This mounting requirement ensures pinpoint precision due to the use of Nikon Ti-U
microscope specific components.

The microscope objective required for the OT is a 100x oil objective lens that is
compatible with the Nikon Ti-U microscope. It is the requirement of this objective
to focus the laser into the specimen plane in a way that generates a focal point
with the steepest possible force gradient. It is this generated force gradient that is
used to trap the micrometre specimen under the microscope. Where the stiffness
of the object can be found by analysing the force applied by the laser and the
corresponding displacement of the object.
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Chapter 5

Optical Tweezer Framework Design

5.1 Optics components List

All of the optics to be used for this project including the laser itself were purchased over
a year ago based on Block’s design [3] which is why the research in Chapter 3 was based
on the same piece of literature. Below is the full list of equipment previously purchased
and obtained by a previous academic for the purpose of creating an OT. This equipment
was not selected or purchased by the author for this project specifically and rather the
equipment was purchased first. Consequently this project is focused on the design and
development of the framework for the OT and its layout, with reference to a generalised
fully functioning and previously tested OT system.

5.1.1 Diode laser

The full laser data report for the laser obtained can be found in Appendix A, however
some specifications of the laser will be included here.

A diode laser purchased from Civil Laser that has a wavelength of 1064 nm and a maxi-
mum power output of 62 mW. This laser was also purchased with a lab adjustable power
supply which as discussed in Section 4.3 allows for the manipulation of the power output
for experimental and alignment purposes. The beam diameter (1/¢2) of the laser is 1.5mm
and it is a continuous wave (CW), collimated straight laser beam.

5.1.2 Beam expander

The beam expander available for this project is a 5x collimated lens for YAG (Yttrium
aluminium garnet)/diode lasers with a wavelength of 1064 nm. This beam expander is
manufactured using lenses specifically for use with beams of 1064 nm wavelength in order
to reduce image distortion or spherical aberration when using light of that wavelength.
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5.1.3 Plano-convex lenses

Based on the OT layout design from Block in [3], two plano-convex lenses had been
previously purchased for this device. These lenses were purchased from Stock Optics [16]
and are made from N-BK7 SCHOTT glass, with a focal length of 50 mm, a centre thickness
of 2.61 mm and a diameter of 15 mm. The for SCHOTT N-BK7 lenses over 99% of light
with a wavelength of 1064 nm is transmitted through the glass [16].

5.1.4 Dichroic mirror

The dichroic mirror was purchased from Lighting Images Technology and is 150 mm in
diameter and 3 mm thick, made of Borofloat material. The purchased parts list as given
from the previous academic who bought them says that the mirror reflects light with a
wavelength above 800 nm and transmits light with a wavelength less than 800 nm as
shown in Appendix B. However, no materials specifications can be found for this mirror
stating the qualities of the glass and what wavelengths are transmitted. This dichroic
mirror is not compatible with a microscope filter cube and is made for other uses such as
in cinema. The inability to use this mirror in the OT and the requirement of a different
mirror will be discussed further in Chapter 6.

5.1.5 Microscope objective

A Nikon 100x Qil E Plan Achromat Microscope Objective was previously purchased for
mounting in the Nikon Ti-U microscope. This objective has a Numerical Aperture (NA)
of 1.25 and a 25mm thread pattern to allow for mounting on Nikon Eclipse microscopes
such as the one available at Macquarie University. This previously purchased piece of
equipment for the microscopes meets the requirements as specified earlier in Section 4.3.

Macquarie University is already in possession of one of these objectives with the same
specification but that specifically came with the Nikon Eclipse Ti-U microscope. This
objective is already mounted in one of the rotating objective slots and is suggested that
it can also be used in the operation and use of the OT device.

5.2 [External framework design process

This section focuses on the actual design of the framework and the process that was taken
to develop the design.Again the framework was split into two separate sections to allow
for a better understanding of the design process and thought process behind each decision.
These sections are the lens telescope subsystem and the laser initialisation subsystem in-
volving the laser and beam expander. This designing of the framework involved extensive
Computer-Aided Design (CAD) work for every possible design or design alternative as
discussed below.

These alternate designs looked into frameworks that would be cheap and cost effective
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while not losing too much efficiency or accuracy so the OT is still able to function cor-
rectly, this is due to the limited budget for this project. Designing the OT was an iterative
process that was occurring in direct relation to the research and initial set up components
of this project. For this reason many design ideas began to form and be modeled in CAD
before fully understanding the requirements of the system, causing the design to either
change entirely or be adapted and improved to meet the requirements. This process al-
lowed for lots of design ideas to be created which helped to further improve understanding
and efficiency of the design process and designing using CAD modeling.

In order for the final design to form and take shape the requirements had to be
completely set and the operation of the OT entirely understood. However, it was designing
alternatives throughout the lifetime of the project that led to improved knowledge and
skills which in turn lead to an improved final design. Throughout this section the decisions
made and the processes taken will be discussed and justified, based on the extensive
research on the construction of an OT in Chapter 3 and the set system requirements
found in Chapter 4.

5.2.1 CAD modeling of design

CAD is a very large factor of the design process, especially in this instance when the
framework for a biomedical device must be designed and produced with precision to en-
sure that all the optics components in the device are perfectly aligned. At each stage of
development all aspects of the design were modeled in CAD to ensure the components
were compatible and the system requirements were being met at each stage and for each
subsystem and individual component. The CAD models themselves that were generated
for each component can be found below in their relevant sections of this report.

The CAD process varied quite drastically for this project as what was decided on and
required for each component required very different approaches. This can be seen in the
design analysis when purchased optical mounts for some components of the framework
required the CAD models already generated to be downloaded and adjusted in order to
simulate the alignment of optics and ensure the system would work. In contrast, other
sections of the framework had to be modeled using CAD from scratch to be 3D printed
and had to be designed to be compatible with the purchased components.

