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Abstract

Cell mechanics are directly related to the biological functionality of a cell, and

therefore have been extensively studied. Current understanding of the unique
relationships associated with mechanical loading conditions and the biological
outcomes of a cell is far from complete [1].

The main objective of this thesis work was the design of a device capable of
determining mechanical properties including stiffness and Young’s modulus of a
biological cell. The device was implemented using micro-electro mechanical
systems technology (MEMS), and the cell testing was limited to yeast cells for
the purpose of this research.

The design consisted of a micro-gripper which performed controlled cell
squeezing with a spring of known stiffness. Differential displacements were
obtained allowing for the calculation of cell mechanical properties. The
incorporation of spatially periodic structures on the moving components of the
gripper enabled measurements with 10 nm precision based on discrete Fourier
transformation and phase [2].

The operation of the initial design was negatively affected by stiction, and
therefore modified and enhanced for the next fabrication iteration. Four yeast
cells were successfully tested, with their stiffnesses ranging from 7 - 19 yN/um,
and with Young’s moduli ranging from 14 - 41 MPa.

The device designed for this work has a higher functional range for force
application than most previously reported techniques. The gripper contact area is
between what is achieved with atomic force microscopy, and micro-plate
compression techniques. The device was used to measure displacements in the
0.2 — 3 ym range, and cell compression forces in the 1 to 100 uN range

This work has established a starting point for future investigation in the Dalhousie
MEMS Research Group. Furthermore, this work adds to the literature base for
the measurement of whole cell mechanical properties, as the maijority of yeast
cell testing studies have been performed using nano-indentation.
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Chapter 1: Introduction

1.1 Objective
The main goals of this thesis work are the design of a device capable of
determining cell mechanical properties such as stiffness and Young’s modulus

and the testing and advancement of the device.

1.2 Scope

The test device will be implemented using Micro-Electro Mechanical Systems

(MEMS) technology, and cell testing will be performed on yeast cells.

A micro-gripping device will be designed to perform controlled cell squeezing with
a spring of designed stiffness. The cell stiffness will be calculated using
differential displacements obtained using a displacement measurement

technique with resolution on the order of tens of nanometers.

This technique will have a functional range which is complementary to existing
techniques. The contact area and the cell deformations achieved will lie between
what is achieved with existing techniques. Therefore; the mechanical properties
measured are expected to be between the experimentally determined properties
from existing methods (nanoindentation techniques and micro-plate

compression).



1.3 Background on MEMS

MEMS devices are some of the smallest functional machines engineered by
humans [3], with features on the order of microns, and thicknesses measuring
from 2 to 25 ym. MEMS technologies are derived from those of the micro-
electronics industry. Sensors and actuators can be combined with measurement,
control, and signal conditioning systems, all within a space not much larger than

a quarter [3].

The uses of MEMS technology are wide spread, spanning the fields of aerospace
and defence, medical and biomedical, optical communications, and consumer
electronics. The importance of MEMS in the field of life science is growing rapidly
with the potential for lab-on-a-chip technologies, minimally invasive operating and
diagnostic tools, and in vivo monitoring [3]. MEMS have been integrated into eye

surgery, dialysis, and patient monitoring systems.

1.3.1 Multi-User MEMS Processes

The Multi-User MEMS Processes, or MUMPs®, is a commercial program
providing industry, universities, and government programs access to cost-
effective, proof of concept MEMS fabrication worldwide [4]. MEMSCAP offers a
standard processes, PolyMUMPs™  which is a three layer polysilicon
micromachining process. Devices fabricated for this thesis work were made

using the PolyMUMPs™ process.



1.3.2 PolyMUMPs™

The PolyMUMPs process was derived from work performed at the Berkeley
Sensors and Actuators Center (BSAC) in the late 80s and early 90s [4]. The
flexibility and versatility of the process has since been increased by modifications

and enhancements.

The process begins with a silicon wafer. A silicon nitride layer is deposited as an
electrical isolation layer. The two mechanical layers (Poly 1 and Poly 2, or P1
and P2) are comprised of polysilicon, and interlaced with layers of
phosphosilicate glass film that are used for the sacrificial layers (Oxide 1 and
Oxide 2, or Ox1 and Ox2). See Figure 1.3.1 for a cross section of the available
layers in the PolyMUMPs process. The polysilicon layers (P1 and P2) are
patterned by photolithography, and then etched in a plasma system. The
sacrificial layers of phosphosilicate glass (Ox1 and Ox2) are removed at the end
of the process to free the mechanical layers of polysilicon. This process has
dimensional tolerance of approximately 200 nm. Detailed process steps are

presented graphically in Appendix A [4] .



0.50 pm Metal
1.50 pm Poly 2
0.75 pm 2nd Oxide
2.00 pm Poly 1

(dimple)
2.00 pm 1st Oxide
0.50 pm Poly O

Nitride

Silicon Substrate

Figure 1.3.1: PolyMUMPs Layers Label (Note Structural Layers P1 and P2)

1.4 Why Use MEMS for Measurement of Cell Mechanics?
The aim of the following section is to explore how MEMS devices can advance
the understanding of cellular mechanics. Existing techniques such as atomic
force microscopy (AFM), micropipette aspiration, optical and laser trapping, and
magnetic twisting cytometry (which will be described later) can exert forces on

the order of femtonewtons, but generally cannot exert forces beyond a few



micronewtons [5]. The range of forces and displacements which can be achieved
with MEMS devices is complementary to existing techniques. The force range for
MEMS-based systems spans from 100s of nN to 100 uN, beyond the range
which is possible with commonly used magnetic and optical tweezers, and most
atomic force microscopy probes. The exploration of cell behaviour in response to
higher forces in addition to the individual molecular forces previously

characterized, will lead to a more complete understanding of cell mechanics.

Many MEMS measurement devices are based on compliant beam designs,
incorporating micro-scale pillars, probes, and pullers. These devices are used in

combination with optical microscopy to observe the beam deflection [5].

MEMS test apparatus lend themselves well to simulation, with well-defined
loading and deformation techniques. These devices also naturally accommodate
cellular and sub-cellular level mechanical testing [5]. MEMS devices are excellent
interfaces between macro-scale tools, and micro or nano-scale biological

systems.

Loh et al [5] have two particularly relevant statements that apply to the work

presented here:

“While promising, the application of MEMS to cell mechanics is relatively
new. Accordingly, (cell testing) devices incorporating combinations of multiple

MEMS sensors and actuators have yet to be demonstrated.” [5]



‘MEMS will clearly not replace existing techniques which already exhibit
extremely fine force and displacement resolutions. However, the use of self-
sensing, self-actuating MEMS devices will reduce reliance on external

equipment, allowing conditions to be optimized for imaging cellular response.” [5]

These statements are relevant as this work will incorporate MEMS actuators,
with optical displacement measurement systems, leading to the further
integration of multiple actuators and sensors creating lab-on-chip devices. The
devices developed for this work will allow testing complementary to that which
has already been performed by allowing larger forces (up to 100uN) to be

exerted on the specimen.

1.5 Stiction Problems with MEMS

Although relatively minor at the macro scale, at the micro scale stiction forces
can be catastrophic. Stiction can cause adhesion between the surfaces of MEMS

components, causing them to fail completely.

Stiction is often referred to in the literature as a short term for static friction. It is
now, however, widely accepted that the correct definition of stiction is adhesion
between two surfaces [6]. Stiction is a force which not only resists relative motion
in addition to friction, but can actually increase the normal forces between
surfaces, and in turn frictional forces [6]. These forces can be upwards of 100

KN depending on the specific device.

There are two types of stiction; in-use stiction, and fabrication stiction. In-use

stiction is the result of four major adhesion mechanisms; capillary forces, Van der



Waals forces, hydrogen bridging, and electrostatic forces [6]. Fabrication stiction
results from the use of wet etchants, and is a major failure mode. The
evaporation of the wet etchant between two surfaces can draw them together

causing them to permanently adhere.

In order to develop a measurement tool, the effect of stiction on the design must

be minimised. It is expected that this will be a significant hurdle to overcome.

Dimples (see figure Figure 1.5.1) are used to prevent stiction during use by
reducing the contact area between the device and the substrate. They therefore
prevent the device from adhering to the substrate when the oxide release is

performed as part of the fabrication process.

A
<—1— Anchor
Substrate
B
C

./
Dimple —_|

Figure 1.5.1: A- Simple Cantilevered MEMS Structure, B- Simple Structure Affected by Stiction,
C- Incorporation of a Dimple to Prevent Stiction
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Dimples are formed by partially etching the underlying sacrificial layer. This
causes the structural layer deposited after this to be contoured to the etched
indentation. Figure 1.5.1 presents a schematic of a simple cantilevered
structure, illustrating the effect of stiction, and the incorporation of a dimple to

reduce stiction.

1.6 Single Cell Manipulation
Single cell manipulation is well established, and commonly performed using
glass capillary micropipettes. Negative pressure is applied to the capillary tube,
controlling the aspiration of a desired cell while positive pressure dispenses the
cell [7]. Micro-motion stages with multiple degrees of freedom are used to
manually manipulate the micropipette and control its tip position with accuracy for
micromanipulation or injection. Single cell manipulation by micropipette has
been demonstrated to be reliable, but time consuming, labour intensive, and
unsuitable for processing large numbers of single cells [7]. As the cell testing
required for this work is as a proof of concept, processing of large number of
single cells is not required. This means costly, automated systems for cell
manipulation can be avoided. There are commercial options available including
the Quixell, and TransferMan NK 2. The Quixell system allows for some degree
of automation, by programming transfer destinations [7]. Other techniques exist
for cell manipulation, such as optical trapping and acoustic wave manipulation,

but dissipated power can potentially influence or damage biological material [8].

In order to perform cell testing, either the device has to move to the site of the
cell, or the cell needs to be moved to the device. To reduce the complexity of the

8



device design, it was decided to use micropipette manipulation to move the cell

to the test site.

1.7 MEMS in Aquatic Environments
To avoid the design challenges and time consuming testing associated with
aquatic MEMS devices, for the purposes of this research, testing was performed
on a dry chip. Nonetheless, implementation of an aquatic test environment will be

addressed as following iterations will incorporate aqueous testing.

For aquatic designs, one has to consider the unique problems associated with
underwater MEMS actuation. For example, there are large thermal losses to the
surroundings as water has a thermal conductivity of about 20 times that of air [9].
This means that far more power is require to heat a structure underwater, than in
air. A COMSOL simulation indicates that the jaw of the gripper design would see
only a modest increase in temperature (10 - 20°C) in air. This temperature would

be greatly reduced in water, resulting in conditions appropriate for yeast cells.

Surface tension presents such complications that it was concluded that only
complete submersion would eliminate stiction, and allow reasonable actuation
[9]. It was experientially determined that water with dissolved materials left a film
on the chip following evaporation, which was problematic when re-using devices.
The residue of the dissolve materials caused devices to stick and sometimes the
film could not be readily dissolved [9]. This means that distilled or deionised

water, free of ions and therefore most impurities would prevent stiction due to film



buildup. Unfortunately, in order to maintain a ‘cell friendly’ testing environment,
altering the ion composition is not suggested. This can cause cell lysis, resulting

from interactions of solution ions with ions in the cell membrane [10].

Now having discussed the objective, scope and some background relating to this

work, the following section will provide more detailed background relating to

cellular mechanics.
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Chapter 2: Cell Mechanics

Although this is a Mechanical Engineering thesis, the interdisciplinary nature of
this work means that explanation of the associated cell biology, and existing tools
for the measurement of cell mechanical properties is required. This chapter will
provide a background on cell mechanobiology, and test apparatus currently used
to determine cell mechanical properties. Furthermore, as testing will be

performed on yeast cells, a section concerning yeast cytology will be presented.

Within the past decade, cellular investigations have been mainly focused on
chemical and topographical properties such as cellular response to chemical
signals, varied surface interface chemistry, and surface topography. Mechanical
properties of cells have been less researched [11]. ‘Cellular mechanobiology’ is
the study of the role of mechanical forces in cell biology. It stems into two main
branches: the study of the mechanisms by which cells sense, transduce and
respond to mechanical loadings, and the characterization of cellular mechanical
properties [1]. This work is concerned will the latter branch, mechanical

properties.

