University of Connecticut

LIBRARY OpenCommons@UConn

Master's Theses University of Connecticut Graduate School

5-4-2015

Polymer Based Micro Scale Force Sensing
Cantilevers for Biosample Manipulation and
Measurements

Hasan S. Faz

University of Connecticut - Storrs, hasan.flaz@uconn.edu

Recommended Citation
Fiaz, Hasan S., "Polymer Based Micro Scale Force Sensing Cantilevers for Biosample Manipulation and Measurements" (2015).

Master’s Theses. 747.
https://opencommons.uconn.edu/gs_theses/747

This work is brought to you for free and open access by the University of Connecticut Graduate School at OpenCommons@UConn. It has been
accepted for inclusion in Master's Theses by an authorized administrator of OpenCommons@UConn. For more information, please contact

opencommons@uconn.edu.


http://lib.uconn.edu/
http://lib.uconn.edu/
http://lib.uconn.edu/
https://opencommons.uconn.edu
https://opencommons.uconn.edu/gs_theses
https://opencommons.uconn.edu/gs
mailto:opencommons@uconn.edu

Polymer Based Micro Scale Force Sensing Cantilevers for Biosample
Manipulation and Measurements

Hasan Syed Fiaz

B.S., University of Engineering and Technology, 2012

A Thesis
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
At the
University of Connecticut

2015



Copyright by

Hasan Syed Fiaz

[2015]



APPROVAL PAGE

Master of Science Thesis

Polymer Based Micro Scale Force Sensing Cantilevers for Biosample
Manipulation and Measurements

Presented by

Hasan Syed Fiaz, B.S.

Major Advisor

Kazunori Hoshino

Associate Advisor

Quing Zhu

Associate Advisor

Guoan Zheng

University of Connecticut

2015



Acknowledgements

All the praises and thanks belong to God Almighty for bestowing His gracious blessings.
First and foremost, | would like to express my deepest gratitude to my major advisor, Dr.
Kazunori Hoshino. Throughout my time at the Nano and Micro-Scale Optical Imaging and
Mechanical Sensing for Biomedical Analysis Laboratory, he has provided strong support in
every aspect. He has offered me guidance, encouragement, professional advice and constructive
criticism for which | will be extremely grateful. | would like to thank my other committee

members, Dr. Quing Zhu and Dr. Guoan Zheng, for their guidance and support.

| also extend an expression of special thanks to my colleagues, Devina Jaiswal, Radhika
Shiradkar and Soliman Alhudaithy, for supporting and encouraging me throughout my Master’s
studies. Words are inadequate to express my gratitude for my family and friends. | like to thank
some wonderful people here in University of Connecticut, Meenakshi Sharma, Gagan Sharma,

Gil Banton, Leah Ward, Siyuan Dong, Kaikai Guo and Bian Zichao.

More specifically, | would like to dedicate this thesis to my mother, Mrs. Shamim Fiaz,
my father, Dr. Fiaz Hussain Shah, and my fiancé, Sana Batool. This work was possible due to

their valuable guidance, sacrifices, endless support, understanding and love.



Table of Contents

APPIOVAL PAGE ... .ttt ettt et et e e st e e te e s e R e et et e Re e te e e ra e aeeteeneenreereanes iii
ACKNOWIBAGEMENTS ...ttt e e e s e e teese e s re e beeaesreenreeneennes iv
110 (o) O] 01 (=] U TRRTR %
LIST OF FIQUIES ...ttt ettt et se e s b e e e e st et e e nbeeneenreenteenee e vii
LISE OF TADIES ...ttt et et r et et esneesreeneeereenae e X
N 011 = Tod OSSPSR xi
Chapter 1 INTTOTQUCTION ...ttt bbbt 1
1.1 Background and MOTIVALIONS ........cc.oiueiieriirieiiniiiieie ettt bbb 1
1.2 AIMS OF TNESIS ...ttt ettt e st e e e s e ste e st e st e steenteaneenreeneeenes 5
1.3 THESIS OULIINE ...ttt nte e e reesbe et eeneenreeneeenes 6
Chapter 2 Polymer based CANtIIEVETS ..o 8
2.1 MechaniCs Of CANTHEVEN ........ooiiiiee e e 8
2.1.1 StreSS diStrIDULION. .......oiviiiiiiiieieie e et 8
2.1.2 CantileVer DENGING ......ccovi ittt re e te e nre s 13
2.1.3 Strain produced at the fixed end of CantileVer ..o 15

2.2 Polymer as cantilever Material............ccocviveiiiiiie e 17
2.2.1 SU-8 a5 @ deViCe MALEIIAl .......cceieiiiiiieieie et 18

2.3 Sensor read-0Ut PrINCIPIES. .....ccuii it sreas 19
W e (o] o0 1 T=To o (1] o | o IS SRR PSUSRRIN 20
Chapter 3 Fabrication of polymer based micro scale force sensing cantilevers.............c.cccocvc.... 24
3.1 SU-8 patterning on glass SUDSTIALE..........cccveiieiicieceece e 25
3.1.1 SUDSEIAtE PrEtr AL ......cveeiiivie ettt e ste e re e be e nre s 26
3.1.2 SPIN COALING «.euvieveeiieite ettt et e st e et e s ae e ste e st e sbe e beessesaeesteenseareenteannenreas 26

S 1.3 EXPOSUIE ..otttk h ettt bbb n e 27

3. 1.4 SU-8 dEVEIOPIMENT ... 28

3.2 Thin chromium film depPOSITION ........ccoiiiiiiiii e 29
3.3 Positive photoresist patterning (masking 1ayer) ..o 30
3.3 L SPIN COALING ...ttt bbbt b ettt b ettt b e e e e 31
3.3 2 EXPOSUIE ..ttt bbbt b et R e bRt n e nne s 32



3.3.3 Positive photoresist deVelOPMENt ..o 33

B ELCNING -ttt bbbt n e 35
3.5 Removal of positive photoresist and release of device from substrate..........cc.ccceevevvrnnnen. 36
Chapter 4 Experimental setup, results and analysis............cccoeriiiiiiiiiieie e, 38
4.1 Preparation of eXperimental SETUD ..o 38
4.1.1 Attachment of cantilever based sensor on a base...........ccoocvevvviiiiiiniesce e 38
4.1.2 Electrical connection of wires with thin chromium film pads for transduction ........... 39

4.2 EXPEIIMENTAL SELUP....cuveivieiiciecteee ettt et e st e e esnaesreeneeanes 41
4.3 Experiment to calibrate CantileVErS..........coovviveiiiie e 43
4,31 RESUIES ...ttt bbbttt bbb e 47
4.3.2 DISCUSSION ...ttt sttt ettt st bbbttt et bbbt bt st e s e st et et st e e be et e e b e e neene e st s 54

4.4 Experiment to find stiffness of elastic PDMS micro pillar............ccccoooveveiieiieeiicc e 55
A4 L RESUIS ...ttt bbbt bbbt es 59
O B T 1ot U] (o] o S SUTTRPSTORRP 60

4.5 Experiments to measure force in cancer cell manipulation .............cccccvevveiieviecie e, 61
A5, 1 RESUIS ...ttt bbb bbb e 64
A B [T 1 1] (o] o SRR 65
Chapter 5 CONCIUSION. ....c.eiiiiiieie bbbttt bbbt 68
5.1 FULUIE QIFECTIONS ...vveeeeieeie ettt ettt ettt et e st e steeteeneesseeneeeneenaeeseeneeaneeseaneenreas 70