This process led to extensive time being allocated to reviewing designs and altering
the entire framework frequently to ensure the best possible framework could be made
with the available resources and funding. Some of the design alternatives and revisions
are included in their unique sections to provide some insight into the process of how the
final design formed and also to demonstrate the process required to design a similarly
unique framework for an optical tweezer.
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5.3 Lens telescope framework design

There were many different approaches that were taken to develop the framework of the
lens telescope. Due to the system requirements being set as shown in Chapter 4 the
design was able to evolve through the use of CAD modeling and became distingnished
from the other design alternatives that will be discussed briefly. This process of designing
the ideal framework for this specific subsystem of the lens telescope is achieved through
the understanding of the OT device’s operation due to the extensive research and initial
set up, that allowed for the specific system requirements to be set and understood at a
component level.

The lens telescope framework was identified as the subsystem that needed to be designed
first as the set up and positioning of the lens telescope would change the framework that
would be required for the laser and beam expander. There were many alternate designs
for the subsystem that were modeled in CAD and assessed to see if they would meet the
requirements. Of these alternatives, two have been included and diseussed below to allow
for the understanding of why some frameworks would not work and the process involved
to create the final design for the framework of the lens telescope.

5.3.1 Design Alternative A

Design alternative A was a verv early design idea that was very quickly decided against
due to its inaccuracy and inability to meet the system requirements as the understanding
of the project developed. This design came to fruition as it was initially advised and
suggested to design and manufacture the entire framework using the existing 3D printer
at Macquarie University to heavily save on costs and remain within the budget. This
idea was very quickly understood to be unfeasible as the accuracy that could be achieved
with this method of design would not be adequate for the mounting of the plano-convex
lenses. This was because, in order for the lens telescope to provide some beam steering
through translation of Lens L1, 3D printing could not be used as the printing accuracy
is too poor to allow for fine translation. Any designed slot or gear mechanism to be 3D
printed would only be able to translate fixed distances greafer than 1 mm when the lens
would require free translation in less than 0.5 mm increments at the maximum.

In order to consider this option and heavily save on costing, the construction of an
OT that was not capable of being steered was considered. This would mean that the
trapping force being generated by the laser would be fixed and could not be manipulated
to properly focus next to the test specimen. Even if designing the device in this way was
applicable, the 3D printed components would have to be manufactured with precision
and accuracy to ensure the perfect alignment of all optics as they can not be moved if
required. This level of accuracy is not achievable through this prototyping method with
the printer available and therefore, the use of 3D printing for the lens telescope framework
is not. possible.
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Figure 5.1: Lens telescope framework for design alternative B

5.3.2 Design Alternative B

Another design alternative also focused on reducing expenditure on the lens telescope
framework by having an OT device that is not steerable, as considered for design alterna-
tive A. This design alternative looked to use purchased optical posts and mounts to ensure
the accuracy of the framework was as required, thus allowing for the correct alignment
of the lens telescope. Although the purchasing of optical mounts is required, the costs
associated with it are well within the set budget of approximately $300, due to not having
to purchase components that allow the telescope to steer the beam.

The fixed optical mounts used in this design alternative can be seen in Figure 5.1 which
shows two optical posts [30] of 30 mm height and 12.7 mm diameter, with two lens
mounts [20] mounted on top. The lens mounts are for 15mm optics such as the two
plano-convex lenses available for this project and have an optical centre height of 17.8
mm. Extensive analysis of the system led to the understanding that an independent
breadboard to mount the optics on is ideal for set up and alignment purposes, as dis-
cussed in full in Section 5.7. Consequently, the design for the lens telscope uses two short
optical posts mounted on a raised breadboard (see Figure5.2).

This design of the lens telescope being mounted on an optical breadboard [21] can be
afforded within the budget funding due to saving money by not accommodating for
translation of lens L1. To allow for this framework to be used the optical breadboard
is mounted on top of a variable height, translating post [18] that is secured to the optical
table with a clamping fork [22] as can be seen in Figure 5.2. As labeled Figure 5.2 shows
the entire layout for setting up the lens telescope for this design, the green line represents
the laser beam and the alignment of the lens telescope, while the two blue objects are the
laser and the beam expander showing their required location and layout.
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Figure 5.2: System set up and layout for telescope design alternative B

Layout and mounting specifications for Lens Telescope Alternate Design B

The translating post itself has a variable height between 108mm and 146mm, and the
breadboard is 12.7 mm thick. This means that the centre of the lenses, L1 and L2, of the
lens telescope can be adjusted to a height of anywhere between 168.5mm and 206.5 mm.
This was designed to allow for the lenses fo be fixed at 188.5 mm off the optical table to
ensure they are in a direct line between the laser and centre of the microscope’s input.

The mounting of this telescope design is very straightforward as during the design pro-
cess, when looking for parts to purchase and use from Thorlabs, it is ensured that all
components are compatible and can be mounted together. An M4 setscrew [28] is in-
cluded and located at the top of the post, which is directly screwed into the M4 tapped
mounting hole in the base to secure the lenses to the posts. The base of the optical post
has an M6 tapped mounting hole which, using M6 setscrews [29], can be serewed into the
MG threaded holes on the optical breadboard. The threaded holes on the breadboard are
spaced 25 mm from each other’s centre. This means that if translation is not required, the
posts can be screwed directly into the breadboard at 100 mm apart, as per the required
distance if fixed as discussed in Chapter 3 and Section 4.3. The variable height post is
also fixed to the breadboard using an MG setscrew, where the post is mounted to the
optical table using the clamping fork which is secured with an M6 screw [27].

This setup would allow for the generation of an optical trap within the microscope that
can be used for testing and the framework is within the budget dedicated for this project.
However, after extensive research and many discussions with other academics at Mac-
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quarie University, it was deemed that an optical trap that could not be steered using a
lens telescope was not ideal or viable. This meant that the design for the lens telescope
framework had to be adapted to allow for the translation of L1 in all three dimensions to
ensure the OT produced a steerable optical trap to allow for more accurate experimental
results and an overall fully functioning OT device [3].