2.1 Cell Mechanobiology

One of the most incredible aspects of cell mechanobiology is
mechanotransduction. Cells have the ability to sense mechanical forces and
convert them into biological signals [1]. Cellular loading conditions can influence
tissue and organ pathology, such as the processes associated with osteoporosis,

atherosclerosis, and fibrosis [1].
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In some cases, the mechanical properties of a cell have been related to the
mechanism of disease development. Studies have been performed on red blood
cells showing that the stiffness of the cells change with the onset of malaria [5].
Furthermore, the infectivity of the human immunodeficiency virus has been
related to the mechanical structure of the virus [5]. On a sub-cellular level,
loading has been demonstrated to alter protein expression, and even control
differentiation in stem cells [11]. Cell based therapy can exploit cell response to

mechanical effects, by means of remodelling and regeneration [1].

Understanding of the unique relationships associated with loading conditions and
the biological outcomes of a cell is far from complete [1]. Further research in the
field of cellular mechanobiology could potentially drive innovations in cell-based

therapies and diagnostics.

2.1.1 Cellular Response to Substrate Stiffness

Cells interact physically, by sensing local stiffness, tension, and deformation
within their surrounding extracellular matrix. They can in turn remodel the matrix
and generate forces with long-range effects [12]. Living cells are extremely
sensitive to substrate mechanics, and therefore require appropriate substrate
stiffness to function properly [1]. Different cell types tend to function best at
different matrix rigidities [1]. For example, myotubes, which form muscle fibres,
differentiate optimally on gel substrates with stiffness comparable to that of
normal muscle [1]. It appears that cells attempt to match their stiffness to that of
the underlying substrate by a combination of altering the organization of the

cytoskeleton and by strain stiffening [1].
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2.1.2 Cellular Elements and Mechanotransduction

The cell is composed of a variety of mechanical elements which are responsible
for its form and locomotive ability [11]. The main mechanical element of the cell
is the cytoskeleton, which is a filamentous network of molecular components
including actin filaments, microtubules, and intermediate filaments [11]. The
cyctoskeleton is highlighted with respect to the other organelle in an animal cell
in Figure 2.1.1 [13]. The below figure is a generalized schematic of a non-

adherent cell, one which does not adhere to an inert surface.

ANIMAL CELL

Nucleus  Nucleolus

Mitochondrion
Cytoskeleton

Ribosomes_gw@s=
/y/ 1[!{

Golgi
apparatus

Rough
endoplasmic
reticulum

Figure 2.1.1: Cytoskeleton in an Animal Cell (Non-Adherent Cell) [13]
(Reprinted with Permission)

A more truthful representation is presented in Figure 2.1.2 [14]. The two major
mechanical cell components are highlighted with fluorescent markers. Actin

filaments are marked red, and microtubules are labelled with green.
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Figure 2.1.2: Components of Cytoskeleton Marked with Fluorescent Binders;
Nuclei-Blue, Microtubules-Green, and Actin Filaments- Red, Bovine Tissue Cells [14]

Actin filaments migrate to positions below the cell membrane and within fibres in
stress which span the cell [11]. The microtubules and intermediate filaments
exist in a matrix which criss-crosses the cell. This contributes to the cytoskeletal
matrix which couples the cell membrane to the nucleus and intermediate points
[11]. Receptors called integrins, which mediate the attachment between the cell
and cell tissues, physically link the external cell matrix to the cytoskeleton. This
means the mechanical forces applied to the cell membrane are physically

transmitted to the cytoskeleton via integrins inside the cell [11].

2.2 The Yeast Cell

A robust, easily handled cell was required for initial testing. In order to avoid

using bio-hazardous animal cells, common baker’s yeast was chosen. Yeast is
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generally described as a unicellular fungus which reproduces vegetatively by
budding or fission. Baker’s yeast is of the species Saccharomyces cerevisiae.
They are chemoorganotrophic, which means they require fixed, organic forms of
carbon for growth [15]. Yeast rely on aerosols, animal and human activity for their
natural dispersal. Yeast is an adherent cell, capable of adhering to inert surfaces,

and soft tissues [15].

2.2.1 Yeast Cytology

Yeast is typical of eukaryotic cells as it contains the following organelles:
nucleus, mitochondria, Golgi apparatus, secretory vesicles, endoplasmic
reticulum, vacuoles and microbodies [15] . Its cell wall contains chitin, making it
different from animal and eukaryotic cells .The cytoplasm contains ribosomes,
occasional plasmids, and cytoskeletal components. The cytoskeleton is
composed of actin, microtubules, and microfilaments. The yeast cell is

represented schematically in Figure 2.2.1 [15].

2. um

Figure 2.2.1: Yeast Sub-cellular Features; A: Idealized yeast cell. B: Candida albicans cell; CW - cell
wall; P - periplasm; CM - plasma membrane; CMI - invagination; BS - birth scar; C - cytoplasm; N -
nucleus; M - mitochondrion; ER - endoplasmic reticulum; G — Golgi apparatus(Adapted From [15])
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The cell envelope surrounds and encases the yeast cytoplasm. It accounts for
approximately 15% of the cell volume [15], and controls osmosis and cell
permeability properties. It is comprised of the plasma membrane, the periplasm,

and the cell wall.

The plasma membrane is the primary barrier against hydrophilic molecules,
maintaining the yeast cytoplasm as separate from the aqueous surroundings.
The Saccharomyces cerevisiae membrane is an approximately 7.5 nm thick lipid
bilayer interspersed with globular proteins forming a fluid mosaic [15]. Selective
permeability properties are mediated by specialized membrane proteins. The
plasma membrane mediates signal transduction of external stimuli to internal

biochemical reactions [15].

The periplasm is a thin 3.5 to 4.5 nm thick region between the plasma membrane
and cell wall [15]. The periplasm contains secreted proteins which cannot
permeate the cell wall. These proteins include invertase and acid phosphatase
which catalyze the hydrolysis of substrates that do not cross the plasma

membrane [15].

The yeast cell wall is generally 100 to 200 nm thick, accounting for 15 to 25% of
the total dry mass of the cell [15]. The main structural components are
polysaccharides, which comprise 80 to 90% of the cell wall [15] .The
polysaccharides are mainly glucans and mannans, with a small proportion of
chitin. The wall is layered, with the outermost section composed of cross-linked

manoprotiens which are connected to the inner glucan network by covalent
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bonds. Some glucans in the inner layer are cross-linked to chitin. Chitin is located
in the cell wall and maintains osmotic and morphological integrity [15] . Bud
scars, the ringed protrusions found on the mother cell surface after the birth of a

daughter cell, are chitin-rich.

Saccharomyces cerevisiae reproduce by budding. Budding (Figure 2.2.2 [15]) is
generally initiated when the mother cell achieves a critical size at a time
coinciding with the onset of DNA synthesis [15] . Localized weakening of the cell
wall, and tension exerted by turgor pressure, result in the extrusion of cytoplasm
into an area bounded by new cell wall material. A chitin ring is formed at the
junction between the mother and daughter cells. When mitosis is complete and
the bud nucleus and other organelle have migrated into the bud, cytokinesis
begins. During this cycle, cell growth is restricted to the developing bud. The cell

sizes at division are asymmetric with the bud being smaller than the mother cell.
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Figure 2.2.2: Budding of Yeast (Adapted From [15])

The typical growth of a yeast cell population is broken down into phases (Figure
2.2.3 [15]). The process consists of a lag phase of two to three cell divisions over
a 5 hour period, followed by exponential growth for six more divisions, before
they undergo a shift to ethanol respiration over approximately two more divisions

as they enter stationary phase [16].
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Figure 2.2.3: Yeast Growth Phase Diagram (Adapted From [17] )

2.2.2 Mechanical Trends

Cell research has brought some insight into the mechanical properties and
behaviour of Saccharomyces cerevisiae. The first is that cell stiffness is
inversely proportional to cell diameter [18]. The second is that stiffness is also
linked to the growth phase of the cell. Yeast stiffens during the exponential
phase, and into the stationary phase [18]. This supports the conclusions of Smith
and colleagues [19], that the yeast cell wall thickens and increases cell stiffness
during stationary phase. As mentioned in the previous section, the bud scar
region of the cell is high in chitin and it is stiffer than the surrounding cell [20].
The contact site on the cell influences the cellular spring constant [21]
Furthermore, the internal osmotic pressure of the yeast cell is regulated in

response to changes in the osmotic pressure of the external medium [22].
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Chapter 3: Existing Test Apparatus for Determining Cell
Mechanics

This section will present existing techniques for the measurement of cell
mechanical properties. Both non-MEMS and MEMS based methods will be
summarized. The functional ranges of these techniques will be discussed, and

compared to the predicted achievable range for this work.

3.1 Non MEMS Methods
In order to later compare existing experimental techniques to MEMS based
technique for determining cell mechanics, this section will summarize some

common non-MEMS techniques. Some of these test methods are shown in

Figure 3.1.1 [5].

The test methods shown below can be categorized based on their interaction
with the cell: active, imposing a time varying mechanical stimulus; and passive,

observing a response to a constant condition [5].

Some active techniques include: atomic force microscopy (AFM), micropipette
aspiration,), optical or laser traps (tweezers), magnetic twisting cytometry, flow
induced shear, and bending of flexible substrates. Passive techniques include
multiple particle tracking microrheology, and the deformation of a compliant

substrate.
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Figure 3.1.1: Test Set-ups for the Characterization of Cell Mechanics [5] (Reprinted with Permission)

Nucleus

AFM INDENTATION

Figure 3.1.2: Atomic Foce Microscopy Indentation [5] (Reprinted with Permission)
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Atomic force microscopy (Figure 3.1.2 [5]) determines cell stiffness by measuring
the deformation of a micro-scale cantilever with a reflected laser beam, or optical
microscope [23]. This technique is referred to as nano-indentation when the cell
membrane displacements are on the order of nanometers. A stiffness map
across the cell surface can be generated, providing insight into the cytoskeletal
structure, and its response to environmental factors [11]. AFM is able to apply
forces to the cell ranging from piconewtons to micronewtons, the widest force
range of the devices compared here. Aqueous environments complicate
operation by fluid-probe interaction, and reflection or refraction of the laser [5].

Difficulties also arise when testing non-adherent cells [24].

Micropipette

f.-"" | N II
"m'\ i — ».-'I!
MICROPIPETTE ASPIRATION

Figure 3.1.3: Micropipette Aspiration [5] (Reprinted with Permission)

Micropipette aspiration (Figure 3.1.3 [5]) utilizes a glass pipette with an internal
diameter on the order of 10° m to deform the cell [11]. The pipette is placed close
to the cell, and a known vacuum is applied, aspirating the cell partially into the

pipette [11]. The loading pressure can be controlled to approximately 0.1Pa [5].
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The functional range of force applied to the cell is from tens of piconetwons to
approximately 100 nN [25].The force on the cell is determined using the length of
aspiration into the pipette. This technique is generally used in combination with

an optical microscope [5].

Optical Trap

OPTICAL TWEEZERS LASER TWEEZERS

Figure 3.1.4: Optical and Laser Tweezers [5] (Reprinted with Permission)

Laser optical traps (Figure 3.1.4 [5]) utilize an optical potential well capable of
trapping a small object within a defined region [11]. Optically functionalized
beads are tethered to the object of interest (by means of a special procedure to
induce cell binding to the beads) and used to manipulate it [26]. Bead
displacements are quantified by tracking the refracted beam with photodiodes, or
by analysis of optical images of interference patterns or by tracking the beads
themselves [5]. This technique boasts the finest force resolution (10 fN), but is

generally limited to experimentation with forces less than 0.1 nN [5].
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Microbead

MAGNETIC TWISTING CYTOMETRY

Figure 3.1.5: Magnetic Twisting Cytometry [5] (Reprinted with Permission)

Magnetic beads are used to manipulate the sample by means of an externally
generated magnetic field (Figure 3.1.5 [5]). Translation and rotation of the
external magnetic field results in variable force or torque applied to the sample
[5].This technique has a force range of 10 fN to 5 nN [5]. The magnetic beads are
attached to the cell sample using also using a special procedure to induce cell
binding [27]. Unfortunately, magnetic forces scale poorly to small scales, with the
magnetic force, F,,, being proportional to either the square or cube of length L
(E, « L%, 13), limiting the performance of these systems. This means the
magnetic beads required must be large (2-8 um) in comparison to the size of the
sample [5]. By optically tracking the beads, stiffness can be computed by the
ratio of pulling force to translation or from the ratio of twisting torque to bead

motion (Figure 3.1.6 [23]).
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Figure 3.1.6: Electron Microscopy of Magnetic Bead Bound to Human Airway
Smooth Muscle Cell [23]

Microplate

MICROPLATE COMPRESSION T

Figure 3.1.7: Micro-plate Compression [5] (Reprinted with Permission)

Micro-plate compression techniques (Figure 3.1.7 [5]) enable the force required
to compress a single yeast cell between two parallel surfaces to be measured as
a function of cell deformation [19]. Testing performed by Mashmoushy deformed
a cell between a stationary glass plate, and the flat face of an optic fiber probe

[24]. A micromanipulator with accuracy of + 2 ym and a force transducer with a
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response up to 490 uN with a resolution of 0.01 uN were used for measurements

[24].