L E =T =] 0TSSR 72

Vi



List of Figures

Figure 1.1 Schematic of cantilever and cluster of cancer cells............ccoevviiiiiiinci 6
Figure 2.1 Model of cantilever (Redrawn from Zhang and Hoshino, 2014) ..........c.ccccvovvieienenen. 9
Figure 2.2 Stress distribution in an uniform and symmetric cantilever beam ..............ccccoevveienen. 9

Figure 2.3 Part of cantilever separated at imaginary cross section

(Redrawn from Zhang and HOShINO, 2014) .......cuoiiiiiiieiiee e 10
Figure 2.4 Force equilibrium (Redrawn from Zhang and Hoshino, 2014)...........cccccoovviiiicienn, 10
Figure 2.5 Moment equilibrium: moment induced by stress distribution...........c..ccccceviviieieenenn, 11

Figure 2.6 Integration to show the second momentum of area

(Redrawn from Zhang and HOShINO, 2014) .......ccuiiiiiiiiieie e 12
Figure 2.7. Radius of curvature (Redrawn from Zhang and Hoshino, 2014) ...........c.ccccvvvieienn, 13
Figure 2.8 Case study of points of Stresses on CantileVer ... 16
Figure 2.9 Schematic view of using thin metal film resistors for read-out................cccccveveieenenn. 19
Figure 2.10 Schematic view of proposed design of polymer based cantilever..............c..ccce...... 20
Figure 3.1 Schematic illustration of complete fabrication process flow ...........cc.ccocvvviiiiicinnn, 24

Figure 3.2 Typical process flow illustration of SU-8 patterning by UV lithography

(Redrawn from MicroChem SU-8 processing guidelings) .........cccovvvvieieeieiieieece e, 25
Figure 3.3 Side view schematic of spin coating SU-8 on glass substrate..............cccccevveveiiennenn, 26
Figure 3.4 Schematic 0f UV lIGNt XPOSUIE. ........oiiiiiiiiiieiiesie st 27
Figure 3.5 Photograph of photomask used to pattern SU-8 cantilevers ............ccccoovviiiiciennn, 27
Figure 3.6 Schematic of SU-8 development............cccooveiiiiie e, 28
Figure 3.7 Microscopic images of SU-8 pattern on glass substrate..............cccccccveveieevecieceenenn, 29
Figure 3.8 Schematic of thin chromium film depoSItion ...........c.coiiiiiiiiiei e 29
Figure 3.9 Microscopic image of SU-8 cantilever with thin chromium film on substrate ............ 30
Figure 3.10 Schematic illustration for process flow of positive photoresist patterning ................ 31
Figure 3.11 Schematic of positive photoresist SPin COAtING .........ccevveiiieeiiieiie e 31
Figure 3.12 Schematic 0f UV light @XPOSUIE........ccuiiiiiiieieessesee e 32
Figure 3.13 Photograph of photomask used to pattern positive photoresist............ccocvevvveierienn, 33
Figure 3.14 Schematic of positive photoresist development ...........ccccoooeeiiiii i 33

Vii



Figure 3.15 Microscopic image of SU-8 cantilever coated with thin chromium film and positive
photoresist pattern. The substrate is coated with SU-8 pattern, thin chromium film and positive
PROTOTESIST PAITEIN ... bbbttt 34
Figure 3.16 Schematic Of Wet €tChING.........cooiiiiiiiie e 35
Figure 3.17 Schematic of removal of positive photoresist and release of device from substrate..36

Figure 3.18 (a) Microscopic image of polymer based cantilever integrated with thin chromium

film resistor (b) Magnified image Of CANLHIEVET .........c.ccviiiiieiiee s 37
Figure 4.1 Cantilever based sensor attached to Aluminum sheet............ccccoviiiiiiiiciiincien, 39
Figure 4.2 Placement of electrical wires on thin chromium film pads...........cccccvevvvievviieiienenn, 39

Figure 4.3 (a) Microscopic image of electrical wires connected to thin chromium film pads of the

cantilever based sensor. (b) Magnified image of the cantilever ..., 40
Figure 4.4 Photograph of experimental SETUD ........ccooviiiiiiiiiiisc e 41
Figure 4.5 Schematic view of the bridge CirCUIt...........cccov i, 42
Figure 4.6 (a) Top view of experimental setup (b) Magnified image of selected area in () ........ 43
Figure 4.7 Image of cantilever based sensor movement towards the piece of tin metal ............... 44
Figure 4.8 Image of cantilever deflecting when it is moved against tin metal ..............cc.ccocevene, 45
Figure 4.9 Microscopic images of cantilever calibration..............cccccoovveviiiiiieie i, 47
Figure 4.10 Microscopic image of cantilever with stiffness 5.156 NM™..........coovvveveirerererennen. 48

Figure 4.11 Results of sensor calibration. (a) AV vs. & plot in -D direction (b) F vs. AV plot
in -D direction (c) AV vs. 4 plot in +D direction (d) F vs. AV plot in +D direction...................... 49
Figure 4.12 Microscopic image of cantilever with stiffness 0.557 NM™........c.cooovvvevoirerirerenen, 50
Figure 4.13 Results of sensor calibration. (a) AV vs. & plot in -D direction (b) F vs. AV plot
in -D direction (c) AV vs. 4 plot in +D direction (d) F vs. AV plot in +D direction...................... 51
Figure 4.14 Microscopic image of cantilever with stiffness 0.928 NmM™..........cooovvevoiririrerenen. 51
Figure 4.15 Results of sensor calibration. (a) AV vs. & plot in -D direction (b) F vs. AV plot
in -D direction (c) AV vs. ¢ plot in +D direction (d) F vs. AV plot in +D direction...................... 52
Figure 4.16 Microscopic image of cantilever with stiffness 3.438 NM™........c.coovvviveireeiserenen, 53
Figure 4.17 Results of sensor calibration. (a) AV vs. d plot in -D direction (b) F vs. AV plot
in -D direction (c) AV vs. ¢ plot in +D direction (d) F vs. AV plot in +D direction...................... 54

Figure 4.18 Schematic illustration for the fabrication of PDMS film with micro pillars.............. 56

viii



Figure 4.19 Microscopic image of SU-8 mold. It consists of a 100um thick SU-8 layer on glass
substrate, containing holes of diameter 200um. There is no SU-8 in the holes............c.cccceveneenne. 57

Figure 4.20 (a) Top view microscopic image of PDMS film with micro pillars (b) Angled view

microscopic image of PDMS film with micro pillars............ccooooiiiiiici 57
Figure 4.21 Experimental setup to find the stiffness of PDMS micro pillar .............cccccoeeveiennen. 58
Figure 4.22 Microscopic images of cantilever manipulation to find stiffness of elastic PDMS
MICTO PHITAI ... r bbbt n e 59
Figure 4.23 Results from experiment to find PDMS micro pillar stiffness.............ccoovevviicien, 60