5.4 Lens telescope final design

Since it was established that design alternative B was not applicable due to its lack of
being able to steer the trap, more expenditure had to be used on the framework for the
lens telescope and budgeting cuts had to be made in other sections of the framework as
discussed further in Section 5.5 and 5.7. As per system and subsystem specific require-
ments as outlined and discussed in Section 4.3, the fine tuning of Lens L1 is vital in the
steering and manipulation of the laser beam and therefore, the optical trap itself. As
a logical result of this, the initial stages of designing the final layout and framework of
the telescope subsystem were focused on providing the required translation and using the
best equipment to ensure the specific requirements for translation in each dimension were
met. For the sake of the understanding and repeatability of this device the subsystem is
split into sections below with reference to the dimension in which translation is achieved
and how this is achieved.

5.4.1 Axial (z) axis translation of lens L1

Allowing for the axial translation of lens L1 is vital as this changes the distance from the
specimen plane to where the focal point of the laser beam is located, thus changing where
the optical trapping force is being applied relative to the specimen plane. There are many
different ways that this translation can be provided using various optical mounts and
pieces of equipment. The requirements for the translation of L1 in the z direction, along
the optical path, are as was stated previously in Section 4.3.1. One of these conditions
of translation was for fine-tuning and detailed aceuracy. The fine-tuning in this direction
could be done using a range of mounts and translation stages such as the translation stage
from Thorlabs [19] which provides smooth translation of 0.35mm per full revolution of
the precision leadscrew. Although this stage has superb accuracy in translation, it does
not allow for the easy, reliable measurement of the distance between the two lenses L1
and L2 making up the lens telescope.

The detailed and in-depth research into the construction of OT devices and how they
work as shown in Chapter 3, allowed for the knowledge to determine the ideal way to
accommodate the axial translation requirements of L1. The ideal method for translation
in this direction was found to be using a Dovetail optical rail from Thorlabs [26] with two
rail carriers [25] to mount the rest of the framework supporting the lenses. The optical
rail is laser engraved for precision accuracy with graduation every mm and a distance
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Figure 5.3: Optical rail with rail carriers mounted for axial translation

reading every 10 mm. The optical rail with two rail carriers for mounting fixed at 100mm
apart can be seen in Figure 5.3.

This mounting method is ideal for the axial translation of lens L1 relative to L2 as it
shows a precise distance measurement between the two which can be adjusted and noted
in experimental and alignment procedures. By having a straight-forward and precise
method of measuring the distance between the lenses, set-up and calibration of the device
is made dramatically easier and more accurate. Accuracy of the distance between lenses
is not lost when making minor adjustments as the carriers are specifically designed for
use with the rail and the locking thumbscrew provides wobble-free translation due to the
spring-loaded plunger built into it [25].

Using the optical rail in this way also allows for the recording of the distance between
the lenses that causes the focal point of the laser and the force gradient to be located
directly on the specimen plane, next to the micrometre test object. This is important
as the measured distance between the lenses is directly related to the distance the focal
point is from the objective. By knowing and recording this distance between lenses, the
required distance that the specimen plane should be from the objective can be known and
set prior to calibration, dramatically simplifying the process. This allows for much more
accurate repeatability of experiments and therefore more viable and aceurate test results.

5.4.2 x axis translation of lens L1

As stated and discussed earlier in the OT research, chapter 3 and the system require-
ments, Section 4.3.1, the x translation of lens L1 in the telescope is to steer the optical
trap through the specimen plane so that it is located next to the test specimen and there-
fore applying the trapping force to the object. This translation is not relative to the
distance from the specimen plane to the microscope objective, unlike the axial transla-
tion above. This means that the required positioning of L1 in the x direction will be
different and independent for each experiment as it is relative to the exact location of the
microscopic specimen that is being trapped on the microscope viewing slide. With this
knowledge the ideal component focuses on allowing for fine adjustments to be maintained
while having the best possible accuracy and smooth franslation.
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¥

Figure 5.4: Dovetail translation stage, for x axis translation [19]

The previously mentioned Dovetail translation stage [19] meets these specific requirements
perfectly. As discussed, the translation in the x direction is completely independent for
each experiment and the exact displacement of lens L1 is not required in terms of dis-
tance as it is used to position the optical trap next to the specimen under the microscope
throngh the camera feed displayed on the computer. The translation stage can be seen in
Figure 5.4 and has a travel range of 12.7mm and one complete revolution of the precision
leadscrew shown equates to 0.35mm of smooth, stable travel. This component is also
equipped with a secure locking mechanism using a setscrew located on the side to ensure
no unexpected or unplanned movements oceur once the correct translation is achieved
and set.

5.4.3 y axis translation of lens L1

The x and v direction translation is in the same plane, this means that translation in
either direction is done for the same effect as discussed earlier in Chapter 3 in regards to
Block’s findings in [3]. This means that like x axis translation, translation in the y direc-
tion also is used solely to allow for the same translation reflected through the specimen
plane. As any translation in the v direction causes direct movement of the optical trap in
the relative direction in the specimen plane, precise and accurate translation is required,
without the need for a measure of the displacement of L1 relative to its initial position.

As x and y translation therefore have identical requirements, ideally a vertically mounted
translation stage identical to the one used for x translation could be used. However, there
are some issues associated with mounting this translation stage vertically in this specific
design. One issue with the use of this stage is that when mounted vertically it can only
support up to 0.25 kgs of load, while the lens mount and optical post combined produce
approximately 0.25kg of load. The load applied to the stage being relatively equal to the
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Figure 5.5: Thorlabs translating post holder [24]

absolute maximum load that can be supported by the stage, could potentially cause the
part to fail or the travel locking mechanism not fo work as required, and therefore cause
unwanted and potentially hazardous displacement of the lens.

Another major reason why this stage was not used in this instance for translation in the
v direction is because the stage is rather expensive and in order fo mount it vertically
additional mounting plates are required and would further increase the costing associated
with this part.

Instead of using a vertically mounted translation stage, Thorlabs offers a translating post
holder [24] that provides non-rotational translation of the holder itself of up to 16.5 mm,
this can be seen in Figure 5.5. This post holder provides lockable, non-rotating height
adjustment that can be used single handedly. A thumbscrew with a spring-loaded plunger
provides holding force while height adjustments are made and a square relief cut within
the bore of the internal post offers a stable two-line contact [24]. A knurled adjustment
ring generates the non-rotating height adjustment as required, which allows for 0.635 mm
translational adjustment per complete revolution of the adjustment ring. Once the de-
sired height positioning has been set, the enfire mechanism can be locked by tightening
the lower thumbscrew securely and then doing the same for the locking hex socket on the

upper thumbserew.