The functional ranges of the aforementioned techniques as well as a predicted

range for this work are displayed later in Figure 3.2.2 [5].

3.1.1 Passive Non MEMS Techniques
Passive techniques must be carefully assessed as many of these methods are

unable to measure cell mechanical properties.

NANO/MICRO PARTICLE TRACKING

Figure 3.1.8: Nano/Micro Particle Tracking [5] (Reprinted with Permission)

Multiple-particle-tracking microrheology (Figure 3.1.8) is a passive technique
involving the dispersal of micro and nano particles on the cell membrane and into
the cytoplasm. The particles are tracked to map local displacements [5]. This
technique is not valid for measuring cell mechanical properties as the particle are
driven by the activity of the cell (adenosine triphospate hydrolysis cycle) as

opposed to the Brownian motion suggested in Loh’s [5] review article [30].
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SHEAR FLOW

Figure 3.1.9: Shear Flow [5] (Reprinted with Permission)

Flow-induced shear techniques (Figure 3.1.9) load cells fixed to the walls of a
flow chamber [5]. Like the previously discussed techniques, this is a cell-friendly
test as it takes place in a fluid environment. The flow chamber can be designed
to measure cell rolling velocity, deformation, and cell/substrate contact length,

but not all mechanical properties.

3.2 MEMS Techniques
The potential of MEMS devices for advancing experimentation and modeling in
cell mechanics has been explored by Loh and colleagues [5].There are many
different categories of MEMS based devices for the investigation of cell

mechanics.

Most MEMS based cell measurement techniques are based on the compliant
beam. An assortment of probes, micro-pillars, and pullers are presented in Figure
3.2.1 [5]. Most of the designs allow optical measurement of displacement to be

converted into forces based on the incorporation of a characterized beam [5].
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The probe designs (both 1D and 2D) consist of probes suspended on single or
pairs of compliant beams of known stiffness [5] .The designs are actuated by
piezoelectrics, and applied force is calculated by observing deflection of the

beam with an optical microscope.

FS"E"SE
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MECHANICAL PICONEWTON HEART CELL FORCE
TESTING PLATFORM FORCE SENSOR TRANSDUCER
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Figure 3.2.1: MEMS Devices for Cell Mechanics [5] (Reprinted with Permission)
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Micro-pillar devices are comprised of arrays of closely spaced silicon or polymer
pillars. The deformation of the pillars caused by the cell allows the study of

interactions between the cell and its substrate [31].

Uniaxial and biaxial pulling devices (bottom left and center of Figure 3.2.1) are
able to apply tensile loading to adherent cells. The platform is split down the
center and coated in fibronectin to promote cell adhesion to the substrate [5]. The
cell adheres across the platform, and then one half of the platform is pulled away
from the other to strain the cell. The compliant beams in the systems are used as

a load sensor to compute the applied force.

Traction pads have been developed to measure traction forces generated by
fibroblasts [5]. A large array of square pads, which are fixed to the free ends of
cantilevered beams, produce a surface for migrating cells. The cantilevered
beams bend in response to traction forces produced by the cells. The motion of

the pads is then used to determine the corresponding forces [5].

The functional ranges for the non-MEMS and MEMS based techniques are
presented in Figure 3.2.2. Atomic force microscopy techniques allow the largest
range of displacements, and midrange forces, while optical/laser trapping and
magnetic bead cytometry enable the smallest force application. MEMS devices
allow midrange to high displacements, and have some of the largest possible

forces. Micro-plate compression has a high force and displacement range.
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Figure 3.2.2: Functional Ranges of Existing Measurement Techniques (Adapted from [5]).

3.3 Technique Developed for This Research
The technique developed for this research is a compression technique, but does
not incorporate full face contact between the cell and plate. Therefore, the
technique is a cross between micro-plate compression, and indentation methods.

The range of forces which can be applied to the cell are greater than those
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achieved with AFM, optical/laser trapping, and magnetic cytomety (Figure 3.3.1).
For the purpose of this research, results from nano-indentation (AFM) and micro-

plate compression testing will be used as a basis for comparison.
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Figure 3.3.1: Functional Ranges of AFM, Micro-plate Compression, and prediction for this work

(Adapted from [5]).
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Chapter 4: Cell Squeezing to Determine Mechanics

Now that a brief background has been provided for the biology incorporated in

this research, the mechanical side of this work will be explored.

4.1 Concept

The concept of squeezing a cell to determine its mechanical properties was
derived from previous work by Shay (2007). Shay’s work incorporated a spring of
known stiffness, and used differential displacement to determine cell stiffness
(Figure 4.1.1). Unfortunately, the Wentworth™ Probestation microscope was
diffraction limited at around 250 nm, so cell displacement measurements were

difficult to measure, and meaningful results could not be obtained.

Cell
Spring LL L/

Force
Probe

—

Figure 4.1.1: Cell Squeezing Concept Schematic [32]

A design incorporating a displacement measurement technique by Yamahata [2],
was developed to enable measurement of cell mechanical properties. A

schematic of the design is presented in Figure 4.1.2.
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Figure 4.1.2: Cell Squeezing Concept Schematic with Improved Displacement
Measurement Technique (Yamahata)

Using the Yamahata technique, the displacements of a periodic Cell Comb (CC)
and a periodic Input Comb (IC) are determined using FFT, allowing much better
resolution. The force observed by the spring is the same as observed by the cell
as they are in series. Therefore, using the displacement measurements, the

stiffness of the cell can be calculated as follows (Figure 4.1.3):

Xee Xic
< <—
Force
a Probe
KCeII KSpring

Figure 4.1.3: Spring System Schematic for Cell Squeezer
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KSpring (XIC—XCC)
XCC

Keet =

Equation 4.1.1

Where X, , input comb displacement, is the displacement at the interface of the
S-spring and the chevron, and X, cell comb displacement, is the displacement

of the jaw deforming the cell.

Following this, the force observed by the cell can be calculated from the

calculated cell stiffness, K_.;;, and the measured cell comb displacement, X:

Feen = KeetXcc

Equation 4.1.2

The stress undergone by the cell is calculated as the force observed by the cell
divided by an assumed constant cross-sectional area, A.g of 4 um?. In reality the
cell is deforming during squeezing, so the cell cross sectional area is increasing.
This would result in a non-linear stress strain relationship. The chosen area of 4
um?is equivalent to the cross-sectional area of the cell at a midway point where

the diameter is 2.25 ym.

o _ Fcell
cell —
ACS

Equation 4.1.3

The strain is calculated as the change in cell diameter divided by the original cell

diameter:
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Equation 4.1.4

4.2 Electrothermal Actuation

In order to drive the jaws of the microgripper closed, electrothermal actuation
was utilized. This technique relies on joule heating induced thermal expansion.
Joule heating is an increase in temperature of a conductor as a result of
resistance to electrical current flowing through it [33]. The conductive material
then expands proportionally to the change in temperature and the coefficient of

thermal expansion as defined below:
& = alAT
Equation 4.2.1

Where ¢ is the strain, a the material specific coefficient of thermal expansion

(K", and AT is the temperature change (K).

Chevron actuators (Figure 4.2.1) are driven by thermal expansion. They consist
of two arms at a small angle 6, from their alignment, resulting in geometric
amplification of the arm’s expansion. Therefore, when thermal expansion takes
place, linear motion occurs parallel to the line of symmetry of the actuator in the
direction in which the chevron is pointed [33]. The displacement of the chevron is
proportional to the voltage squared [27]. This style of actuator, with two hot arms,
is more efficient that other designs which include both hot and cold arms. A
single chevron (6 = 15°) has stiffness on the order of 100 uN/um [28]. The
stiffness increases with increasing 6 and increasing number of chevron arms.
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Figure 4.2.1: Electrothermal Chevron Actuator

The chevron actuators implemented in this work are presented in Figure 4.2.2.

100 pm

Figure 4.2.2: Chevron Actuator, L-Edit layout (Top) and Micrograph (Bottom)

The geometric advantage of the chevron actuator is simply 2—2’ [33]. Chevrons can

be used in parallel to increase force produced and amplified to produce the

desired displacement [27].

The displacement of the center point of the chevron actuator is described by Luo

as [29]:
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Equation 4.2.2

In the above, a is the thermal expansion coefficient of the material, d the height
of the chevron device, and L is the beam length, see Figure 4.2.1. Chevron
actuators used in this research are about 250 ym in length, producing

approximately 100-200 uN of force and displacements up to 6 ym.

4.3 Yamahata Technique for Displacement Measurement

In order to determine the properties of micro-objects, it will be necessary to
resolve sub-micron displacements. As mentioned above, the optical resolution of
the Wentworth™ Probestation microscope is diffraction limited at around 250 nm.
Previous attempts to measure cell properties with pattern matching techniques
were unsuccessful. Pattern matching techniques allow for resolutions of about
100 nm. Yamahata [2] was able to achieve sub-nanometer resolution, using very
fine periodic structures, by phase-shift comparison of the FFT of a moving image
to a static image. Yamahata’s technique incorporates a moving comb and static
(or reference) comb to account for shift in the camera or table. In this work,
reference combs were included for initial designs only. The work of Yamahata
and colleagues [2] has been experimentally tested in the Dalhousie MEMS lab
achieving resolution of 5 — 10 nm [30].In our particular setup, a pixel is 0.298 um,
and regions of interest (ROI) are typically 150 by 250 pixels. Based on a 10 nm
precision, our lab has achieved 1/30" of a pixel precision. Yamahata’s sub-

nanometer resolution was not achieved in our lab as the pitch of the periodic
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structures incorporated was not as fine as in Yamahata’s work, in addition to this

the optical microscope used was also different.

Figure 4.3.1 shows the steps in Yamahata’s process. This technique requires
periodic patterns with many repeated cycles to be implemented on the dynamic
and static structures. The first step (A) in this measurement process is selecting
the region of interest (ROI) on the dynamic or reference structure, in the image.
The intensity profile is then calculated by column averaging the grey-scale value
across the periodic structure (B). This produces a 1D line profile. Following this,

the intensity profile is truncated to an integer number of wavelengths.
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each voltage step A v

DISPLACEM

Figure 4.3.1: Yamahata Process Flowchart

Next, the Fast Fourier Transformation of the intensity is calculated (C and D).
The value and location of the peak value of FTT magnitude is determined (C).

The phase corresponding to this peak FFT magnitude is found for each voltage
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step (D). The phase value corresponding to the peak magnitude is converted
from radians to microns using the known pitch of the periodic structure in microns

(E). The final result is a plot of voltage versus displacement in microns.

An example case for a periodic comb structure, with a pitch of 10 um, driven from
0 to 5 V will be presented below. The comb structure showing the selected ROl is

shown in Figure 4.3.2.

Comb (Pitch 10 um) at 0V Comb (Pitch 10 um) at 5V

Figure 4.3.2: Sample Images for Combs at 0 V and 5 V (ROl in Red)

The intensity profile for a static image of the comb is presented in Figure 4.3.3.
The profile is not a perfect sinusoid due to the shadowing in the regions between
combs. It is also observed that the peak grey level values increase to the right as

the light is not evenly distributed across the device.
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Figure 4.3.3: Sample Intensity Profile (Chevron Driven Comb P=10 pym)

FFT magnitude (Figure 4.3.4), and FFT phase (Figure 4.3.5) for this case are
also presented below. The phase associated with the peak magnitude is
converted to microns as the wavelength in microns is known. This is done for
each voltage step resulting in a plot of displacement versus voltage (Figure

4.3.6).