Figure 4.24 (a) Angled microscopic image of PDMS film containing circular well and PDMS
micro pillars (b) Top view microscopic image used in eXPeriment............ccccoeveeveiieeseereseennenn, 62
Figure 4.25 Microscopic images of Experiment 1 to measure force in cancer cell manipulation 63
Figure 4.26 Microscopic images of Experiment 2 to measure force in cancer cell manipulation.63
Figure 4.27 Displacement of mechanical stage vs. AV plots (a) Experimentl (b) Experiment2 ..65
Figure 4.28 Force vs. Displacement of system (a) Experimentl (b) Experiment2........................ 65

Figure 4.29 Indentation of aggregation of MCF-7 cancer cells caused by cantilever manipulation



List of Tables

Table 4.1 Measurements and calculations of cantilever having stiffness 5.156 Nm™................... 49
Table 4.2 Measurements and calculations of cantilever having stiffness 0.557 Nm™ .................. 50
Table 4.3 Measurements and calculations of cantilever having stiffness 0.928 Nm™................... 52

Table 4.4 Measurements and calculations of cantilever having stiffness 3.438 Nm™................... 53



Abstract

Cancer has long been one of the major causes of death worldwide. It has been studied and
known that cancer can distort the mechanical properties of cells. Recent advancement in
biomechanics refers to a significant relationship between cell stiffness and cell condition.
Mechanical stiffness can be used to identify abnormal cell populations as in tumors in detecting
cancer and can be employed as a diagnostic parameter for various diseases. In this study, we
introduced micro fabrication technology to develop polymer based cantilevers integrated with
thin chromium film resistor as a transduction scheme. Cantilevers are beam like micro structures
anchored only at one end with the other end freely suspended. When a force or load is applied
along the length of the cantilever or at the free end, the cantilever bends and stresses are induced
on the cantilever surface which changes the resistance of thin chromium film resistor. A custom

built amplifier allows for a sensitive response to the deflection.

Cantilevers with different dimensions and stiffness were calibrated. The force detection
was in the range of 5-500uN. The cantilever based sensor was used to find the stiffness of an
elastic Polydimethylsiloxane (PDMS) micro pillar of diameter 200um and height 100pum. The
purpose of this experiment was to realize cantilevers to manipulate an elastic micro structure
mimicking cantilever manipulation with cluster of cells or cancer spheroid of comparable size. A
PDMS film containing micro pillars was fabricated using UV lithography and soft lithography
techniques. When the cantilever was moved against the PDMS micro pillar with the help of
mechanical stage displacement, the cantilever deflected and the PDMS micro pillar displaced as
well. Using the measurements and calculations from cantilever calibration and cantilever
manipulation with elastic PDMS micro pillar, the stiffness of elastic PDMS micro pillar of

diameter 200pm and 100pum was measured which was 0.97 Nm™.

Xi



The cantilever based sensor was also used to measure force in cancer cell manipulation.
The purpose of this experiment was to show the capability of handling cells. A cell holding
device was fabricated using UV lithography and soft lithography techniques. The cell holding
device was a PDMS film that consisted of a circular well of depth 100um and PDMS micro
pillars of diameter 300um and height 100um. MCF-7 cancer cells were centrifuged and an
aggregation of MCF-7 cancer cells was pasted onto the circular well of the PDMS film. Using
the measurements and calculations from cantilever calibration and cantilever manipulation with
aggregation of cancer cells, the stiffness of the whole system consisting of the PDMS film with
PDMS micro pillars and aggregation of MCF-7 cancer cells was measured which was in the
range 2.0-2.3 Nm™. A force range of 5-90uN was detected and applied which resulted in

indentation of aggregation of MCF-7 cancer cells seen under the microscope.

These cantilever based sensors are compatible to explore the stiffness of cluster of cancer
cells or cancer spheroids. These findings suggest that the polymer based micro scale force
sensing cantilevers designed, fabricated and tested in this study can be used for biosample

manipulation and measurements.

xii



Chapter 1

Introduction

1.1 Background and motivations

The inception and growth of some human disease states can be greatly correlated with the
mechanical properties of cells. The physiological functions of the cells can be disrupted by
deviations in the mechanical properties resulting in diseases like malaria (Lim et al., 2006). On
the contrary, diseases may cause changes in the morphological and mechanical properties of
individual living cells such as cancer (Li et al., 2008). Cell mechanics can play an essential role
in the study of human diseases and moreover assist in differentiating diseased cells from healthy

cells (Crick et al., 2007).

Cancer has long been one of the major causes of death and is currently held responsible
for about 25% of all deaths worldwide (Jemal et al., 2005). It is predicted that by 2020 there will
be about 15 million new cases of cancer annually (Lee et al., 2007). Since it has been studied and
known that diseases like cancer can distort the mechanical properties of cells, this will likely aid
in the early detection of cancer (Lee et al., 2007). Furthermore, examining the mechanical
properties of cancer cells may help to better understand the physical mechanisms responsible for
cancer metastasis. This can lead to the development of novel strategies for the prevention and

diagnosis of cancer (Li et al., 2008).

Recent advancement in biomechanics has lead to the possibility of exploring mechanical
influences on cells. Still, there are very few experimental techniques proficient of determining

cellular mechanical properties (Guck et al., 2005). Historically, the most common and prevailing



technique has been micropipette aspiration (Hochmuth, 2000). Others have used magnetic bead
rheology (Wang et al., 1993), microneedle probes (Zahalak et al., 1990), microplate
manipulation (Thoumine and Ott, 1997), acoustic microscopes (Kundu et al., 2000), arranging
micro fabricated sieves (Carlson et al., 1997) and manipulation of beads attached with cells by
optical tweezers (Sleep et al., 1999). Lincoln et al. were the first to employ an optical stretcher to
investigate the deformability of malignant and normal human breast epithelial cells (Lincoln et
al.,, 2004). These techniques mentioned experience considerable difficulties in common
applications. The reasons are low cell throughput which leads to poor statistics, mechanical
contact of the probe leading to active cellular response and adhesion, and non-physiological

handling leading to measurement artifacts (Guck et al., 2005).

In the past two decades, the field of Micro-electromechanical systems (MEMS) and
micro fabrication has grown tremendously (Hopcroft et al., 2005). It has led to the emergence of
the field of cantilever based sensing. The study of cantilever based sensors followed the
development of two autonomous technologies. The first part is the invention of atomic force
microscopy (AFM) in 1986. Binning and Quate from Stanford University used a scanning
tunneling microscope (STM) to measure the motion of a cantilever beam with an extremely
small mass (Binning et al., 1986). They were able to measure the force between the cantilever tip
and the sample surface. The force required to deflect the cantilever to a measurable distance can
be as small as 107 N. Binning moreover discussed that micro fabrication would be needed in
order to make the cantilevers with a mass less than 10™? kg and a resonant frequency greater than

2 kHz (Binning et al., 1986).

The other fundamental technology is micro fabrication. In 1990 at Stanford University,

Albrecht et al. realized micro fabricated cantilevers with integrated tips for measurements in
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AFM (Albrecht et al., 1990). Several methods to fabricate SiO, and Si3N, based micro
cantilevers were investigated. In 1991, Wolter et al from IBM developed a batch process for the
micro fabrication of single crystal silicon force sensors (Wolter et al., 1991). In the mid 1990s
based on the technologies developed for AFM, studies on micro scale cantilevers for sensing
were introduced initiating the field of cantilever based sensing. Since then the research area has
grown rapidly. Cantilevers with integrated read-out started to appear in late 1990s. The
integrated read-out aids in the development of compact devices that can even operate in non-
transparent environments (Boisen et al., 2011). For example, in 2000, piezoresistive cantilevers
for surface stress sensing were reported demonstrating the realization of dense array of sensors

with a compact read-out technique (Boisen et al., 2000).