5.4.4 Fixed mounting of lens L2

As defined in the system requirements in Section 4.3.1 the plano-convex lens L2 makes up
the rear of the lens telescope, reflects the light being received from L1 and generates the
light being output from the lens telescope. This lens is to be fixed at a height equal to
that of the microscope’s epi-fluorescence input port which as defined earlier is at a height
188.5mm above the optical table. In order to achieve this a simple optical post and post
holder set-up is required and used. This will allow the centre of the lens to be fixed to
a height of 188.5 mm and in line with the centre of the microscope’s input, where it can
then be locked in position and left so that no additional adjustments or alignment of that
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100 mm

Figure 5.6: Thorlabs lens mount Figure 5.7: Thorlabs 100mm low
for 15mm diameter optics [20] reflectivity post [31]

Figure 5.8: Thorlabs 100mm post holder [23]

individual lens is required. When looking at the framework for Lens L2 it simply requires
the lens mount as previously discussed in alternate design B for the plano-convex lenses
(Figure 5.6) [20], a low-reflectivity aluminium post of height 100 mm (Figure 5.7) [31]
and a post holder 100 mm in height (Figure 5.8) [23], that allows for the purchased post
to be fixed during alignment to ensure L2 is at the correct height.

5.4.5 Combined lens telescope framework

This section looks at the combination and final design of the overall framework for the lens
telescope and how it is set up and constructed. The assembled framework as purchased
from Thorlabs can be seen as modeled in CAD in Figure 5.9. When designing a framework
from parts to be purchased as these were, it is vital that all components are checked
thoroughly and modeled in CAD to ensure compatibility with one another to allow for
the ease of setting the system up and mounting each component together. A product list
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Figure 5.9: CAD model of assembled lens telescope system design

and the cost of each component in the lens telescope framework can be seen in Appendix

.
Assembly of the lens telescope framework

For this framework for the lens telescope, the procedure for assembly is extremely sim-
ple due to the extreme caution and careful CAD modeling of each component to ensure
compatibility. The process for assembly is listed below.

1. One of the purchased M6 cap screws is placed through the base of each rail carrier
from below.

2. The two post holders are secured tightly onto the rail carrier by screwing a screw
into the M6 threaded mounting holes in the base of each holder.

3. Then one of the lens mounts is taken and screwed onto an optical post with a M4
setscrew already locked into the top via the threaded mounting hole in its base.
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This makes up the entire assembly for lens L2, so the post with the lens mount
attached can be placed into the fixed height post holder and secured.

4. The translation stage is then secured to the remaining optical post using the M4
setscrew in its top via the M4 threaded mounting hole in the stage’s base.

o

An additional M4 setscrew is now required and is screwed into the base of the lens
mount via the threaded mounting hole in its base.

i. The lens mount with the setscrew inserted can now be locked down onto the trans-
lation stage by screwing it into the M4 threaded mounting hole on the top of the
stage until it locks in place and the lens mount front and rear faces are parallel to
the translation stage’s sides. This step is important as it ensures the translation of
the stage is parallel to the lens itself and thus ensures the translation exactly along
the x axis as required.

-1

This optical post with the translation stage and the lens mount secured can be
placed into the adjustable height post holder and secured via the thumbscrew.

8. The optical carriers with the entire framework for both L1 and L2 can now be placed
on the optical rail and locked in place a distance of 100mm apart, with the holder
for L2 closest to the microscope input.

9. The leading post (fixed post holder) is then rotated within the holder to ensure that
the lens holders are facing the same way. This ensures that, when the lenses are
mounted, the distance between the two lenses (from inside the mount) is equal to
100 mm.

10. The lenses can now be secured inside the lens mounts ensuring that the flat faces of
each lens is facing inwards of the lens telescope (in towards the flat surface of the
other lens) and the assembly process is now finished.

That is the entire assembly process for the lens telescope system that makes up the ma-
jority of the external framework for this OT and the most important part to be completed
accurately and precisely. This process was used and followed to assemble the lens tele-

scope framework for the device as can be seen fully assembled in Figure 5.10 and Figure
5.11.

5.5 Laser source framework design

The laser source framework refers to the framework that supports the Beam expander,
1064nm diode laser and any other components such as a laser pointer, as will be discussed
in this section below. Due to the costs associated with constructing a fully functioning
and steerable lens telescope with high precision and accuracy there is not enough money
in the budget left to design the laser source framework from purchased optical mounts.
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Figure 5.10: Lens telescope Figure 5.11: Lens telescope
mount (front-view) mount (view from L2 to L1)

However, as analysed and understood from the OT research shown in Chapter 3 and then
converted into system requirements in Section 4.3.1, the framework does not need to allow
for any translation or purchased optical mounts. This framework design is discussed and
shown to only require accuracy in height dimensions in order for the OT device to work
at and achieve full functionality.

With this knowledge the framework for the rest of the external components could be de-
signed from scratch using CAD modeling and then 3D printed with an accuracy greater
than that required for the subsystem. This framework ean be split into three separate
components and these are: the IR diode laser, beam expander and the laser pointer
frameworks which are outlined and discussed below. A 3D printed replacement for a
breadboard was also incorporated into the design as discussed later in Section 5.7 and
this is 20mm thick which is taken into consideration for all of the framework components
for this section in order to maintain the alignment of all components.

This entire section of the framework does not require any complex calculations for the
design as until the laser beam enters the lens telescope it is simply a fixed, horizontal
beam that only requires a height alignment for the rest of the OT framework to work and
generate a fully functioning OT as shown throughout Block’s literature as analysed and
discussed in Chapter 3.
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Figure 5.12: 3D printed
frame that the laser is secured Figure 5.13: 3D printed
to support post for the laser

5.5.1 IR Laser framework

This section looks at the framework designed specifically for the IR diode laser with a 1064
nm wavelength as previously obtained and listed in Section 5.1. The laser available for this
project ontputs the beam 25 mm above its base. Therefore, the framework was designed
to ensure that the fixed laser would be directed through the centre of the microscope’s
epi-Hluorescent input at a height 188.5 mm above the horizontal optical table. Figure 5.12
shows the framework for the IR laser as a whole, which includes two components that are
separately printed due to size constraints on the available printer. These components are
a base plate and a supporting post. The laser base plate is Smm thick and the laser is
bolted onto it and secured. This base plate is then bolted to the supporting post which
has a total height of 138.5mm. The laser support post on its own is shown in Figure 5.13.