In the example case presented in Figure 4.3.4 the peak magnitude occurs at a
wavelength of 1/0.1 or 10 um. The phase in Figure 4.3.5 at the peak magnitude

is 1.7 radians, so the initial position is 1.2/21*10 ym, or 1.91 ym. This process is
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performed for each voltage step allowing one to plot displacement with respect to

voltage.

NR=R o

06|

(Bt
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NORMALIZED MAGNITUDE
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021
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WAVELENGTH (MICRONS)

Figure 4.3.4: Sample FFT Magnitude (Chevron Driven Comb P=10 pm) Note Fundamental 10 pm

05F =

PHASE (RADIANS)

1 I I I 1
0 10 20 30 40 50

WAVELENGTH (MICRONS)

Figure 4.3.5: Sample FFT Phase (Chevron Driven Comb P=10 pm) Note Fundamental at 1.2 rad
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Figure 4.3.6: Sample Displacement vs Voltage Using Yamahata (Chevron Driven Comb P=10 pm)

The graph of displacement with respect to voltage (Figure 4.3.6) is presented as
a polynomial representation, with the standard deviation of three trials marked as

the error bounds. The standard deviation is approximately 10 nm.

The precision of this measurement technique is therefore approximately 10nm for

displacement and approximately 0.3 degrees for phase.

Table 4.3.1 presents the displacement measurements acquired for a chevron
device from 0 — 5V, as well as the average and the standard deviation for the

three trials. The resultant precision of the applied forces will be discussed later.
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Table 4.3.1: Average and Standard Deviation of Three Trials

Voltage  Trial 1 Trial 2 Trial 3 Average Standard
V) Displacement Displacement Displacement | (um) Deviation
(um) (um) (um) (um)
0.000 0.000 0.000 0.000 0.000 0.000
0.500 0.025 0.024 0.025 0.025 0.000
1.000 0.104 0.104 0.104 0.104 0.000
1.500 0.242 0.240 0.241 0.241 0.001
2.000 0.410 0.407 0.407 0.408 0.002
2.500 0.629 0.626 0.625 0.627 0.002
3.000 0.943 0.938 0.937 0.939 0.003
3.500 1.295 1.287 1.287 1.290 0.005
4.000 1.688 1.678 1.678 1.681 0.006
4.500 2.155 2.142 2.141 2.146 0.008
5.000 2.706 2.690 2.689 2.695 0.010

For comparison, pattern matching using National Instruments Vision Assistant
was implemented in the Dalhousie MEMS lab by Arthur achieving a precision of
approximately 0.160 um [38], an order of magnitude worse than achieved with

Yamahata’s technique at Dalhousie.
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Chapter 5: Implementation of Cell Squeezing Concept (CS2)

The cell squeezing devices were designed in Tanner EDA L-Edit v15.0, a
computer assisted design software specifically for MEMS design. The L-Edit
Layout of one of the devices, and its comparison to the actual fabricated device
are presented in Figure 5.1.1. lllustrated in the figure are four key components; the
location of the cell, the cell Combs (CC), the spring, and the Input Combs (IC).

These components are denoted in the below figure.

The devices were implemented using the Poly 1 structural layer which is 2 ym
from the substrate, and 2 um thick. Dimples were placed along the length of the
device, and on the spring to prevent it from adhering to the substrate during

fabrication. A close up of the gripper and combs is presented in Figure 5.1.2.

5.1 Sensitivity and Stiffness Matching

In order to make the gripper design a sensitive measurement tool to determine
cell stiffness, one needs to evaluate the effect of the spring stiffness on the
sensitivity of the measurement device. In order to determine the optimum
stiffness for the spring, the ratio of output (cell) displacement to input (comb)
displacement was examined.

XCC _ KSpring
XIC KCell + KSpring

Equation 5.1.1
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: 100 um

Figure 5.1.1: Cell Squeezing Device L-Edit Layout (Left) and Actual Device (Right), Micrograph
of Fabricated Structure (Bottom): 1- cell location, 2- cell Yamahata combs (CC), 3 - spring,
4- input Yamahata combs (IC), 5- chevron actuator
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Figure 5.1.2: Cell Squeezing Device Micrograph Close up: 1- cell
location, 2- cell Yamahata combs (CC), 3 - spring, 4- input
Yamahata combs (IC)

The output, or cell, displacement was determined for different spring stiffnesses
where the input displacement X;- was 1 uym. In order to find the spring stiffness
that makes the system most sensitive to small changes in cell stiffness, one
looks at the difference in the cell displacement for small changes in cell stiffness.
The larger this displacement is, the more sensitive the system is to changes in
cell stiffness. The difference between the output cell displacements for a small
change in cell stiffness was normalized and plotted against the spring stiffness
(Figure 5.1.3). The largest difference occurred when the spring stiffness was

equal to the cell stiffness.

From this exercise it is apparent that the greatest system sensitivity is achieved

when the spring stiffness is equal to the cell stiffness. However, designing the
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spring to be stiffer than the cell is better than softer than the cell. This is because
the sensitivity decreases more gradually when the spring stiffness is increased

beyond the cell stiffness than when it is lowered from the cell stiffness.

CS2 System Sensitivity

120%
100%
80%
60%
40%

20%

Normalized Difference in Cell Displcement

0%

0% 50% 100% 150% 200% 250% 300% 350%
(V)
I(Spring (A’ Of KCell)

Figure 5.1.3: Cell Squeezer System Sensitivity

In order to match the spring stiffness appropriately, the approximate stiffness

ranges for yeast cells must be known.
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The mechanical properties of yeast, experimentally determined in literature, are

presented in Table 5.1.1. The yeast cell stiffness is not a commonly reported

property, and is reported around 1 uN/um for AFM nano-indentation methods,

and 10 uN/pm for an optic fibre probe compression technique. Tests performed

with larger cell deformation or indentations resulted in higher values of Young’s

modulus.

Table 5.1.1: Mechanical Properties of Yeast Cells from Literature (*Max Indentation Values Were

Stiffness,
(uN/pm)

Young’s
Modulus,
(Mpa)

0604

0.73

20+0.2

3.53 %
0.83

112+6

14.3+10.4

3.24 £
0.09

12-46

Bursting
Strength

(UN)
55-175

Technique

Optic fiber probe
compression

Nano-indentation
Technique
Aquatic Test

Nano-indentation
and Oscillation
Aquatic Test

Nano-indentation
Technique
Aquatic Test

Nano-indentation
Technique

Optic fiber probe
compression
Aquatic Test
Thermodynamic
modeling of
hyper-osmotic
shock

Nano-indentation
Technique

Pressurised
Elastic Shell
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Interpreted from Graphs and Figures As Not Explicitly Stated in Literature)

Max Source

Indentation

(um) *

~5 Mashmoushy et
al, 1998 [24]

~0.055 Touhami et al,
2003 [20]

~0.007 Pelling et al,
2004 [32]

~0.06 Lanero et al,
2006 [33]

1 Ahmad et al,
2008 [34]

~4 Smith et al,
2009 [19]

NA Schaber et al,
2010 [35]
Fukuda,
Nakajima, and
Ahmad, 2011
[18]

NA Vella et al, 2011
[22]



As the reported yeast cell stiffness is a range from ~1-10 yN/um, the springs in
the gripper were designed to range from 0.5 to 240 uN/um, as presented in the

following section.

5.2 Spring Design
The s-springs in the gripper system were designed following formulas by Lai and
colleagues (2005). The dimensions were chosen based on an effective length
calculated for a chosen stiffness. A schematic of the design dimensions is

presented in Figure 5.2.1 [36].

Ld
]
/N
IL1 L
k—>
< L2 2 Rs
_ L3 ~
Reke Z L4
—>l
Ld ka (
| i
Ld

Figure 5.2.1: S-Spring Schematic Showing Dimensions (Adapted from [36] )

The axial stiffness of the spring k, is as follows [36]:
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3.19

&1=033(77J uN /um

[>¢

Equation 5.2.1

Where L, is the effective length in microns:
Ly = Liotas —4Lq — MRy — TR,

Equation 5.2.2

Six s-springs were implemented on CS2; K0.25, K2, K4, K6, K8, and K10. This
naming convention is related to spring stiffness. K10 is the stiffest spring while
KO0.25 is the least stiff. The stiffness of these springs predicted from the
formulations by Lai (2005), and the actual stiffness modeled in COMSOL is
presented in Table 5.2.1. See Appendix B for a summary of the COMSOL model.

Micrographs of the springs are displayed in Figure 5.2.2.

Table 5.2.1: CS2 Spring Stiffness for S-springs

K0.25 K2 K4 K6 K8 K10
Lai Formulas 0.5 10 34 70 140 243
(UN/pm)
COMSOL 4.1 40 92 140 154 175
(UN/pm)
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K0.25 K2 K4 K6 K8 K10

Figure 5.2.2: Micrograph of Fabricated Springs

5.3 U-Spring Design

In order to validate the measurement technique, ‘pseudo cells’ were tested. The
‘pseudo cells’ were U-springs with known stiffness. The chip was designed with
some gippers having empty jaws allowing for biological cell testing, and some
grippers having U-springs connecting the jaws of the device for validation (Figure
5.3.1). The U-springs in the gripper system were designed following formulas by
Lai and colleagues (2005). Similarly to the S-spring design, the dimensions were

chosen based on an effective length calculated for a chosen stiffness.

52



30 um Pseudo Cell
pPoem ¥

Figure 5.3.1: CS Device with Pseudo Cell

The axial stiffness of the U-spring k,,, is as follows [36]:

3.19
ko, = 1.66 <—) UN /um
L«

Equation 5.3.1

Two U-springs were implemented, KS and KL (K small and K large). The
stiffness of these springs predicted from the formulations by Lai (2005), and the

actual stiffness modeled in COMSOL is presented in Table 5.2.1. See Appendix

53



B for a summary of the COMSOL model. Micrographs of the springs are

displayed in Figure 5.2.2.

Table 5.3.1: CS2 Spring Stiffness for S-springs

KS KL
Lai Formulas 0.2 2.0
(MN/pm)
COMSOL 2.1 17
(MN/pm)
) 25 ym ]
o KS
KL

Figure 5.3.2: Micrograph of Fabricated U-Springs

The formulas developed by Lai were for springs with a cross section of 2 by 2
pMm. The springs designed for this thesis work were of dimensions 3 by 2 um, and
3 by 3 ym, therefore the equations were used only for estimating spring
dimensions. The actual spring stiffnesses were higher than estimated using Lai’s
formulas due to the larger cross section. Spring stiffness was determined in
COMSOL, and all calculations for cell mechanical properties used the COMSOL

values.
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5.4 Finite Element Model of Spring Designs

Finite Element Analysis was used to determine the stiffness of the springs in the
gripper systems. COMSOL Multiphysics, MEMS Module was used. As the
springs are planar, with a constant thickness, a two dimensional modeling

approach was used. Poly-Si from the MEMS Module was used for the material.

5.4.1 Constraints and Loading
During operation, the springs undergo axial loading. When modeled, one end of
the spring was fixed, and an axial boundary load applied to the other end. The

load applied was 10 uN.

50 um l

\\\\\

..............

Figure 5.4.1: Schematic of Spring Model Showing Constraints (Fixed Constraint Shown in Red,
Boundary Load Shown in Blue)
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5.4.2 Element Type
Two dimensional quadrilateral elements were chosen. Generally the use of
quadrilateral elements avoids constant stress and artificially stiff members which

can be encountered with triangular elements.

5.4.3 Material Properties
The material properties of Poly-Si implemented for this model are presented in
Table 5.4.1. The model is Hookean, or linear elastic as the relationship between

stress and strain is linear(constant Young’s modulus).

Table 5.4.1: Model Material Properties (Poly Silicon)

Property Name Value Unit
Coefficient of thermal expansion alpha 2.6e-6 1/K
Heat capacity at constant pressure | Cp 678 J/(kg*K)
Relative permittivity epsilon 4.5 1
Density rho 2320 kg/m”"3
Thermal conductivity Kk 34 W/(m*K)
Young’s modulus E 160e9 Pa
Poisson’s ratio nu 0.22 1

5.4.4 Mesh Convergence Study
Care was taken to ensure the smallest dimension, the width of the spring
(approximately 3um), had an appropriate number of elements across it. It is a

general rule that a minimum of 3 elements is required across such a component.
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Figure 5.4.2: Convergence Study

Convergence was achieved even with relatively coarse meshes with only one
element across the width of the spring. The finest mesh, with 1019 elements was
selected. It had 4 elements across the width of the spring, and required less than

5 seconds of computation time.
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50 um N

Figure 5.4.3: Schematic of Selected Mesh with Detail (Note 5 Elements Across Spring Width)

5.4.5 Verification of Model

The work of Fettig [44] was used to validate the COMSOL model used in this
work. Fettig’s thesis documented the simulation and experiments of various
micro-joints, including the S-spring used in this work. The spring geometry from
Fettig’'s work was simulated in the COMSOL model developed for this work. See

Appendix B for validation geometry.