Micrometer-sized cantilevers are sensitive, label-free, inexpensive, portable, highly
parallel and fast sensors drawing attention from applications such as point of care (POC)
diagnostics, homeland security and environmental monitoring (Boisen et al., 2011). Cantilevers
are very interesting significant research tools which offer the possibility to measure quantities
and phenomena that are very difficult to achieve using other methods. The sensors are versatile,

measuring phenomena like changes in surface stress, temperature and mass (Boisen et al., 2011).

AFM has also been used to determine the elastic properties of cells (Mahaffy et al., 2000;
Rotsch et al., 1999). Further, AFM has been implemented to examine the mechanical properties
of ex vivo cancer cells acquired from patients (Cross et al., 2007). Lekka et al. investigated the
elastic properties of normal human bladder epithelial cells and cancerous ones by executing

AFM indentation on these cells (Lekka et al., 1999).



All the techniques mentioned here hint and refer to a significant relationship between cell
stiffness and cell condition. Executing AFM indentation, Lekka et al founded that normal cells
were stiffer than cancer cells by an order of magnitude (Lekka et al., 1999). Adopting the
technique of micropipette aspiration, researchers detected a 50% reduction in elasticity of
malignantly transformed fibroblasts as compared to their normal counterparts (Ward et al.,
1991). Employing an optical stretcher to investigate the deformability of malignant and normal
human breast epithelial cells, Lincoln et al found that the malignant cell could stretch five times
more than the normal cell (Guck et al., 2005; Lincoln et al., 2004). In vitro investigations carried
out by various techniques have shown that some cancer cells were softer and less stiff than
normal counter cells (Lekka et al., 1999; Guck et al., 2005; Lincoln et al., 2004; Thoumine et al.,
1997; Suresh et al., 2007). Depending on different techniques used to investigate mechanical
properties of cells, mainly cancerous cells are less stiff and less resistant to flow, in response to

respective techniques.

However, tumors differ in mechanical stiffness than individual cancer cells and normal
tissue. Krouskop et al. used elastography (ultrasound medical imaging modality that maps the
elastic properties of soft tissue) to find the stiffness of normal prostate tissue and cancerous
prostate tissue. They founded that normal prostate tissue had a modulus lower than prostate
cancerous tissue (Krouskop et al., 1998). Using the same technology, Hoyt et al. revealed that the
viscosity parameter for cancerous prostate tissue was greater than that derived from normal
tissue by a factor of approximately 2.4. It was also determined that a difference existed between
normal and cancerous prostate tissue stiffness producing an average elastic contrast that

increased from 2.1 at 0.1 Hz to 2.5 at 150 Hz (Hoyt et al., 2008).



In summary, mechanical stiffness can be used to identify abnormal cell populations as in
tumors in detecting cancer and can be employed as a diagnostic parameter for various diseases
(Li et al., 2008). The mechanical stiffness and force detection range of individual cancer cells
and tumors vary so it is important to develop cantilevers which can sense a wide force range in

micro scale.

1.2 Aims of thesis

The aim of this thesis is the development of micrometer-sized cantilevers that can sense
force in micro scale. The design and fabrication of these cantilevers is carried out using the
technology of micro fabrication. Micro fabrication allows the fabrication of versatile cantilevers
and addition of integrated functionality. Employing these micro scale force sensing cantilevers,

the stiffness of elastic micro structures can be explored by cantilever manipulation.

The main goal of this thesis is to explore the stiffness of cluster of cancer cells. This can
help in identifying abnormal cell populations as in tumor in detecting cancer. Figure 1.1 below
shows the schematic view of cluster of cancer cells and cantilever. Cantilevers are beam like
micro structures anchored only at one end with the other end freely suspended. When a force or
load is applied along the length of the cantilever or at the free end by moving the cantilever
against a cluster of cancer cells, the cantilever deflects and stresses are induced on the cantilever
surface which can be detected. The detection is done by a particular transduction arrangement
allowing for a sensitive response to deflection. The deflection of the cantilever can be measured
under an optical microscope. The spring constant beam or stiffness of the cantilever (S) is
characterized by the physical dimensions of the cantilever and mechanical specification of the

cantilever material. This is discussed in chapter 2. The force (F) can be calculated by the relation



of deflection and spring constant beam. The manipulation of the cantilever with the cluster of
cancer cells also causes indentation of cells. This indentation is investigated using an optical
microscope or using measurements of cantilever manipulation. The stiffness of elastic micro

structures especially of cluster of cancer cells can be explored.

(a) (b)

&S

Figure 1.1 Schematic of cantilever and cluster of cancer cells

Cell cluster indentation

1.3 Thesis outline

A brief outline of the thesis is as follows. Chapter 1 provides an overview of the
background relevant to this research. It explains about the distortion of mechanical properties of
cells caused by cancer and presents the methods that have been used to investigate cellular
mechanics. It also describes the emergence of cantilever based sensing and why it is important to
develop micro scale force sensing cantilevers as they are potential sensors for measuring
mechanical stiffness. Chapter 2 presents the theoretical background of cantilevers and explains

the mechanics of cantilevers. The proposed design, transduction scheme and material for the



fabrication of cantilever based sensors are also mentioned. Chapter 3 provides a detailed account
of the fabrication process of polymer based micro scale force sensing cantilevers and the
materials and methods involved. Chapter 4 describes the experimental setup used to conduct
experiments, results of experiments and related discussion. Chapter 5 provides the conclusion

drawn from this research and future directions.



Chapter 2

Polymer based cantilevers

2.1 Mechanics of cantilever (Adapted from Zhang and Hoshino, 2014)

Structural analysis of a cantilever is the basic subject to investigate the mechanical
characteristics such as force, stress, strain, moment and radius of curvature. The sensitivity of a
cantilever is dependent on the physical dimensions and alters with mechanical specifications
including Young’s modulus and Poisson’s ratio. Some basic mechanical characteristics are as

follows:

Stress (0): o=FI/IA 1)
Strain (€): €=AL/L (2)
Young’s modulus (E):E = o/€ (3)

Young’s modulus is a measure of the material stiffness and is defined as the ratio of the
stress to the strain. It is a material characteristic defined independent of the dimensions of the

structure.

2.1.1 Stress distribution

Figure 2.1 below shows a simple model of a mechanical cantilever. Dimensions are width
‘w’, thickness ‘t” and length ‘L’. Let us consider a concentrated transverse force ‘F’ is applied at
the free end of the cantilever. In MEMS, this situation is encountered frequently. This transverse
force introduces longitudinal strains. The distribution of longitudinal stress is first described

qualitatively (Figure 2.2). The torque distribution through the length of the beam is non-uniform



under a transverse force loading; it is zero at the free end and reaches a maximum at the fixed
end. At any cross section, the signs of the longitudinal stresses change across the neutral axis.
The magnitude of the stresses at any point on the cross section is linearly proportional with
respect to the distance to the neutral axis. The magnitude of the maximum stresses associated
with individual cross sections change linearly with respect to the distance to the free end,
reaching a section wide maximum at the top and bottom surfaces. Because of these reasons,

piezoresistors are commonly found near the fixed end and on the surface of the cantilever.