5.5.2 Beam expander Framework

The beam expander framework is similarly designed to the laser framework for simplicity,
while allowing for the fixed height of the beam expander to be accurate and in alignment
with the rest of the OT external optics. The printed support post is almost identical to
the post used for the laser, however the only difference is that the the upper flat surface
that the beam expander case is bolted onto is T0 mm in width instead of 60 mm, this can
be seen in Figure5.14.
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Figure 5.14: CAD model of the
support post for the beam expander Figure 5.15: CAD model of the
framework frame to secure the beam expander

The beam expander support case is more complicated and is the most important com-
ponent out of the entire 3D printed framework. This is because the case component has
to perfectly hold the beam expander so that it is horizontal and does not cause beam
distortion in anyway due to inaccuracy. Designing the beam expander was made much
easier due to planning ahead and the prior CAD modeling of all components that make
up the OT device. By already using CAD modeling extensively to generate the device
layout and then from there the framework for the lens telescope, all the components were
already modeled in CAD. Therefore, for the generation of the beam expanders support
case a block could be modeled and then using a removal process the exact model of the
beam expander itself was removed, this leaves a perfect slot for the beam expander to be
securely positioned as can be seen in Figure 5.15.

Since the design itself in CAD is ideal for the support of the beam expander, when
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Figure 5.16: 3D printed frame to Figure 5.17: Beam expander se-
secure the beam expander cured within the 3D printed frame

printing the 3D part the greatest possible accuracy was used to ensure the printed com-
ponent would be as required and support the beam expander horizontally and securely.
This necessity led to the printing of the component set to a resolution of greater than
90 microns and an x-v axis precision position of 1.5 microns, on a ‘light print’ setting as
printed on the Zortax M200 printer that was accessed independently through employment
connections for no additional cost. This printed beam expander support case was printed
perfectly shown in Figure 5.16 and was able to correctly support the beam expander,
being flush to all surfaces as can be seen in Figure 5.17.

5.5.3 Laser pointer framework

The importance of the laser pointer and its use, as well as its specific properties are
discussed in detail in Section 5.7, in this component the design of the framework for the
laser pointer is discussed. The laser pointer used in this design is a keyvring laser pointer
from Jaycar Electronics [11] which is 70 mm in length and has a diameter of 13 mm. The
framework was designed specifically for this laser pointer by having a 40 mm long block
with a 13mm diameter semicircle cut out along its length. This allows for the centre
of the laser pointer to be securely held both horizontally and flush while allowing for
easy removal and placement of the laser pointer at any time for alignment purposes, as
discussed in Section 5.6 and 5.7.

The separate support post that is bolted to the laser pointers support frame is identical
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Figure 5.18: 3D printed frame to Figure 5.19: Laer pointer secured
hold the laser pointer within the 3D printed frame

to the laser support post as shown earlier in Figure 5.13, this ensures that the beam from
the laser pointer and the beam from the IR laser are in perfect alignment as the 3D printed
posts ensuring the correct height are identical. The 3D printed part for the laser pointer
was also printed using the Zortax M200 printer on the same settings as shown in Figure
5.18, to ensure the accuracy of the cylindrical support frame supported the laser pointer
horizontall for accurate alignment as can be seen in Figure 5.19. The overall framework
for the support of the laser pointer can be seen in Figure 5.20.

5.6 Design for Safety

Due to the use of a class 4 diode laser operating at a wavelength of 1064nm, safety must be
a major consideration when designing the OT and it’s framework as shown in Section 4.2.
Because of this the design must include a variety of different safety features to ensure the
laser is never exposed to open air when being used and that it can be properly contained
as well as no unwanted reflections and other potential hazards occurring. The safety
needs and policies at Macquarie University that must be followed and met by this optical
tweezer (OT) device have been extensively discussed in Section 4.2 and then adapted and
incorporated into the system requirements in Section 4.3.1.

Although it has been mentioned in each stage of the design process for individual compo-
nent and subsystem throughout this document, this section draws attention to the aspects
of design specifically tailored to safety when operating and using the OT device. There
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Figure 5.20: CAD model of the entire framework for the laser pointer

are some main areas that required special attention in regards to safety and these are
single horizontal plane configuration of laser beams, minimising reflective objects, correct
mounting of beam steering optics and having a completely enclosed laser beam as required
from Section 4.3.1.

5.6.1 Horizontal single plane layout

The way this OT device has been designed in regards to each individual component and
subsystem is very specific in order to maintain the laser beam in a single horizontal plane
(albeit having very minor steering using lenses, not mirrors). The incorporation of this
layout into the design is vital as has been portrayved throughout this document in each
section of the design as shown in Chapter 5, as set in the system requirements in Section
4.3, as determined through the University’s Safety policy and good procedures policy as
analysed in 4.2

The fixed mounting of the laser and beam expander at the required location in order
to enter the centre of the microscopes input path was a crucial variation to all other de-
signs, allowing for the suitability for operation of the OT within university laboratories.
This is because once the laser and beam expander are fixed there is not only no potential
for misalignment or unintentional misdirection of the laser itself, but the other optics
components can then be adjusted to meet the fixed beam perfectly, thus allowing for the
operation of the class 4 laser in a single plane.

A periscope design being used would have the laser mounted directly onto the optical
board and then later projected vertically onto a mirror which steers the beam into the
microscope port. This verfical projection of the beam means that any minor misalign-
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ment of the mirrors, or any unintentional movement to the mirrors either by the operator
or due to a faulty mount, could cause IR beam that is invisible to the naked eye to be
projected towards the operator or another individual which would cause permanent dam-
age or complete blinding of the eye. It is for these extremely dangerous risks that this
design was not deemed viable for operation in a university laboratory and therefore the
alternative was made.