Experimental testing performed by Fettig compared favourably to his simulations.
The measured values of stiffness were lower than the FEA predictions, but

generally within 10 — 30% (Table 5.4.2). The COMSOL model implemented for
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this work predicted stiffness slightly closer to the experimental values than that of

Fettig, falling in the low range of experimental stiffness measured (Table 5.4.2).

Table 5.4.2: Comparison of Fettig's FEA and Experimental Results to COMSOL Results for this Work

S-Spring Fettig’s Experiments and Simulations [44] This Work
Variation
Axial Stiffness FEA Axial Stiffness Exp. Axial Stiffness
(MN/um) [44] (MN/um) [44] COMSOL (uN/pm)
X_Std_01 0.63 0.59+0.12 0.48
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5.5 Yamahata Combs

In order to determine an ‘optimum’ pitch for the periodic structures, combs with
pitches of 2, 3, 4, 5, 6, 8 and 10 ym were implemented on CS2. It was expected
that a smaller pitch would produce better displacement measurements, but the
imperfect fabrication of the small features, and the shadows cast by the
structures may limit the measurements. The results of these tests will be

presented later.

5.6 Summary

Cell squeezer 2 (CS2) was developed as an initial investigation into cell testing
(Appendix C). The designs include Yamahata combs with pitches ranging from 2
to 10 ym, S-springs with stiffness ranging from 4.1 to 174.5 uN/um, U-springs
(pseudo cells) with stiffness ranging from 2.1 to 17 yN/um, and both chevron and

probe actuated designs. See Appendix D for a summary table of the CS2 chip.

In Figure 5.6.1 an assortment of devices on the CS2 chip are presented. Notice
the grippers designed with pseudo cells (A in Figure 5.6.1), those for biological
cell testing (B in Figure 5.6.1), and periodic structures for investigation of different

pitches (C in Figure 5.6.1).
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Figure 5.6.1: Assorted Designs on CS2: A-CS with Pseudo Cells, B-CS for Biological Cell
Squeezing, and C-Periodic Structures for Pitch Investigation
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Chapter 6: Experimental Set-up

6.1 CS Actuation and Imaging
The cell squeezer actuation and imaging will be described in the following
section. The outcome of process can be summarized as follows: Voltage steps of
0.5V from 0-8V are sent to the chip. At each voltage step, an image is acquired
and saved for processing. MatLab is used to determine a voltage versus
displacement curve which is output as an Excel file. The overall flow of software

and hardware required for this process is presented in Figure 6.1.1.

Labview DAQ Voltage/Current 68 Pin Banana
(Voltage Steps) (Signal Qutput) Amplifier) Plug Box
Probe Stati
robe station Cs2- Chip ZIF Socket Ribbon Cable
with Camera
FlyCap maaﬁl;asi Data Out
PointG (Mi ft Excel
(Point Grey) (Displacement) icrosoft Excel)
Figure 6.1.1: Cell Squeezer Testing Flow Chart
6.1.1 Hardware

The hardware used to drive the cell squeezer included a PC, a National
Instrument PCI-MIO-16E Data Acquisition Card (DAQ), a current and voltage

amplifier with a voltage gain of 2. The CS2 and CS4 chips were held in a ZIF
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socket which was mounted on a Wentworth™ Probestation Model 901
microscope. The microscope was wired to a 68PGA connection box via a pair of

ribbon cables.

Images were captured using a Point Grey™ camera model GRAS-14S3M-C: a
1.4MP B&W 1394b Firewire CCD camera with a maximum resolution of 1280 x

h™ Probestation

960 pixels, 16 bit grayscale, connected to the Wentwort
microscope, 25X objective. In our particular setup, a pixel is 0.298 um, and
regions of interest (ROI) are typically 150 by 250 pixels. Based on a 10 nm

precision, our lab has achieved 1/30" of a pixel precision. This camera was

connected to the computer via a Firewire cable.

6.1.2 Software

National Instruments™ Labview was used to create a virtual instrument (V1)
which sent voltage steps of 0.5V from 0-8V to the chip (via a RS232 cable),
acquired, and saved an image for each voltage step. FlyCap, a software
application by Point Grey Research was used to stream the camera images to
the computer for positioning and cell placement. MATLAB V7.11.0.584 (R2010b)
was used to implement the Yamahata technique to determine the voltage versus
displacement curves, and Microsoft Office Excel 2007 was used to determine cell

mechanical properties.
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Chapter 7: Proof of Concept Testing with CS2

7.1 Yamahata Combs

In order to determine the effect of changing the pitch for the periodic structures,
pitches of 2, 3, 4, 5, 6, 8 and 10 um were tested. The effect of the selected region
of interest (for grey scale averaging) on the displacement measurement was
tested using three different crop areas Figure 7.1.1. Ideally the ROI selected

should not affect the results.

A B

i 100 um :

Figure 7.1.1: Different ROIs; A) Full Comb, B) Half Width C) Half Height

The combs with the larger pitch were least sensitive to the chosen region of
interest (ROI), producing similar displacement measurements for the different
ROls. This means the larger the pitch, the more robust the measurement system
is to different ROIs. Presented in Table 7.1.1 is the percentage error of
displacement measurements based of the pitch of the periodic structures. The

first column of the table presented the various pitches tested. The second column
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contains the total percentage error across one trial, analyzed using three different
crop boxes. The third column contains percentage error across three different

trials, all analyzed using the same full crop box.

Table 7.1.1: Percentage Error for Displacement Measurements (Across 3 Different ROIs, and Across
3 Trials with Normal Crop boxes)

Pitch Percentage Error (Across 3 Different Percentage Error (Full Crop Box,
(um) ROIs for one trial) 3 trials)

4 86 38

6 19 15

8 10 0.1

10 4 0.4

In theory, the smaller the pitch the better the resultant resolution, as resolution is
proportional to VPitch [2]. Results of testing indicate that a larger pitch provided
clearer, more accurate displacement measurement. The unexpected results
regarding the pitch are likely due to the fabrication process which results in
rounded edges on the combs. The smaller combs have very little flat surface, and
make it hard to find phase change from the averaged grey scale values. Figure
7.1.2 and Figure 7.1.3 illustrates the difference between a pitch of 10 ym and a
pitch of 4 um. For all following designs, a pitch of 10 um was used to ensure good

resolution, and accurate displacement measurement.
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Figure 7.1.2: Different Pitches; A) Pitch= 10 ym, B) Pitch = 4 ym
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Figure 7.1.3: Intensity Profiles for Different Pitches; A) Pitch= 10 ym, B) Pitch =4 pm

7.2 CS2 Testing

Testing was performed on IMUDTCS2. Initially, CS devices were tested with no
cells present. Following this, tests were performed on the grippers with U-

springs, or pseudo cells.
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7.21 No Cell

A CS system with no cell present should behave as a rigid body, measuring the
same displacement at the Input Comb (IC) as the Cell Comb (CC). The
cantilevered structure formed by the empty gripper (Figure 7.2.2 and Figure
7.2.4) was subject to stiction forces which pulled it down to the substrate. Tests
showed that the CS did not behave as a rigid body. It was assumed the
squeezing end of the gripper was ‘drooping’ down and sticking to the substrate.
The cantilevered structure of the gripper design, see cross section (Figure 7.2.1),
allows it to be easily effected by stiction forces pulling the end of the beam

toward the substrate.

Fixed Jaw Dimples

Ly gl

Figure 7.2.1: Cross Section of Gripper (Not to Scale, 10-20 times longer in reality)

This is illustrated in Figure 7.2.3 and Figure 7.2.5. It is observed that the input
comb (IC) and cell comb (CC) initially move as a rigid body, but then the

displacement of the CC is reduced by stiction forces.
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Figure 7.2.2: CS2 (with Spring K=4.1 pN/pum) Cross Section Line Marked in Blue
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Figure 7.2.3: Displacement vs Voltage for IC and CC (K=4.1 uN/um)
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Figure 7.2.4: CS2 (with Spring K=154 uN/um)
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Figure 7.2.5: Displacement vs Voltage for IC and CC (K=154 uN/pm)
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7.2.2 Spring Cells

The initial testing indicated that the CS designs of IMUDTCS2 do not behave as
rigid bodies in the case with no cell present. Therefore, these CS2 designs
cannot be used as meaningful measurement tools. Measurements of cell

stiffness and in turn, Young’s modulus will be exaggerated by the stiction forces.

Figure 7.2.6: CS2 (with Spring K= 40 uN/um and U-Spring =17 pN/um): L-Edit Layout (Left) and
Micrograph (Right)
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Figure 7.2.7: CS2 (with Spring K= 40 uN/um and U-Spring =17 pN/um): Kc vs Voltage

In the above figure, the experimental measurements for the pseudo cell (Figure
7.2.6), or U-spring, stiffness was inconsistently affected by stiction, and much

higher than the actual stiffness of 17.2 yN/um (Figure 7.2.7).
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Chapter 8: Redesign to Avoid Stiction: IMUDTCS4

The CS2 structures were cantilevered, and susceptible to being pulled down to
the substrate. As presented in previous sections, stiction was observable in many
cases of experimental testing on CS2. The following design, CS4 (see Appendix
E), incorporated modifications and enhancements to overcome the stiction

related issues.

The grippers on IMUDTCS4 have been designed in two categories (Figure
7.2.1). Type A designs are the simple cantilevered structure from IMUDTCS2
and Type B designs have been anchored on the cell squeezing end, with the

three springs in a triangular configuration.
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Figure 7.2.1: Schematic of A and B Type Designs (Top), L-edit Designs (Bottom)

The first modification to the gripper designs is the incorporation of double height
structures. This improvement increased the thickness of the structure from 2.0
pum to 3.5 um (Figure 7.2.2). This made the device about 5.5 times stiffer (cube
of thickness ratio) in the vertical direction, to prevent stiction, while only
increasing the axial stiffness of the device by about 1.8 times (linear thicknes
ratio). Type A and Type B grippers were implemented in both single and double

height designs.
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Figure 7.2.2: Single Height (Top) and Double Height (Bottom) Gripper Structures

The jaw design was implemented in single and double height structures as

shown in Figure 7.2.3 and Figure 7.2.4.

These two designs enable axial squeezing of cells with diameters of 7 ym and

8.5 um with the force application at the exact center of the cell.

The second modification was the elimination of the cantilevered gripper. Type B
designs have been anchored on the cell squeezing end, with the three springs in
a triangular configuration axial stiffness. By having the gripper anchored to the

substrate on both ends, stiction due to drooping should be greatly reduced. See

Appendix F for a summary table of chip CS4.
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Figure 7.2.3: Single Layer Jaw Design (Not to Scale)

Figure 7.2.4: Double Height Jaw Design (Not to Scale)
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All Yamahata combs on CS4 were designed with a pitch of 10 ym. The reference
combs use in the CS2 designs did not affect the displacement measurement
unless the camera or table was moved during testing. For this reason, on the

CS4 designs, the reference combs were not included on all devices.

The cell stiffness can be calculated for Type B grippers similarly to the calculation
for Type A grippers. Using the Yamahata technique, the displacements of the CC
and IC are determined. Using these displacement measurements, the stiffness of

the cell can be calculated as follows for a B Type Gripper (Figure 7.2.5):
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Figure 7.2.5: Spring System Schematic for B Type Cell Squeezer

Spring/2

KSpring (XIC— ZXCC)
Keen = X

Equation 7.2.1

8.1 Double Height Spring Design
The double height S-springs in the gripper system were designed following the

formulas by Lai just as in the single height case. The S-springs designed for CS4
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did not incorporate dimples. The use of dimples prevents the devices from
getting stuck to the substrate during fabrication, but dragging of the dimples on
the substrate during cell squeezing would falsely increase the measured value of
cell stiffness. Increasing the thickness of the spring would make it less likely to
adhere to the substrate during fabrication so dimples were not used in this
design. The stiffness of these springs predicted from the formulations by Lai
(200%5), and the actual stiffness modeled in COMSOL is presented in Table 8.1.1.
See Appendix B for a summary of the COMSOL model. Micrographs of the

springs are displayed in Figure 8.1.1.