Figure 2.1 Model of cantilever (Redrawn from Zhang and Hoshino, 2014)

O max

e ke tensile

.= neutral plane e 4 compressive

- O max

Figure 2.2 Stress distribution in an uniform and symmetric cantilever beam



For quantitative analysis, let us consider a part | of the cantilever separated at imaginary

cross section A at x shown below in Figure 2.3.

Figure 2.3 Part of cantilever separated at imaginary cross section (Redrawn from Zhang and

Hoshino, 2014)

Now all the forces to support the part come from the cross section. Since part | is in
mechanical equilibrium, the external forces and the moments of the external forces must satisfy

equilibrium equations.

(i) The sum of all the external forces is zero. The force to counter force F is a shear force —F at

the cross section and its intensity is independent of the length of I (Figure 2.4).

Figure 2.4 Force equilibrium (Redrawn from Zhang and Hoshino, 2014)

10



(it) The sum of moments of the external force is zero. The external force F produces moment Mg

about axis a in Figure 2.4.

Mg = F.(L —X) (4)

The moment to counter Mg is created by a distribution of normal stresses o(y) at A as
shown in Figure 2.5. Moment M produced by o(y) about axis p must cancel the moment Mg

induced by external force.

Me+M=0 (5)

Emax “*.P /
D "
p M

Figure 2.5 Moment equilibrium: moment induced by stress distribution

Since the net force in x direction is zero, the integration of o(y) along the surface should

also be zero. When we assume o(y) is linearly distributed along y, o(y) is expressed as:

o(y)=k.y (6)

M is the moment produced by o(y) about p:

2 {2
M=I y-W-o(y)-dy=k.[ wy? . dy (7)
-t/2 -t/2

11



In order to simplify the following discussion, we define term | as (Figure 2.6):

t/2

|:_[ wy? . dy = (wt®) / 12 (8)
-t/2

The term | is called the second momentum of area.

2 |

I ay

-2

Figure 2.6 Integration to show the second momentum of area (Redrawn from Zhang and

Hoshino, 2014)

Using I, the moment M is simply expressed as:

M=k.I 9)

Using (6), the stress distribution becomes:

oy)=(M/1)y (10)

Comparing equations (6) and (10) and using (5), we find,

k=(M/1)=-(M/1) (11)

Putting Eq(4) into Eq(11), we get,
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oy)=[F.(L=x) /1]y (12)

As we see in (12), the stress becomes larger as the cross section gets closer to the fixed

end, meaning x which is the distance from fixed end becomes smaller or ( L — x ) becomes larger.

2.1.2 Cantilever bending

The relationship between a normal stress and a strain is given in Equation (3). The stress
distribution in a beam can be correlated to the distribution of strain which leads to cantilever

deflection or bending.

Using Eq(3) and Eq(10),

Ey)=o(y)/E

&y)=(M/EIl)y (13)

Let us consider a small slice of the beam with the length dx at y = 0 shown in Figure 2.7.

Center of curvature

Figure 2.7 Radius of curvature (Redrawn from Zhang and Hoshino, 2014)
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As shown above in Figure 2.7, the slice is deformed following the linear strain

distribution. The length at y which is longest at t/2 and shortest at —t/2 is given as:
dily)=(1+€&(y)).dx=(1+(M/El)y).dx (14)

The center of curvature of the beam can be found as the position where dl(y) = 0. The center of

curvature R becomes:

R=-(E1)/M (15)
The radius of curvature of a curve y = y(x) is given as:

R=(1+y)¥*y” (16)
y is negligibly smaller than 1 in our model thus,

R=1/y (17)

This is a significant relationship to correlate curvature and bending of the beam. From Eq(15)

and Eq(17) we find,
y =-M/EI (18)

Substituting M by using Eqgs (4) and (5), the external force can be correlated with beam bending,
y =-[F(L-x)]/E|I (19)

By integrating Eq (19) twice and putting fixed end boundary conditions of y(0) = y’(0) = 0, we

find,

y=[Fx*(3L—x)]/6El (20)
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The maximum deflection is at x = L,

Ymax = (L3/3El) . F (21)
Or,

F=[(3ED/L]. Ymax (22)

The term 3EI / L® defines the linear relationship between the applied force F and
deflection. It is considered as the effective spring constant of the beam at x = L in the y direction.
It is the stiffness of the cantilever beam with units of (Nm™). Using Equation (8) and by using |

we get,
Kett = [(BED /L] =[ (Ewt®) /4L%] (23)

Equation (23) shows that if we know the parameters of the cantilever like width,
thickness, length and the Young’s modulus of the material the cantilever is made up of, we can
assume the stiffness of the cantilever as [ (Ewt®) / (4L°) ]. By measuring the deflection of the
cantilever, we can find the assumed force (F) applied at the free end of the cantilever to cause

that particular deflection.
F=[(EW)/(4L% 1. Ymax (24)
2.1.3 Strain produced at the fixed end of cantilever

As described in the previous section, the maximum stress is experienced at the top and
bottom surfaces of the cantilever (tensile and compressive respectively depending on the loading
direction at the free end) and is experienced at the fixed end of the cantilever. Figure 2.8 below

shows a case study of some points of stresses experienced on a cantilever.

15



Figure 2.8 Case study of points of stresses on cantilever

Under the case shown in Figure 2.8, a transverse force F is applied at the free end of the
cantilever. The other end of the cantilever is fixed. The stress at Points A, C, D and E is the
greatest and the minimum stress occurs at Point B. Points A, D and E are under tension while
Point C is under compression. Point B experiences the minimum or no stress even though it is
situated at the fixed end. The reason is it lies directly on the neutral plane and just at the center of
the cross section. The maximum stress is experienced at the fixed end when force F is applied at

the free end on the cantilever. So,
Equation (4) becomes,

M=F.L (25)
Equation (10) becomes,

Omax = [(F.L) /1]y (26)

We will use y = t/2 as the stress varies from tension to compression or vice versa with
zero stress on the half line of the thickness of the cantilever which is the neutral plane. We will
use Equation (8) to use I.
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Now,
Omax = [(F.L) / (Wt¥/12)]. (t/2) (27)
By simplifying, we get the magnitude of maximum stress as:
Omax = [ (6FL) / (Wt%) ] (28)
Using Equation (3), we get the magnitude of maximum strain as:
€max = [ (BFL) / (Ewt®) ] (29)
2.2 Polymer as cantilever material

Researchers are moving aside from conventional silicon-based technologies in the field
of MEMS lately and are investigating alternative materials (Hopcroft et al., 2005). In the last two
decades, an increasing amount of work has been addressed on the fabrication of polymer based
cantilevers. The most valuable advantage of using polymers is that the magnitude of Young’s
modulus is lower than traditional silicon-based materials by an order of two (Boisen et al., 2011).
As mentioned before, the spring constant of a beam (stiffness) is [Ewt*/4L%], showing that the
stiffness is directly proportional to the Young’s modulus of the material used to fabricate the
cantilever. A lower Young’s modulus constitutes to a lower stiffness of the cantilever resulting in
increased variation in deflection making the cantilever more sensitive. The stiffness of the
cantilever can be further customized by simply changing the composed material. Another
significant advantage of using polymers is the comparative inexpensive raw material and

fabrication process (Boisen et al., 2011).
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2.2.1 SU-8 as a device material

For effective operation, a cantilever requires specific properties. Using conventional
silicon-based micro fabrication techniques, it is difficult to make cantilevers with sufficiently
low spring constant (stiffness) to accomplish small forces required, as the thinness of the
cantilever becomes a limiting factor (Hopcroft et al., 2005). The Young’s modulus of silicon is
130-188GPa (Hopcroft et al., 2010). Photo plastic polymers with a low Young’s modulus
(normally below ~ 5GPa) are an appealing alternative because they can be used to make robust
and thick cantilevers with required properties (Genolet et al., 1999). One of these polymers is

SU-8.