5.6.2 Minimise reflective surfaces

To minimise the possibility of unwanted beam reflection or partial reflection, all unfixed
(adjustable) optical mounts and objects must have a low-reflectivity coating. This coating
is standard on the lens mounts [20] and the translation stage [19]. This is crucial due
to the fact that thev are on adjustable mounts. Therefore, if an operator ervor oceurred
putting either component in the path of the laser beam, the entire IR beam will not be
reflected potentially into their eves or another individuals eyes.

The standard optical posts from Thorlabs are made from stainless steel and have no
protective coating on them to reduce reflectivity. As the posts are rounded, any laser
beam contact could reflect in any direction and since it is an IR laser this beam would
not be visible. Therefore, an unaware individual could have the beam directed into their
eve, causing verv serious and permanent damage. It is because of this severe risk and
danger that extra funding was used to purchase optical posts made of aluminium that
has a special low-reflectivity coat on them [31], reducing the risk and avoiding such a
situation.

5.6.3 Beam steering mounts

To reduce any possible accidental reflection or refraction of the laser beam, all optics
associated with any sort of beam steering must be secured and mounted using the correct
optical mounts for that component. Aside from the need for accuracy, translation and
stability, safety is another crucial reason why the lens telescope is mounted using the pur-
chased optical mounts from Thorlabs. If a similarly adjustable framework was designed
using independently modeled printed parts or another form of prototyping or manufactur-
ing, there would be severe risks. Not only would the inaccuracies of the parts themselves
cause unnecessary risks of beam misdirection, but the instability and inaccuracy due to
translation would eause further risks too.

It is for these reasons that the 15 mm diameter lenses are firmly secured inside lens mounts
specifically designed for 15 mm optics and secured by a retaining ring to keep the lens
fixed and parallel to the mount at all times. All other components that make up the
adjustable framework for the lens telescope are also specifically designed for securely and
accurately mounting optics to ensure precision, as discussed throughout this document.
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5.6.4 Contained laser beam

Although all the previous steps have been taken to minimise or remove all the potential
foreseen risks it is still best advised that an enclosure that contains the entire external
framework within it is incorporated and used in case of any unforeseen risks. This enclo-
sure must be bolted down to either the optical table or the base of the external framework
to ensure no stray beams can escape the enclosure. The laser used in this project oper-
ates at a fairly low maximum power output of 62 mW and can be reduced using the lab
adjustable power supply that it uses (see Section 5.1.1).

While the enclosure is recommended and used in this design, it could be omitted due to
all the previous precautions in the design to minimise all possible risks. However, if a
more powerful laser was used and in located in a laboratory not specifically meant for the
operation of such lasers, then the complete enclosure of the entire laser beam wherever
possible is imperative,

5.7 Design for set-up and usability

This section looks at how the framework is designed to accommodate for ease of use and
set-up in regards to the storage of the OT, the alignment and the experimental testing
of the device. The main component of the framework that allows for ease of use and set-
up in general is the inclusion of a base that the entire framework is bolted onto. Other
aspects of the design that were incorporated to increase the ease of use and operation
as discussed in detail below are, the use of the optical rail for the lens telescope and the
incorporation of a laser pointer in the design.

5.7.1 Base for entire framework

This base ideally would be an optical breadboard, as discussed below in Section 5.9, how-
ever, due to insufficient budget funds this component was CAD modeled and tailored to
the specific layout of the rest of the framework, to be 3D printed and used as a replace-
ment part. The designed framework base can be seen in the CAD in Figure 5.21, as
shown it is specifically designed to accommodate and allow for the mounting of the entire
external framework for the OT. The entire framework can be independently bolted onto
this base through the 10 mm deep centre section being cut out as can be seen in Figure
5.22, this ensures the framework is mounted to the base independently of the optical table.
The entire base is then bolted down to the optical table using the fixture holes around
the 20 mm thick outside of the base which are specifically spaced at multiples of 25 mm
increments to ensure compatibility of the components. The overall dimensions for this
component are 450mm x 85mm x 20mm (L x B x H).

The entire framework was designed and modeled in CAD base on the specific require-
ments of the OT for operation at Macquarie University with the existing set up (see
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Figure 5.21: CAD model of the framework base (view from above)

Figure 5.22: CAD model of the framework base (view from below

Section 4.3 for details). This means that the designed base incorporates the specific lo-
cation required of each component of the framework into the design, to allow for ease of
constructing the overall framework by bolting the components down through the holes
included in the design. By doing this the direct optical path can be set and alignment
in the axial direction of the framework itself guaranteed, thus simplifying the alignment
process to be completed as only the fine tuning of the lens telescope components is re-
quired.

The workplace area and optical table that is used by this OT is very cluttered and
is often used for many other experiments. This is another major benefit to using a
framework base independent to the optical table as the entire external framework of the
system can be removed from the optical table and stored elsewhere without having to
make any adjustments to any of the framework itself. By using this framework, the entire
alignment procedure of the external opties is not required between every experimental
session as no adjustments are required. This means that a simple alignment check using
the laser pointer as discussed below in Section 5.7.3 to ensure nothing has been tampered
with or mistakenly adjusted, will suffice before commencing the experimental procedure.
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5.7.2 Optical rail

The use of the optical rail for the base mount of the lens telescope subsystem provides
enormous benefits in relation to sefting up the device as well as completing any alignment
or calibration processes. This is because each of the rail carriers can be removed and
snapped back into place on the rail without having to make any adjustments to the entire
supporting assembly for each of lenses in the telescope. By accommodating this the
optical rail ensures that entire alignment process can be carried out for each lens as well
as the entire telescope without having to make any adjustments that could potentially
cause misalignment of the lenses.

5.7.3 Laser pointer

The laser pointer is included in this device purely for the sake of making the entire align-
ment process not only easier to do, but also safer as well. This refers to the use of the
keyring laser pointer from Jaycar Electronics [11] that was already available for use at
Macquarie University. This laser pointer is a class [IA laser product with a wavelength
of 670 nm (visible/red) and a power output of less than 1 mW. As this laser pointer is a
class ITA laser instead of a class 4 it can be used with significantly fewer safety restrictions.