Table 8.1.1: CS2 Spring Stiffness for S-springs

K2A K2B K7A K7B K12A | K12B
Lai Formulas 0.2 0.5 1.0 2.3 1.8 4.3
(MN/pm)

COMSOL 8.1 15.4 26.9 51.3 45.8 83.4
(MN/pm)

The formulations created by Lai apply to springs with a 2 by 2 um cross section.
The springs designed for this work had 3.5 by 3.5 ym cross sections. This
accounts for the discrepancy between predictions with Lai’s formulas, and the

COMSOL results.
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Figure 8.1.1: Micrograph of Fabricated Double Height S-Springs (Note No Dimples)

8.2 U-Spring Design
The U-springs were designed as in the single height case. Two U-springs were
implemented, KDS and KDL (K double height small and K double height large).
The stiffness of these springs predicted from the formulations by Lai (2005), and
the actual stiffness modeled in COMSOL is presented in Table 8.2.1. See
Appendix B for a summary of the COMSOL model. Micrographs of the springs

are displayed in Figure 8.2.1.

Table 8.2.1: CS2 Spring Stiffness for S-springs

KDS KDL
Lai Formulas 5.7 29
(MN/pm)
COMSOL 29 103
(MN/um)
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Figure 8.2.1: Micrograph of Fabricated Double Height U-Springs

As mentioned in the single height spring section, all calculations for cell

mechanical properties used the values determined with COMSOL.

8.3 CS4 Testing of A and B Type Grippers

Initial testing of CS4 devices indicate that many of the devices had suffered from
fabrication stiction. Neither single layer Type A or Type B designs were usable
due to low yield (see Appendix G). Increasing the thickness of the Type A
grippers from single layer to double layer resulted in an improvement of almost 4
times in the number of working devices, but stiction rendered the measurement

devices useless Figure 8.3.1.
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Figure 8.3.1: Percentage of Working Devices Based on Device Type

Increasing the thickness of the Type B grippers from single to double layer
resulted in an improvement of almost 7 times in the number of working devices.
Approximately 60% of double layer Type B designs were usable across all 15

chips.

CS4 testing was performed on double height Type B structures, initially with no

cell present, then with pseudo cells (U-springs), and finally with yeast cells.

8.3.1 No Cell

Testing of the Type B designs with no cell present (Figure 8.3.2) resulted in
motion closer to that of a rigid body than CS2 designs (Figure 8.3.3). The offset
between the Input Comb (IC) and Cell Comb (CC) final displacement ranged
from 0.2 ym to 0.4 pm. It is possible that some of this discrepancy is a result of

the end of the gripper ‘drooping’ toward the substrate. If the gripper was at an
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angle of even 0.05°-0.1° below horizontal, this would be enough to result in a loss

of 0.2 to 0.4 um across the 214 um cantilevered length of the system.

c :.. S— .
. y € ——
= =

Figure 8.3.2: CS4 ( B-Type Double Height with Spring K=104 pN/um)
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Figure 8.3.3.: CS4 (B- Type Double Height with Spring K=104 puN/um): Displacement vs Voltage for IC
and CC

8.3.2 Spring Cells
Double height Type B grippers with U-springs (pseudo cells) of 29 uN/um and
103 uN/um were tested, and the values calculated for the pseudo cells based on

the displacement measurements.

The first case was for the U-spring with a stiffness of 29 uN/um (Figure 8.3.5).
Data was collected from 4 chips. Each chip was tested 3 times, and each set of
data analysed for 3 different ROIs resulting in 36 values for each data point

(Figure 8.3.6).

Residual stress from manufacturing resulted in preload forces within the springs.
This is observed in Figure 8.3.4, which shows the initial position of the moving
and reference comb. The slight offset of the combs indicates residual stresses

were present.
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Figure 8.3.4: Initial Comb Position (0V)

The residual preloads existing in the springs following fabrication likely caused
some error in the cell stiffness measurements at small voltages and
displacements (See Appendix H). Therefore, data below 2 volts is disregarded in
all cases for the stiffness calculations (from figure 8.3.5 this corresponds to a
displ of about .2 um). At larger displacements, the small preload displacement
has less of an effect on the measured stiffness, resulting in an error of
approximately 4 -7 % at final displacements. The calculated value of stiffness

(averaged from 2 to 8 V) was 20 uN/um, having a 41% absolute error.
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Figure 8.3.5: CS4 (Double Height with Spring K=15 pN/um and U-Spring 29=pN/um)

w
[0,

w
o

N
[0,

N
o

[EEN
(92}

—&— Experimental Kc

Kc (kN/puM)

[EEN
o

——Kc (COMSOL)

0 1 2 3 4 5 6 7 8
Voltage (V)

Figure 8.3.6: CS4 (Double Height with Spring K=15 uN/um and U-Spring 29=uN/um): Kc vs Voltage
(Experimental and COMSOL Kc)
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The second case was for the U-spring of 103 uN/um (Figure 8.3.7). Data was
collected from 6 chips. Each chip was tested 3 times, and each set of data
analysed for 3 different ROls resulting in 54 values for each data point (Figure
8.3.8). The calculated value of stiffness (averaged from 2 to 8 V) was 103

MN/um.

Figure 8.3.7: CS4 (Double Height with Spring K=83 puN/um and U-Spring 104=uN/um)
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Figure 8.3.8: CS4 (Double Height with Spring K=83 puN/um and U-Spring 104=uN/um): Kc vc Voltage
(Experimental and actual Kc)
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Chapter 9: Cell Testing with CS4

9.1 Scope of Cell Testing

Based on exploration of the CS designs on CS4, it was determined that the
double height Type B structures were the most suitable for cell testing.
Successful cell testing was performed with B Type designs on 4 different chips.

As the forces applied were at or near the chevron force limit, many tests were

disregarded as a result of chevron buckling at high voltages (Figure 9.1.1).

120 um

Figure 9.1.1: Buckled Chevron

9.2 Cell Preparation and Placement Method

Cell placement was performed using the well-established technique of the glass
capillary micropipette. As the cell testing is being performed as a proof of
concept, processing of large number of single cells was not performed. This

means costly, automated systems for cell manipulation can be avoided.

9.2.1 Yeast Preparation

Baker’s yeast, Saccharomyces cerevisiae, was used for cell testing as it is
readily available, robust, and does not require an ethics procedure to use in the
lab. The yeast was prepared according to manufacturer’s instructions.

Fleischmann’s Active Dry Yeast was used. The yeast was mixed with 38°C
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water, and sugar at ratios of 11:50:5 respectively. The mixture was left to stand
for 10 minutes, at which point the mixture doubles in size. Small amounts of the

mixture are diluted with 38°C water for viewing under the microscope.

9.2.2 Hardware

The cell pick and place system made use of the Wentworth™ Probestation Model
901 microscope, an additional side-mounted light source, a micropipette
mounted on a 3 degree of freedom Wentworth™ probe station (Model
PRO195LH), Polytetrafluroethylene tape by Seal Tape, Inc., 1.40 mm inner
diameter and 1.80 mm outer diameter polyethylene capillary tubing, a 10 pyL
syringe, and the high resolution camera by Point Grey™. A schematic of this
system is presented in Figure 9.2.1 [8] and the implemented system is presented

in Figure 9.2.2 and Figure 9.2.3.
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Figure 9.2.1: Cell Placement System Schematic (Adapted from [8])

The micro-pipette was created using a standard glass capillary tube by Kimble
Glass Inc.. The initial tube had an inner diameter of 0.8 mm, outer diameter of
1.10 mm, and length of 100 mm. The tip was drawn to diameters ranging from 4
to 8 um using a KOPF Model 730 Needle/Pipette Puller. Two pulls with settings
of heat 1=20 and heat 2=11 were performed to draw the tips. The wide end of the
micro pipette was inserted into the pipette holder, to prevent damage to the tip. A
tight seal was insured by wrapping Teflon tape around the pipette prior to
insertion into the tubing. The micropipette holder was mounted on the 3 degree
of freedom probe station and connected to the tubing. The capillary tube was
sealed to the 10 pL syringe with epoxy, and both the syringe and tubing were

filled with vegetable oil. The use of vegetable oil in the system prevented
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compression of the air pockets within the syringe and tubing, providing constant

suction.

Figure 9.2.2: Cell Placement System
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Figure 9.2.3: Cell Placement System Close-up (Syringe Capillary Tubing and Micropipette)

9.2.3 Procedure

A slide with a drop of water containing active yeast is mounted on the ZIF socket
under the microscope. A target cell is chosen, and the tip of the micropipette is
moved using the probe station until it is touching the cell. Negative pressure was
applied to the capillary tube by drawing the stopper out of the syringe, controlling
the aspiration of a desired cell. The cell is held with negative pressure to the tip

of the micropipette (Figure 9.2.4).
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Figure 9.2.4: Cell Capture

The probe station with 3 degrees of freedom is used to manually manipulate the
micropipette and control its tip position. The micropipette is then lifted from the
slide so the CS4 chip can be mounted in the ZIF socket. The cell is lowered and

positioned between the jaws of the desired gripper (Figure 9.2.5).

Figure 9.2.5: Initial Cell Placement
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A few Pascals of positive pressure are created by pushing the stopper of the
micro-syringe a small amount, releasing the cell in the desired location (Figure

9.2.6).

Figure 9.2.6: Final Cell Placement

During this process some problems were encountered. The first main problem
involved cell capture. When using the micropipette to lift the cell out of the
solution, the negative pressure was often not adequate to overcome the surface
tension at the surface of the solution. This was overcome by allowing the fluid to
evaporate to approximately the surface of the cell, thus breaking the surface of
the fluid. The cell could then be easily lifted from the substrate. The next issue
was the positioning of the cell within the jaw of the gripper. It was very difficult to
lower to cell to the appropriate depth. Overshooting resulted in breaking the

pipette, and rupturing the cell. The pipette had to been brought into focus
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approximately 20 ym above the gripper. Then the focal plane was lowered about
a micron at a time with the fine adjustment knob. The cell and pipette were then
lowered into the focal plane. This prevented the pipette from inadvertently being

forced into the substrate.
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9.3 Sample Cell Testing Results - CS4BP1P2K83 Cell 1

This section will outline sample results for testing performed on Cell 1 (

Figure 9.3.1). Data was collected three times for squeezing of the cell in 0.5 V

increments from 0 to 8 V.
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Figure 9.3.1: Testing with Cell 1: CS4 (Double Height K=104 uN/um)

The three data sets were each analyzed with three different regions of interest
selected for the Yamahata analysis. This results in data points representing 9
values. Error bars for each point in the graphs are the standard deviations of nine
samples: 3 different trials, each first averaged over 3 ROIs. In the case of

calculated values such as force and stress where multiple measurements are
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combined, the standard additive and multiplicative formulas for combining errors

were used e.g.
if A= B+C — AA = AB + AC,
if A = B*C — (AA/A)? = (AB/B)? + (AC/C)?,
if A = AB, AA = AAB).

The resultant stiffness versus voltage curve is displayed in Figure 9.3.2. The
calculated cell stiffness for Cell 1 is 18.4 uN/um, based on an average of Kc from

4to8YV.
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Figure 9.3.2: Cell 1 - Stiffness vs Voltage
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The force versus displacement curve is presented in Figure 9.3.3.The calculated

stiffness from the slope is 18.4 uN/um, same as before.