SU-8 is a negative epoxy-based photoresist which allows the fabrication of chemically
and thermally stable, highly cross-linked microstructures with high aspect ratios. The Young’s
modulus of SU-8 is 2.2 + 0.1GPa (Gao et al., 2010). It has excellent imaging characteristics and
a very high optical transmission above 360nm. It can be spin-coated to thicknesses ranging from
below 1um up to Imm and the final structures can be defined by standard lithography tools e.g.
UV lithography or e-beam lithography. Its low Young’s modulus, high mechanical strength,
advantageous chemical properties, simpler and inexpensive fabrication process and compatibility
with standard lithography makes SU-8 a promising candidate and highly suitable material for the
fabrication of cantilever based sensors. Furthermore, micromachining enables a versatile
cantilever fabrication process which makes the integration of additional functionality easier and
allows a variety of cantilever shapes to be designed. Recently, SU-8 has been used for the
fabrication of cantilevers in commercial AFM and with integrated piezoresistive sensors

(Hopcroft et al., 2005; Nordstrom et al., 2008; MicroChem SU-8 processing guidelines).
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2.3 Sensor read-out principles

The precision of sensing read out schemes (transduction) presents another limiting factor
to the overall sensitivity of a cantilever based sensor system. At micro and nano scale,
specialized instruments are used to accurately measure the changes in deflection (Zhang and

Hoshino, 2014).

Various sensitive displacement sensors have been explored in order to detect minimal
cantilever deflection. Some schemes are firm and robust but rather bulky while some are
immature but have advantages of being miniature. Optical read-out, capacitive read-out,
piezoresistive read-out and interferometry are general transduction methods used for sensing

(Boisen et al., 2011).

One interesting transduction arrangement is the use of thin metal film resistors. Thin
metal film resistors are deposited near the fixed end and on the surface of cantilevers as
maximum stress is induced on those positions. These thin metal film resistors are deposited using
variety of vacuum deposition methods referred as physical vapor deposition (PVD). Thin films
are deposited by condensation of the vaporized form of the desired film material onto the
substrate surfaces. Figure 2.9 below shows the concept of using deposited thin metal film

resistors.

Deposited metal resistor Deposited metal resistor
F

Fixed | Fixed
End

End Cantilever
Cantilever

Figure 2.9 Schematic view of using thin metal film resistors for read-out
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Figure 2.9a shows a cantilever with a thin metal film resistor deposited near the fixed
end. When a transverse force is applied at the fixed end of the cantilever, the beam bends as
shown in Figure2.9b, producing stress on the surface with the greatest magnitude presiding near
the fixed end. The deposited metal resistor experiences tensile or compressing stress depending
on the direction of the force. The stress changes the resistance value of the thin metal film

resistor which can be detected.
2.4 Proposed design

SU-8 polymer is proposed as the device material as it is highly suitable for the fabrication
of cantilever based sensors. The cantilevers are integrated with thin chromium film resistors for
transduction. The schematic view of the proposed design of the polymer based cantilever is

shown below in Figure 2.10.

Resistance of thin metal film

resistor changes when Thin metal film pads Thin metal

cantilever deflects. This film resistor Polymer
change can be transduced / /

into an electrical signal

7
\

Cantilever

Figure 2.10 Schematic view of proposed design of polymer based cantilever

The cantilever is fabricated by SU-8 polymer. The cantilever is attached to a base which

forms the fixed end. The base is an Aluminum sheet. A thin chromium film resistor is deposited
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near the fixed end of the cantilever. When force is applied at the free end of the cantilever, the
cantilever deflects inducing stress on the surface of the cantilever. The stress induced on the
surface of the cantilever changes the resistance of the thin chromium film resistor. If an electrical
contact is provided with the thin chromium film resistor, the change in resistance can be
transduced into an electrical signal. This is achieved by fabricating thin chromium film pads

where electrical contact with the help of thin wires can be made.

Chromium metal is proposed as the thin metal film resistor. It has high resistivity of 13 x
10®°Q.m. Chromium provides the highest resistance as thin films compared to other metals. It is
easily fabricated by physical vapor deposition (PVD) techniques. It is inexpensive and readily
available. The thin chromium film resistor controls the sensitivity of the cantilever. When a
cantilever bends, the maximum strain is experienced on the fixed end. The maximum strain of
the cantilever should not exceed the maximum strain of the thin chromium film resistor which is
deposited on the surface of the cantilever near the fixed end otherwise the thin chromium film
resistor will break making the cantilever based sensor non-functional. In section 2.1.3, the
magnitude of the maximum strain produced by the cantilever on the fixed end was found out and

is mentioned in Equation 29 which is as follows:
Emax = [ (6FL) / (Ewt’) ] (29)

If maximum strain of thin chromium film resistor is known, the maximum force (F) that
the cantilever can detect can be found out using Equation 29. After calculating the maximum
assumed force a cantilever can withstand, the maximum deflection of the cantilever can be found

out using Equation 24 which is as follows:

F=[(EW) /(AL ]. Ymax (24)
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Using the maximum strain value of chromium, the maximum assumed force and
deflection of a cantilever can be known. To find out the maximum strain of thin chromium film

resistor, Equation 3 can be used which is as follows:

E=0/¢€ (3)

The yield strength of PVD chromium can be considered as the maximum stress PVD
chromium can withstand. Using the value of Young’s modulus of PVD chromium, the maximum
strain of PVD chromium can be found out. The Young’s modulus and yield strength of PVD

chromium are given as follows:

Young’s modulus of PVD chromium = 140GPa ((Thin film) IEEE, MicroElectroMechanical

Systems Workshop, Feb 1990, Napa Valley, California, p. 174)

Yield strength of PVD Chromium = 282MPa (Ultimate Tensile Strength (Recrystallized)

Matweb)

Using Equation 3,

E€max = (Yield strength of PVD chromium) / (Young’s modulus of PVD chromium)

Emax Of PVD chromium = 282MPa / 140GPa = 2014.3 micro strain (assumed)

Using this value, the maximum force a cantilever can detect can be found out using
Equation 29 and using the value of calculated maximum assumed force, the maximum deflection
of a cantilever can be found out using Equation 24. In this way, the maximum strain of thin

chromium film resistor controls the sensitivity of the cantilever.