By incorporating the laser pointer in the CAD modeling of the entire framework lay-
out as discussed earlier in Section 5.5 the beam location of the laser pointer is on the
exact same path as the beam that would be emitted by the IR laser. This is checked us-
ing a very simple calibration, which is done inside a laser laboratory, by ensuring that at
the input of the microscope the two beams were in exact alignment. One very important
step is to ensure that the IR laser is never switched on during alignment, while the laser
pointer is in place or being used.

Due to the laser pointer being on the same beam path as the IR laser the laser pointer
can be used as an alternate beam for the entire alignment process. Since only a class
ITA laser product is now being used the alignment process can be done while located
as required at the optical board in alignment with the input port, and without having
to use the entire enclosure for the device. If the [R laser was used for the alignment
process, the procedure would have to be carried out and completed away from the micro-
scope itself in a laser laboratory as the room with the microscope has uncovered doors and
windows and is not safe for the operation of an un-contained class 4 laser (see Section 4.2).

Note: some mild image distortion of the laser pointer may occur due the beam expander
lenses being designed specifically for light of 1064 nm wavelength. However, the laser
pointer beam is still transmitted through the beam expander and is still able to be used
for alignment purposes.
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Figure 5.23: CAD model of the entire support framework for the external components

of the designed OT

5.8 Complete framework design layout

The framework for each subsystem and individual component has already been discussed
an analysed throughout this document, this section just corresponds to the entire external
framework of the designed OT. This complete design can be seen in Figure 5.23 and is
displayed with a green beam through the entire system, including the laser pointer, to
show the system requirement of the beam location relative to the epi-fluorescence input
as displayed at the end of the external framework, shown as red in colour.

Nikon was contacted in the hope of receiving a 3D CAD model to include in the final
design model for this thesis document. However, it was explicitly stated that there is no
possible way to share any form of CAD 3D model of the microscope due to confidentiality
clauses.

The assembly of the framework has already been entirely covered in previous sections, in
Section 5.4.5 and Section 5.5 for the assembly of the 3D printed framework. The assembly
of the external framework to the base and then the fastening of the base to the optical
table is included in Section 5.7.

5.9 Improvements on design

All improvements on the design are directly related to the lack of budget funding to allow
for the purchasing of certain components as replacements to the 3D printed parts used. If
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the required funding was available for this project these design improvements would have
been implemented and used in the OT framework designed and construeted in this thesis.
The 3D printed components have been designed specifically to allow for the incorporation
and replacement of parts such as the breadboard to ensure compatibility of the framework
with future improvements made to this work as suggested.

The main design improvement that would be made with the allocation of funding would be
the purchase and use of the optical breadboard as mentioned earlier and available at [21].
This improvement would ideally be made as such a large 3D printed component may ex-
perience warping and other structural damage over time that would severely impact the
alignment and location of the laser and beam expander as well as the rest of the exter-
nal framework. By using the Thorlabs breadboard which is directly compatible with the
rest of the external framework it would guarantee lifetime accuracy and a perfectly precise
level base that can be similarly removed and stored away from the OT whenever necessary.

To further this approach, with adequate funding all the 3D printed components of the
external framework would be replaced for fixed optical mounts that are directly compatible
with the obtained breadboard. This is not as vital, however, these 3D printed components
(especially the large mounting posts) or also susceptible to warping and damaging over
time that could also impact the alignment of the overall device. By replacing all the 3D
printed components that were used due to a lack of funding, the precision and accuracy
of the device will be increased, as well as the lifetime of the entire frammeworlk.
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Chapter 6

Alignment calibration of external
framework and optics

This chapter is focused on the alignment procedure as adapted and manipulated from
Block’s literature [3] to be suited for the specific OT device designed and discussed
thronghout this docnment. In this section the procedure itself and the results that were
achieved by following the procedure will be portrayed and discussed. The importance of
the alignment procedure and why the results gathered from this process verify the success-
ful operation and validate the OT device through it successful framework. This is vital as
discussed earlier in Section 5.1, due to the incorrect dichroic mirror being purchased and
a lack of available funding to buy the correct mirror. An example of the correct dichroic
mirror is available from Omega Optical as found at [15] which is approximately 1 mm
thick and is a rectangle with dimensions 25.7mm x 36mm which can be purchased for
approximately USD$200. These dimensions for the mirror are as required for the speci-
fications of the filter cubes compatible with the Nikon Ti-U microscope [14]. This filter
cube as per its specifications, transmits over 80% of light with a wavelength of less that
650 nm and reflects over 90% of light between the wavelength range of 700-1200nm [14].

6.1 Alignment Procedure

The alignment procedure is used to ensure that all optics are aligned and with the correct
dichroic mirror and access to microbeads for testing the force calibration for the device
and further experimental research can be simply achieved. As the laser pointers beam
was designed to be on the same laser path as the IR mirror this procedure is simplified
immensely and adapted accordingly to allow for it to be done in the fixed position of
where the device will be operafed from. This means an IR detector card or filter is not
required for the process. The steps are as follows:

1. Remove lenses L1 and L2 (the lens telescope) from the optical path. This is done
by without making any adjustments to the rest of the framework, unscrewing the
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thumbserew locking the rail carrier to the rail, and removing the enfire rail carrier
and support framework for each lens.

Turn on the laser pointer and ensure the beam is located at the exact centre of
the epi-fluorescence port input for the microscope, this is known to be 188.5 mm
above the optical table. The fixed positioning of the laser ensures that alignment is
maintained in the x direction relative to microscope input due to the incorporation
of this in the entire framework design as discussed in Chapter 5 and the framework
being bolted down to the optical table.

Insert lens L2 (only) and ensure the lens is positioned in a way that still allows for
the beam to enter the optical input at its centre. This is done by taking the rail
carrier with Lens L2 mounted on it and slotting it back onto the rail before fixing
it at a distance between 5 and 20 mm from the start of the rail, this ensures there
is enough distance available to mount L1 in the correct position later.