30
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Displacement um

Figure 9.3.3: Cell 1 - Force vs Displacement

The stress versus strain curve for Cell 1 is presented in Figure 9.3.4. This
calculation is based on a constant area of contact, 4 pm?, the face of the gripper.
The strain, €, is calculated as the change in diameter of the cell divided by the

original diameter of the cell (as described in Chapter 4).
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Figure 9.3.4: Cell 1 - Stress vs Strain

9.4 Yeast Cell Testing Result Cells 1,3,5,6,

Cell testing was successfully performed on four different yeast cells: Cells 1, 3, 5
& 6. The numbers are not consecutive because some cells (2, 4 & 7) were failed
test attempts (cells stuck to jaw, buckled chevrons, etc.). Cell stiffness and
Young’s modulus we calculated in each case (Table 9.4.1). The force versus
displacement curves and the stress versus strain curves from which the stiffness
and Young’s moduli were determined are presented in Figure 9.4.2 and Figure

9.4.2.
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Table 9.4.1: Experimental Cell Properties

Diameter (um) Stiffness (UN/um) Young's Modulus (Mpa)
5.0+ 0.2 6.5+3.3 13971
8.5+ 0.2 17.0+* 31 36.52 £ 6.7
Cell 1 8.6+0.2 18.4+1.0 39.6+2.2
Cell 6 9.0+ 0.2 19.0+1.2 408 +2.7
30
@ Cell6
55 y =19.0x
20 @ Cell1
3 y = 18.4x
2
o 15
o Cell 5
LE y =17.0x
10
o Cell 3
5 y = 6.5x
0 2
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Displacement (um)

Figure 9.4.1: Force versus Displacement for 4 Yeast Cells

100




8
®Cell6
7 y = 40.8x
6
—_ ¢ Celll
85 y = 39.6x
=
=4
9 Cell 5
g3 y = 36.5x
e
(V)
2 Cell 3
1 y =13.9x
0 ¢
0.00 0.05 0.10 0.15 0.20
Strain (&)

Figure 9.4.2: Stress versus Strain for 4 Yeast Cells

The Young’s moduli of the four cells range from 13.9- 40.8 MPa, and the
stiffnesses ranged from 6.5 - 19.0 yN/um. It is hard to establish a trend with
respect to cell diameter will such a small sample size, but it appears that stiffness

and Young’s Modulus increase with increasing cell diameter (see Figure 9.4.3).
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Figure 9.4.3: Stiffness versus Diameter for 4 Yeast Cells
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Chapter 10:

Discussion

The experimental results of this work will be discussed with respect to previous

experimental testing performed on yeast, and possible sources of error will be

outlined.

10.1 Comparison to Existing Literature

In order to compare the experimental results of this research to existing work, a

small literature review was performed. Work by teams investigating the

mechanical properties of yeast is presented in Table 10.1.1.

Table 10.1.1: Yeast Cell Mechanical Properties. Highlighted Entries: Large Cell Deformation
(*Max Indentation Values Were Interpreted from Graphs and Figures As Not Explicitly Stated

in Literature)

Stiffness | Young’s Technique Max Source
(MN/um) | Modulus Indentation
(Mpa) (pm)*
- 0.6 Nano-indentation ~0.055 Touhami et
Technique Aquatic Test al, 2003 [20]
0.73 Nano-indentation and ~0.007 Pelling et al,
Oscillation Aquatic Test 2004 [32]
- 2.0 Nano-indentation ~0.06 Lanero et al,
Technique Aquatic Test 2006 [33]
~1 3.24 Nano-indentation Fukuda,
Technique Nakajima,
and Ahmad,
2011 [18]
~1 3.53 Nano-indentation 1 Ahmad et al,
Technique 2008 [34]
6-19 27 MEMS Cell Squeezer ~5 Schwartz,
(This Work) 2012
- 29 Pressurised Elastic NA Vella et al,
Shell Model 2011 [22]
~11 112 Optic Fiber Probe ~4 Smith et al,
Compression Aquatic 2009 [19]
Test
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Some different experimental techniques were employed by the different teams.
Optic fiber probe compression techniques used large cell indentation, on the
order of microns, and allowed global cell properties to be determined. Nano-
indentation techniques reviewed used small cell indentations, on the order of
nanometers. The large discrepancy between data obtained for local versus

global techniques indicates that different aspects of the cell elasticity are being
explored by the two approaches [33]. “Further progress is restricted by the lack of
fundamental understanding and characterization of the mechanical properties of

the yeast cell wall.” [38]

A team lead by Vella modeled the yeast cell as a pressurized elastic shell,
performing an analytical study of the associated shell equations with finite
element modeling and macroscopic experiments [22].This work indicated that
there are two linear regimes in the force versus displacement curve for yeast;
one for small indentations (smaller than the membrane thickness), and one for
large indentations (larger than the membrane thickness). This means there are

two separate linear stiffnesses, one associated with each regime [22].

Nano-indentation techniques may not represent actual global cell stiffness as
extra dissipation force may be included in the measurement for the global spring

[18].

This cell squeezing technique used in this thesis work was large cell indentation.
As ‘whole cell’ squeezing is being performed, the mechanical properties

determined are global.
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The stiffnesses determined in this work ranged from 7 — 19 uN/um. Smith used a
similar cell squeezing technique, finding a cell stiffness of 11 uN/um [19]. The

values determined

in this work are of the same order of magnitude, but slightly
higher. This is likely a result of the testing environment. Smith’s tests were
performed in an aqueous environment, where this work was performed on a dry
chip. Also, different strains of yeast were used. The values of cell stiffness

reported for nano-indentation techniques was much lower, around 1 yN/um. It is

possible that these techniques are measuring a localized stiffness.

The range of Young’s modulus determined in this work ranged from 14 to 41
MPa. This most closely resembles the results found by Vella (2011) where the
predicted range for Young’s modulus of yeast was from 12 to 46 MPa. The
experimental measure of Young’s modulus in this work is an approximation
based on simplification of the contact area, while the stiffness is a pure measure,

based only on cell deformation.

10.2 Sources of Error

10.2.1 Cell Effects

There are many possible sources for error in the developed measurement
system. This section will address the main sources including: yeast cell testing in
non-aqueous environment, the two- dimensional approximation for stress and

strain calculations, possible cell hardening due to micro-pipette aspiration and
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residual stress inherent in the device which affects measurements at low

displacements (below 0.2 uym).

The cellular spring constant has been shown to depend on the extracellular
osmotic pressure [21]. For this reason, most yeast test procedures described in
literature employ an aqueous test environment. Due to large time requirements
and increased complexity for an aqueous test device, initial test devices were
designed to be tested dry. Cell drying prior to testing likely resulted in cell
stiffening, resulting in measured cell stiffnesses higher than those reported in

other literature.

It has been shown that micropipette aspiration can cause cell hardening [39]. It is
possible that there is some residual cell hardening prior to testing as a result of

cell placement.

10.2.2 Measurements at Small Displacements
As seen in Figure 9.3.2, at small displacements 0.22 um the stiffness
measurements (0 to 4 V) are different than at high displacement. There are a

number of hypotheses for why this is:

1) The assumption of constant area not accurate. At low displacements the
contact area is small similar to AFM, while at high displacements, the contact is

large similar to micro-plate compression

The measurement technique developed uses an assumed area of 4 pmz. The
calculated value of Young’s modulus is dependent on this value. In reality the cell
is deforming during squeezing, so the cell cross sectional area is increasing. This
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would result in a non-linear stress strain relationship. The area of 4 um?is
equivalent to the cross sectional area of the cell at a midway point where the
diameter is 2.25 ym. The calculated stress strain relationship is therefore linear

about this chosen midway point.

2) The above hypothesis explains low stiffness values at low displacements;

however some had low stiffness at high displacement.

Another possible explanation is that measurements at small displacements are
negatively influenced by residual preloads existing in the springs (See Appendix
H). Assuming a preload on the order of .2 um, this would produce a 100% error

at.2 ym, butonly a 4 - 7% error at 5 um.

3) The system is not able to account for cell deformation during squeezing, so

the resultant stress strain is a linear approximation of a more complex process.

Whatever the cause of these problems, the developed system should not be
used as a measurement tool for displacements smaller than 0.2 - 0.3 um. The
maximum displacement measured was approximately 2 um. Therefore the
system can only be used for the determination of global cell stiffness, and cannot

be used to measure localized stiffnesses.
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Chapter 11: Future Investigation

Determination of mechanical properties of the yeast cell is a complex problem.
The layered structure of the yeast cell wall adds complexity as not all layers

contribute equally to its mechanical strength [22].

There are many avenues for further research in this area. These include; fatigue
testing, vibration testing, testing of the cell in the various growth phases,
electrical shocking of the cell, comparison of cell indenter designs, and testing of

various types of cells.

Mechanical stimulation in the form of low magnitude, high frequency (LMHF)
vibration of cells has recently been shown to have positive effects on the skeletal
system [40]. Osteocytes, the cells comprising bone, are hypothesized to be the
mechanosensor which detects vibration stimulus [40]. Vibration can be used to
sensitize bone cells and improve their osteogenic, or bone building, response to
mechanical loading [41]. High frequency vibration has also been shown to have
an osteogenic, effect on the early stages of cell differentiation in stem cells [42].
Currently testing on osteocytes has been performed in gel cultures. This device
can perform vibration on a single cell sample in order to investigate the difference

in cell response when not in a culture.

Continuation of this thesis work should include the implementation of an aqueous
test environment (Figure 10.2.1). Initial designs have been completed, and will be
tested in the future. The device designed will be used to separate an individual

cell from a microorganism community. A fluid sample will be in injected into the
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system, and using optical microscopy the cell of interest will be detected and

clamped between the two grippers [43].

150 um Cell clamping site

Fluid
injection
site

Figure 10.2.1: Implementation of Fluid Channel for Cell Testing [43]

Devices enabling electric potential to be applied across the cell have also been
designed (Figure 10.2.2). It has been shown that electrical potential can influence

the structure and function of the cell membrane compartments, proteins, and lipid

bilayer [44].
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150 um ) Cell location

Figure 10.2.2: Implementation of Applied Electric Potential for Cell Testing [43]

Variations on the jaw designs have also been implemented (Figure 10.2.3). This

will allow for comparison of the different indenter geometries on cell response.

30 um

Figure 10.2.3: Jaw Design Variations [43]
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Research of a theoretical nature is also required to better interpret the results of

experimental cell testing. A quote from Arfsten sums this up:

“... the cellular spring constant is not solely a function of the cell wall mechanical
behavior but also of the cellular interior. That means that the cell stiffness is not
an intrinsic cell mechanical parameter. Moreover, it becomes clear that further
studies of a theoretical nature as well as experimental nature are required to
better understand the cell mechanical meaning of the obtained cell mechanical

parameter.” [21]
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Chapter 12: Conclusions

In conclusion, the objectives of the thesis work have been met. A device capable
of determining cell mechanical properties such as stiffness and Young’s modulus

has been designed, tested, and improved.

The first chip, IMUDTCS2 was implemented to test the appropriate pitch for
periodic displacement measuring structures, and test a Type A gripper design.
The appropriate pitch, 10 ym was determined and employed in the following
designs. Stiction problems with the first Type A gripper lead to the modification

and enhancement of the following designs.

The second chip, IMUDTCS4 incorporated Type B gripper designs which were
modified so not to be cantilevered. All designs were also enhanced with periodic
structures with a pitch of 10 ym, and with the incorporation of double height

spring to increase stiffness in the vertical direction, helping to prevent stiction.

Double height Type B grippers were used for cell testing as they were able to
measure the stiffness of a pseudo cell with great accuracy. Four cells were
successfully tested, with their stiffnesses ranging from 14 - 40 uN/um, and with
Young’s modulus ranging from 15 - 58 MPa, supporting the results of Vella [22].
As expected, these results fall in between the ranges experimentally determined
for nanoindentation techniques and micro-plate compression which had

complementary cell contact areas and cell deformation.

This work has established a starting point for future investigation in the Dalhousie

MEMS Research Group. It also adds to the literature base for the measurement
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of whole cell mechanical properties, as the majority of yeast cell testing studies

were performed using nano-indentation.
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Appendix A: PolyMUMPs™ Process Steps [4]

Photoresist

Silicon Substrate

FIGURE 1.2. The surface of the starting n-type (100) wafers are heavily doped with phosphorus in a standard
diffusion furnace using a PSG film as the dopant source. After removal of this PSG film, a 600 nm blanket layer of low
stress silicon nitnide (Nitride) 15 deposited followed by a blanket layer of 500 nm polysilicon (Poly 0). The wafers are then
coated with UV-sensitrve photoresist.

Patterned
Photoresist

Silicon Substrate

FIGURE 1.3. The photoresist is kithographically patterned by exposing it to UV light through the first level mask

(POLYU) and then developing it. The photoresist in exposed areas 1s removed leaving behind 2 patterned photoresist
mask for etching.
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Poly 0 Poly O

Silicon Substrate

FIGURE 1.4. Plasma etching is used to remove the unwanted polysilicon. After the etch, the photoresist 1s
chemucally stripped in a solvent bath. This method of patterning the wafers with photoresist, etching and stripping the
remaining photoresist is used repeatedly in the PolyMUMPs process.