Note that the physical dimensions of the cantilever i.e. L, w, t and Young’s modulus of

cantilever material (E) also play an important role in characterizing the sensitivity of the
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cantilever along with the thin chromium film resistor. Changing the physical dimensions of the

cantilever and the type of thin metal film resistor, the sensitivity of a cantilever can be controlled.
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Chapter 3

Fabrication of polymer based micro scale force sensing cantilevers

The schematic illustration of the complete fabrication process flow of polymer based

micro scale force sensing cantilevers is shown below in Figure 3.1.

SU-8 patterningon glass substrate
(UV Lithography)

T

Thin chromium film deposition
(Thermal Evaporation)

W

Positive photoresist patterning
(UV Lithography)

T

Etching
(Wet Etching)

ar
Removal of positive photoresist and
release of device from substrate
(Ultrasonic bath)

Figure 3.1 Schematic illustration of complete fabrication process flow

SU-8 negative photoresist polymer was patterned on a glass substrate followed by
deposition of thin chromium metal film. To achieve a specific pattern of thin chromium film on
SU-8, positive photoresist was patterned which acts as a masking layer. Wet etching was carried
out to remove chromium metal which was not masked by the positive photoresist pattern. The
positive photoresist pattern was resistant to the chromium etchant so the chromium film masked
by positive photoresist remained. Then positive photoresist was removed and the device was

released from the substrate using ultrasonic bath in acetone solution.
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3.1 SU-8 patterning on glass substrate

The first step was the patterning of SU-8 on glass substrate. The patterning was achieved
by UV lithography which is a process that uses UV light, a photomask and a photosensitive
material (SU-8 2015, MicroChem USA) to facilitate the transfer of a specific pattern onto the
substrate. A typical process flow of UV lithography to pattern SU-8 is shown below in Figure

3.2.

Substrate Pretreat

T

Spin coat

T

Soft Bake

T

Expose

n

Post Exposure Bake
[PEB)

T

Development

T

Rinse and Dry

Figure 3.2 Typical process flow illustration of SU-8 patterning by UV lithography (Redrawn

from MicroChem SU-8 processing guidelines)
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3.1.1 Substrate pretreat

To obtain maximum process reliability, substrates should be clean and dry prior to
applying SU-8 photoresist. Glass slides were used as substrates with dimensions 75mm x 35 mm.
Each slide was cut into half to carry four cantilever devices. The glass slides were washed with

Acetone prior to SU-8 spin coating and dried by spin coating itself.

3.1.2 Spin coating

| Glass Substrate Glass Substrate

S

SU-8

Figure 3.3 Side view schematic of spin coating SU-8 on glass substrate

The substrate was coated with a very thin layer of photo sensitive SU-8 negative
photoresist by spin coating. The spin coater used was from Laurell Technologies Corporation,

model: WS-650SZ-6NPP/LITE.

Program to spin coat 15um SU-8 photoresist:

(Stepl) Spin at 500 rpm for 10 seconds with acceleration of 100 rpm/second.

(Step2) Spin at 3000 rpm for 30 seconds with acceleration of 300 rpm/second.

Program to spin coat 17.5um SU-8 photoresist:

(Stepl) Spin at 500 rpm for 10 seconds with acceleration of 100 rpm/second.

(Step2) Spin at 2500 rpm for 30 seconds with acceleration of 300 rpm/second.
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Spin coating was followed by soft baking performed at 97 degree Celsius for 3.5 minutes
for SU-8 thickness of 17.5um and 3 minutes for SU-8 thickness of 15um. This drives away

solvent from the deposited photoresist.

3.1.3 Exposure

e § 0 30 000

Po— — Photomask

B sus
D Glass substrate

Figure 3.4 Schematic of UV light exposure

The SU-8 photoresist layer was exposed to a pattern of UV light defined by a photomask.

The photomask was designed on L-Edit. It is shown below in Figure 3.5.

Figure 3.5 Photograph of photomask used to pattern SU-8 cantilevers

The pattern was aligned onto the substrate by a mask aligner. A mask aligner consists of
a microscope and mechanical stages that facilitate precise alignment between the photomask and
the substrate (Zhang and Hoshino, 2014). The exposure time of UV light was 8 seconds
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calculated from the exposure power of the UV lamp machine which was 26.4mW / cm?. The UV
machine used was OAIl Hybra Lign series 200IR. PEB was carried out just after exposure at 97
degree Celsius for 4.5 minutes for SU-8 thickness of 17.5um and 4 minutes for SU-8 thickness

of 15um.

3.1.4 SU-8 development

[ Unexposed SU-8

D Exposed S5U-8
] | ] | [ Glasssubstrate

Development l

Figure 3.6 Schematic of SU-8 development

SU-8 photoresist is a negative photoresist. For a negative photoresist, the unexposed area
is removed by the developing solution. The development was carried out for 3 minutes. The SU-
8 developer (MicroChem, USA) was used for development. After development, the developed
sample or image was washed with fresh solution for 10 seconds followed by a second wash with
Isopropyl Alcohol (IPA) for 10 seconds. The sample was then dried. Figure 3.7 below shows

microscopic images of SU-8 pattern on the substrate.
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Area with no SU-8 Sensor body (SU-8)

BB sus
D Glass substrate

Figure 3.7 Microscopic images of SU-8 pattern on glass substrate

3.2 Thin chromium film deposition

— [ [

] sus

- Thin chromium film

- - D Glass substrate

Figure 3.8 Schematic of thin chromium film deposition

Thin film chromium deposition l

After SU-8 patterning, the next step in the fabrication process was the deposition of thin
chromium metal film. Before metal deposition, plasma treatment of the SU-8 pattern was carried

out for about 35 seconds. Plasma Cleaner PDC-32G (Harrick Plasma) was used for plasma
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treatment. Plasma treatment is believed to increase adhesion of polymers. Evaporation was used
to deposit chromium metal as it is a process commonly used to deposit thin metal films. When
the source (chromium metal pellets [Kurt J. Lesker]) was heated in a vacuum, it evaporated and
released vapor particles, which travelled straight to the target substrate on which they were
condensed back into a solid state (Zhang and Hoshino, 2014). Evaporation is a type of PVD.
Resistive heat evaporation apparatus DV-502A (DENTON VACUUM) was used for metal
deposition. It utilizes heat induced by current passing through a filament or a metal plate which
holds the chromium pellets to be evaporated. A quartz crystal microbalance (QCM) based
deposition monitor is commonly used with it. The QCM monitor (Maxtek, Inc) reading for
chromium deposition was between 3.3 to 3.7 kA and the thickness of thin film of chromium was
measured by dektak stylus profilometer (150 Veeco) which was found to be around ~ 50-70nm.

Figure 3.9 below shows a microscopic image of the sample after metal deposition.

Figure 3.9 Microscopic image of SU-8 cantilever with thin chromium film on substrate
3.3 Positive photoresist patterning (masking layer)

The next step was the patterning of positive photoresist. The pattern was achieved by UV

lithography with the process flow almost similar as patterning of SU-8. Microposit™ $1805™
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positive photoresist (Rohm and Haas electronic materials) was used. The positive photoresist
patterning was used to transfer the pattern on the thin chromium film. It acts as the masking
layer. The process flow illustration for positive photoresist patterning by UV lithography is

shown below in Figure 3.10.