Through the design method used in this project, and discussed throughout this
document, this will be achieved by setting the centre of the lens to a height of 188.5
mm above the optical board and with the face of the lens mount with the Thorlabs
engraving facing the input of the microscope, to ensure the flat face of the lens is
facing towards laser. Any fine adjustments being required should be made before
fixing the optical post to that height within the post mount.

Next Lens L1 is placed onto the optical rail, using the same method as for the rail
carrier supporting L2, and set to a distance of 2f as discussed earlier in Section 4.3.1
where f is the focal length of the plano-convex lenses. This lens is then crudely
adjusted by eye in a way that causes the beam from the laser pointer to hit L1
exactly in its centre. This will also mean that the beam will still be located in
the centre of the microscopes input (the end of the external subsystem of the OT
device).

This crude alignment in regards to the adjustable positioning of Lens L1 in the x-y
directions is completely acceptable and permitted. This is because fine tuning of
this lens to steer the beam will be required for every individual experiment in order
to search for the test specimen on the computer feed via the camera. This is because
the locational requirements of the optical trap in the x-y direction will be different
in regards to every experiment depending on the location of the micrometre sized
objects location on the microscope slide.

If the previous steps were completed accordingly there will be a uniform disc of light
located at the centre of the input fo the epi-fluorescence port. If notf, then some
adjustments to the x-y location of lens L1 should be made until a uniform disc is
achieved.
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Figure 6.1: Complete device as used for the alignment procedure for the external frame-
work

6.2 Alignment Results

The alignment procedure as listed above, was carried out at Macquarie university using
the OT framework designed and constructed for this project as seen in Figure 5.23 earlier.
This procedure was carried out using the test rig as shown in Figure 6.1, to ensure the
device is aligned in regards to the optics of the external device as well as the location of
the input for the epi-fluorescence, thus ensuring the required alignment of the internal
optics as well.

The completion of this process confirmed that the entire OT device was accurately
and acceptably aligned. This was found by running through the alignment procedure
very carefully and ensuring that at all stages the beam generated from the laser point,
as an accurate and aligned representation of the IR laser, was meeting the requirements
exactly. This was shown by at all stages of the procedure the beam was displayed at the
centre of the microscopes input as a uniform disc, located horizontally 188.5 mm above
the optical table for the entire length of the laser path through the device.

6.3 Alignment procedure importance

The importance of this alignment procedure as discussed throughout this chapter can be
seen through understanding what the output of the process represents and signifies to for
the overall OT device. Having and experimentally demonstrating a perfectly aligned OT
device in regards to the external optics and the input of the device to the microscope is
imperative in proving the usefulness and validation of the OT device designed throughout
this document. This can be stated as due to the optics components of the device being
directly based off Block’s literature of a fully operational and functioning OT device in [3].
By achieving alignment of the device, it can be considered that with the correct dichroic
mirror available for use, the beam would be perfectly reflected up through the specimen
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plane, being immediately ready for the force calibration and further experimental testing.
With this information and knowledge, the OT device and its framework that has been
designed, constructed and aligned, can be justified as a validated OT device. This device,
when using the correct dichroic mirror, it is a fully functioning optical tweezer that after
completing force calibration, is ready to be used experimentally to research the effects of
mechanotransduction on cell stiffness.




Chapter 7

Conclusions and Future Work

7.1 Conclusions

The goal of this project was to design and develop the framework of a Piconewton Force
Transducer (PFT) device that will allow for the stiffness of micrometre sized particles to be
tested under a microscope. The device that was designed and constructed for this project
was an Optical Tweezer (OT), because the optics components were already available for
use due to a previous academic purchasing them with the intention of completing this
project.

nee this is a design project heavy emphasis thronghout this thesis has been on the
actual design process used and followed to allow for the actual design and construction of
the required device. Background research was done on the effects of mechanotransduction
on cells and other PFT devices fo set up a base understanding for why the use of being
able to use an OT to test cell stiffness is so important for biomedical advancements.

Research on the OT device itself was then extensively conducted to allow for a com-
plete understanding of the operation of a similar OT device. This section focused on
how the overall system, the subsystems, and each component function and the actual
requirement of each aspect in regards to generating a fully functional OT device. Due to
the in depth understanding of the device’s operation from this research, a unique set of
system requirements could be formed for the specific use of the OT device to be set up
at Macquarie University with the Nikon Eclipse Ti-U microscope.

From these requirements the design as shown in this thesis, was able to be formed
throngh the extensive design process to ensure each component and subsystem meets the
specific requirements and is compatible with the rest of the device and its framework. This
allowed for the construction and creation of the framework for the OT device to perfectly
meet the requirements of the system and thus creating a functioning OT device. This
functionality of the device was then validated through the alignment calibration process
to ensure and experimentally prove that all requirements for the device have been met
and a fully functioning OT device produced.
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7.2 Future work

Aside from the incorporation of the improvements on the design as discussed in Section 5.9
all future work is associated with the calibration and experimental use of the developed
OT device.

This future work refers to doing a force calibration of the OT to determine its available
output trapping force which can be done once the correct dichroic mirror is purchased and
mounted in one of the microscope filter cubes available. Once this calibration is completed
and the force of the optical trap experimentally tested and verified, the device can be used
to test the stress of different cells to gain further understanding into what causes these
differences and what the effects could be. This would allow for further publications to be
written in regards to the research done using the OT designed in this project.
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Thorlabs Part Number Part Description Cost (USD) Quantity purchased Total cost {USD]'
RLA150/M  Optical Rail $41.20 1. $41.20
RC1 Rail Carrier $24.90 2 $549.80
DT12/M Translation Stage $76.20 1 $76.20
PH100/M Post Holder 59.17 1, $9.17
PH3T/M Translating Postholder $57.70 ;| $57.70
TRA100/M  Optical post $7.46 2 514.92
LMR15/M Lens Mount $21.00 2 $42.00
SHEMS12 M6 Cap Screw (25 pack) $7.75 1 $7.75
SS6MS12 M6 Set Screw (25 pack) $5.50 1 $5.50
SS4MS12 M4 Set Screw (50 pack) $5.50 1 $5.50
W255050 Waser (100 pack) $4.50 1 54.50

Total $314.24
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