1st OXIDE
POLY O

Silicon Substrate

FIGURE 1.5. A20umlayer of PSG is deposited on the wafers by low pressure chemical vapor deposition
(LPCVD). Ths is the first sacrificial layer.

1st OXIDE
POLY O

Silicon Substrate

FIGURE 1.6. The wafers are coated with photoresist and the second level (DIMPLE) is lithographically patterned.
The dimples, 750 nm deep, are reactive ion etched (RIE) into the first oxide layer. After the etch, the photoresist is
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Dimples

Anchor 1 /'/

Etch \

\‘ Anchor 1

J Etch
1st OXIDE

POLY 0

Silicon Substrate

FIGURE 1.7. The wafers are re-coated with photoresist and the third level (ANCHORI) 1s lithographically
patterned. The unwanted oxide is removed in an RIEprocess and the photoresist 1s stripped.

PSG mask

T

POLY 1

1st OXIDE
POLY 0

Silicon Substrate

FIGURE 1.8. Ablanket 2.0 un layer of un-doped polysilicon 1s deposited by LPCVD followed by the deposition
of 200 nm PSG and a 1050°C/1 hour anneal The anneal serves to both dope the polysilicon and reduce its residual
stress.

1st OXIDE
POLY 0

Silicon Substrate

FIGURE 1.9. The waferis coated with photoresist and the fousth level (POLY1) is lithographically patterned. The
PSG 15 first etched to create a hard mask and then Poly 1 15 etched by plasma processing. After the etch 1s completed, the
photoresist and PSG hard mask are removed.
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/ 2nd OXIDE \«

1st OXIDE
POLY O

Silicon Substrate

FIGURE 1.10. The Second Oxmide layer, 0.75 um of PSG, 15 deposited on the wafer. This layer 1s pattemed twice
to allow contact to hoth Poly 1 and substrate layers.

P1_P2_Via

P1_P2_Via
Etch

Etch

1st OXIDE
POLY D

Silicon Substrate

FIGURE 1.11. The wafer is coated with photoresist and the fifth level (POLY1_POLY?2_VIA) is kthographically
patterned. The unwanted Second Oxmide 1s RIE etched, stopping on Poly 1, and the photoresist 1s stnpped.
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P1_P2_Via ANCHOR 2 Etch P1_P2 Via
Etch 2nd OXIDE 2 Etch

2nd OXIDE

POLY 1 POLY 1

1st OXIDE 1st OXIDE

Silicon Substrate

FIGURE 1.12. The wafer s re-coated with photoresist and the sixth level (ANCHOR?2) 1s Lithographically
patterned. The Second and First Oxides are RIE etched, stopping on either Nitride or Poly 0, and the photoresist is
stupped. The ANCHOR? level provides openmngs for Poly 2 to contact with Nitnde or Polv 0.

PSG mask

s

POLY 2 POLY 2
2nd OXIDE 2nd OXIDE

POLY 1 POLY 1

1st OXIDE 1st OXIDE

Silicon Substrate

FIGURE 1.13. A 15 pumun-doped polysilicon layer is deposited followed by a 200 nm PSG hardmask layer. The
wafers are annealed at 1030°C for one hour to dope the polysilicon and reduce residual stress.
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Znd OXIDE 2nd OXIDE

POLY 1 POLY 1

1st OXIDE 1st OXIDE

Silicon Substrate

FIGURE 1.14. The wafer is coated with photoresist and the seventh level (POLY?) 1s lithographically pattemed.
The PSG hard mask and Poly 2 layers are etched and the photoresist and hard mask are removed. All mechanical
structures have now been fabncated. The remaining steps are to deposit the metal layer and remove the sacrificial oxides.

METAL METAL

2nd OXIDE 2nd OXIDE
POLY 1 POLY 1

1st OXIDE 1st OXIDE

Silicon Substrate

FIGURE 1.15. The waferis coated with photoresist and the eighth level (METAL) 1 ]thographlca]lv patterned.
The metal (gold with a thin adhesion layer) 1s deposited by hft-off patterming which does not require etching. The side wall
of the photoresist 15 sloped at a reentrant angle, which allows the metal to be deposited on the surfaces of the wafer and
the photaresist, but provides breaks in the continuty of the metal over the photoresist step. The photoresist and
unwanted metal (atop the photoresist) are then removed in a solvent bath. The process is now complete and the wafers
can be coated with a protective layer of photoresist and diced. The chips are sorted and shipped.
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METAL METAL

Silicon Substrate

FIGURE 1.16. The structures are released by immersing the chips in a 49% HF solution. The Poly 1 “rotor” can
be seen around the fixed Poly 2 hub. The stacks of Poly 1, Poly 2 and Metal on the sides represent the stators used to
drve the motor electrostatically.

120



Appendix B: COMSOL Multiphysics Model Validation Geomtery

[44]

Le

e
pa Y
| b 1 ANSYS
16b Z co-ordinate
la | system

1 13

3
N
A

Figure 1: Geometric Layout of an X-Joint [44]
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Table 1: X-Joint Variations [44]

Variation Folded Length [um] Unfolded Segme]lns SEng].ltS
L; L, L, Length [pm] 2 pm wide 4pm wide

X std 01 | 79.5 | 3975 [ 39.73 458 J1-16

X ostd 02 | 445 2225 22.25 260§ 1-16

X std 03 | 26.5 | 1325 13.25 158 1-16

X std_04 62 31 31 3394 1-16

X std 05 | 375 | 1775 17.73 2094 1-16

X wvar 01 | 795 | 3975 [ 39.73 458 §1-3.7-10. 14-16 4-6, 11-13

X owvar 02 | 795 | 3975 [ 39.73 458 §1-7.10-16 8-9

X wvar 03 | 79.5 | 39.75 [ 39.75 458 01.3.5.7.10,12. 14,16  2,4,6,8.9.11, 13,15

X var 04 | 79.5 | 3975 [ 39.75 458 § 1-5.10-13 5-8,12-16

X wvar 05 62 | 39.75 | 22.25 3594 1-16
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Table 2: Joint Segments of an S-Joint [44]

TJoint Point (X, Z) [nm] Angle Radius
Segment Start End Centre Start | End | [nml
la -15.0 -145.0
1b -145.0 -95.-6 -14.5. -6 -90° 0* 6
le -95.-6 -10.25.-1025 |-145.-6 0°] 45° 6
2 -10.25.-1025 | -L,.-L,
3a -L,.-L, -L,.-L;-4.5 -L,+2.25,-L,-2.25 ] 2257 [ 135° 3.18
3b -L,.-L-45 -L+45. -L,-45 | -L,+225 -L-2.25 ) 1357 45° 3.18
4 -L+45 -L45|-575.-1475
Sa -5.75,-14.75 0,-12.37 0.-20.5 225% | 270° 8.13
5b 0.-12.37 5.73.-14.75 0.-205 270° | 315° .13
6 5.75.-14.75 Ly-4.5, -Ly-4.5
Ta Ly-45. -Ly-45 | Ly -Ly4.5 Ly+2.25, -L-2.25 | 135° | 45 3.18
To L. -Liy-4.5 L. -Ly, L4225, -L,-2.25 459 | -45° 318
g L. -L 0.0
9 0.0 Ly L,
10a -L..L, -L,.L;+4.5 -L+2.25 L4225 135° | 225 3.18
10b -L,. L,+45 -L+45 L +45 | -L,+225 L +225 | 225° | 315 3.18
11 -L+45. L,+45 | -5.75.1475
12a -5.75, 1475 0,12.37 0.20.5 135°| 90° 8.13
12b 0,12.37 5.75.14.75 0.20.5 90° | 45 .13
13 5.75.14.75 Ly-4.5, Ly+4.5
14a L-45 Ly+45 | Ly Ly+4.5 Ly+2.25 L +225 | 225° | 315° 318
14b L. Ly+45 L. Ly, L4225 L +225 | -45°| 45° 318
15 L,.L, 10.25,10.25
16a 10.25,10.25 05.6 145.6 225 | 180 6
16b 95,6 145.0 145.6 180 90 6
l6¢c 145.0 15.0
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Appendix C: IMUDTCS2 Schematic
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Appendix D: IMUDTCS2 Summary

P = pitch of comb (um)

K= Spring stiffness (uUN/um) L= length of ‘U=spring’ (um)

Chevron Driven

Probe Driven

Yamahata | Pseudo Cell Test Cell | Yamahata | Pseudo Cell Test Cell
(2X) K=4.1 | L=15 | K=4.1 (2X) K=4.1 | L=15 | (6X)
P=8, P=10 | P=2 L=60 | P=2 P=4 P=2 L=22 | K=4.1
L=120 L=60 |P=2
L=120
(2X) K=40 |L=15 | K=40 (2X) K=40 |L=15 | (6X)
P=4, P=6 P=2 P=2 P=6 P=2 L=22 | K=40
L=60 L=60 | P=2
L=120 L=120
Rotational | K=91 | L=15 | K=91 (2X) K=91 |L=15 | (6X)
P=2 P=2 P=8 pP=2 L=22 | K=91
L=60 L=60 |P=2
L=120 L=120
K=140 | L=15 | K=140 (2X) K=140 | L=15 | (6X)
P=2 P=2 P=10 P=2 L=22 | K=140
L=60 L=60 |P=2
L=120 L=120
K=154 | L=15 | K=154 K=154 | L=15 | (6X)
P=2 P=2 P=2 L=22 | K=154
L=60 L=60 |P=2
L=120 L=120
K=175 K=175 | L=15 | (6X)
P=2 P=2 L=22 | K=175
P=2
L=60
L=120
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Appendix E: IMUDTCS4 Schematic
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Appendix F: IMUDTCS4 Summary

Stiffness | Stiffness | Stiffness
Design (MN/gm) | (UN/um) | (UN/um)
2.0 7.0 12.0
A P1 44 134 203
P1-P2 8.1 27 46
B P1 44 134 203
k1
82 203 294
k2
P1-P2 8.1 27 46
k1
15.4 51.3 83.4
k2
C P1 44 134 203
P1-P2 8.1 27 46
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Appendix G: IMUDTCS4 Test Report
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Appendix H: Residual Stress Hypothesis

1] Theory: Preload from fabrication in the springs
Consider:

A spring ‘K’ with some existing

\"f compression of X’

A] Compress the spring an additional ‘x’

Actual Measured
p = F B F " B F
act — (x + x) - Zx meas — (x)

Stiffness measured is twice the actual design

stiffness. This is an error of 100%.

B] Compress the spring an additional 10 ‘x’

Actual Measured

y - F _F r o F
@<t (x +10x) 11 meas T (10x)

Stiffness measured is 1.1 times the actual design.

In this case, because the displacement is much

larger than the preload compression, the error is

lower; 10%.
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Application to Experimental Results:

A] Pseudo cells

120

100

80 -

Kc vs Voltage (CS4BP1P2C103K83) N=6

i
‘3 —#— Experimental K¢
= Actual K¢
20 A
0
2 3 4 5 6 7 8
Voltage (V)
Kc vs Voltage (CS4BP1P2C29K15) N=4
35
30
s 25
?:_:_. 20
S
= 15

—+— Experimental Kc

Actual Ke

Voltage (V)

The springs in the designs implemented with pseudo cells (U-springs) appear to

have been under existing extension loads. This would cause the initial

measurements of cell stiffness to be less than the actual stiffness.
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B] Cell Testing

Kc (LN/uM)
= N w B
o o o o

o

Cell 1 Stiffness vs Voltage

350
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§ 200
= 150
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5
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5
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Cell 5 Stiffness vs Voltage Cell 6 Stiffness vs Voltage

180 50
160
140 40
S 120 s
3 100 5 30
2 3
2 & 220
< 60 <
40
0 10
° 0 5 10 0
0 5 10
Voltage (V) Voltage (V)

The results of cell testing indicate that the springs in the cell testing devices were

under some initial compression, inflating initial measured values for cell stiffness.

The final step in the MEMS fabrication process is a baking cycle which is

implemented to reduce any residual stresses present, but it is not 100% effective.

The case for Cell 1 reached a steady value for cell stiffness at 2.5 volts, a
displacement of 0.188 um. At this point the preload was overcome. The final cell
displacement was 1.447 um. The final measured value for cell stiffness would

therefore be approximately12% greater than the actual stiffness.
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