Spin coat

T

Soft Bake

T

Expose

T

Development

T

Rinse and Dry

Figure 3.10 Schematic illustration for process flow of positive photoresist patterning

3.3.1 Spin coating

==

@ - Positive photoresist
i

- Thin chromium film
B svs
D Glass substrate

Figure 3.11 Schematic of positive photoresist spin coating
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The SU-8 pattern on substrate coated with thin film of chromium was then spin coated

with positive photoresist using the spin coater.

Program to spin coat positive photoresist:

(Stepl) Spin at 500 rpm for 5 seconds with acceleration of 500 rpm/second.
(Step2) Spin at 1500 rpm for 45 seconds with acceleration of 2000 rpm/second.

Spin coating of positive photoresist was followed by soft baking performed at 113 degree
Celsius for 1.5 minutes. The thickness of positive photoresist was ~600nm (Dektak stylus

profilometer).

3.3.2 Exposure

wign 3 33 38 1

— — photomask

- Positive photoresist
- Thin chromium film
[ sus

D Glass substrate

Figure 3.12 Schematic of UV light exposure

The SU-8 pattern coated with thin chromium film was exposed to a pattern of UV light
defined by another photomask. The photomask of this pattern was also designed on L-Edit. It is

shown below in Figure 3.13.
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Figure 3.13 Photograph of photomask used to pattern positive photoresist

The photomask consists of alignment marks which were also present on the previous
photomask used to pattern SU-8. This helped to precisely align the thin metal film pads and thin
metal film resistor patterns on this photomask to the SU-8 which was already patterned. The
exposure time of UV light was 4 seconds. The selected area in above figure on the right side is
the magnified image of the thin chromium film resistor pattern deposited on the surface of the

cantilever near the fixed end. The length of the thin chromium film resistor was 1290um.

3.3.3 Positive photoresist development

D Exposed positive photoresist

- Unexposed positive photoresist
Development - Thin chromium film

D SU-8
D Glass substrate

Figure 3.14 Schematic of positive photoresist development
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S1805™ is a positive photoresist. For a positive photoresist, the exposed part was
removed by the developing solution. After development, only the unexposed part of positive
photoresist remains on the thin chromium film. This unexposed pattern of the positive
photoresist was the pattern of thin chromium film resistor and thin chromium film pads. AZ 300
MIF Developer (AZ Electronic Materials) was used as the developing solution. The development
was carried out for 12 seconds. After development, the sample was rinsed with distilled water
and then dried. Figure 3.15 below shows microscopic image obtained after positive photoresist

patterning.
. " 1 30pum

-
!
\\ »
—
¢ N -
e
r/ -

Thin chromium film resistor positive photoresist pattern

‘ﬁ .
, —— c et
\\ SU-8 Cantilever
Positive photoresist pattern L=1000pm
(masking layer) w=300pum

Figure 3.15 Microscopic image of SU-8 cantilever coated with thin chromium film and positive
photoresist pattern. The substrate is coated with SU-8 pattern, thin chromium film and positive

photoresist pattern
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3.4 Etching

- Positive photoresist (masking layer)

D Thin chromium film
o B
] | | | D Glass substrate

Wet Etching i

Figure 3.16 Schematic of wet etching

After positive photoresist patterning, the next step in the fabrication process was etching.
Etching is a process that translates a two dimensional pattern onto a structural layer underneath
the top masking layer (Zhang and Hoshino, 2014). The positive photoresist pattern acts as the
masking mask. Wet etching uses a chemical solution or an etchant to cut or etch metals.
Chromium Etchant 1020 (Transene Company, Inc) was used to etch the thin chromium film. The
thin chromium film resistor pattern needed on the SU-8 pattern was masked by a photoresist
pattern. The thin chromium film resistor and thin chromium film pads are the target patterns on
the SU-8 pattern that’s why the masking layer which is the positive photoresist pattern has the
same pattern. When the sample is immersed in the etchant, the thin chromium film masked by
the positive photoresist pattern remains while the rest chromium film is removed or etched. The
positive photoresist is resistant to the etchant. Before etching the sample, plasma treatment was
carried out for 35 seconds followed by hard baking performed at 150 degree Celsius for 5
minutes. Hard Bake makes the positive photoresist pattern more resistant to the etchant which

helps to mask the thin chromium film to be patterned on SU-8. Then the sample was immersed in
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the chromium etchant solution until the chromium film not masked by positive photoresist was

removed.

3.5 Removal of positive photoresist and release of device from substrate

= =

Acetone Wash l,

- Positive photoresist
I___I I___I - Thin chromium film
B sus
Ultrasonic bath in Acetone solution l{ [ Glasssubstrate

= =

Cantilever based sensor

Figure 3.17 Schematic of removal of positive photoresist and release of device from substrate

After etching, the sample was immersed in Acetone solution and an ultrasonic bath was
performed. This helped to remove the positive photoresist pattern and the cantilever based
sensors came off from the substrate. The sensors were collected and dried. Figure 3.18 below

shows microscopic images of the cantilever based sensor.
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‘ Thin chromium
film resistor SU-8 Cantilever
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5000um

Thin chromium film pads on SU-8

Figure3.18 (a) Microscopic image of polymer based cantilever integrated with thin chromium

film resistor (b) Magnified image of cantilever
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Chapter 4

Experimental setup, results and analysis

Cantilevers with different physical dimensions were fabricated. The width of the
cantilevers ranged from 300um to 600um, the thickness was chosen to be 15um and 17.5um and
the length of the cantilevers was chosen to be 700um and 1000um. This provides a variety of
cantilevers with different stiffness values and a wide range of force can be detected. These
dimensions were chosen because the stiffness values of cantilevers coincide with the stiffness
values of cantilevers being used in studies for micro scale testing. Another reason is that it is
easy to fabricate cantilevers with these dimensions. Using these cantilevers, set of experiments
were carried out. In this chapter, the experiments, experimental setup, results from experiments
and related discussion is explained. After fabricating cantilever based sensors, the experimental

setup was prepared.
4.1 Preparation of experimental setup

In order to perform experiments, fabricated cantilever based sensors were attached to a
base. The sensors were attached to an Aluminum sheet. Then electrical wires were glued on the

thin chromium film pads.
4.1.1 Attachment of cantilever based sensor on a base

In order to move the cantilever based sensor smoothly, it is important to hold the
cantilever and attach it with a base. The cantilever based sensor was glued on an Aluminum
sheet that was cut and shaped with respect to the design of the sensor. Figure 4.1 below shows

the attachment.
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Thin chromium

film resistor

Cantilever freely suspended
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Figure 4.1 Cantilever based sensor attached to Aluminum sheet

4.1.2 Electrical connection of wires with thin chromium film pads for transduction

After attachment of the sensor with Aluminum sheet, thin electrical wires were connected
with the thin chromium film pads. The wires should be placed on to the thin chromium film pads
such that they don’t move and have a good contact with the pad surface. For this purpose very
thin wires were placed in such a way that near the contact, the wires were bent. Figure 4.2 below

shows the arrangement.

300um ‘

Thin chromium film pad

Ui
! .o
Electrical Wire =—————— .&' '
S = -

Figure 4.2 Placement of electrical wires on thin chromium film pads

After placing the wires, the electrical contact was made stable by using silver epoxy glue

on the contact area. To cure the epoxy glue, the aluminum sheet carrying the sensor was placed
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on a hot plate for 2.5 hours at 125 degree Celsius. To check whether the silver epoxy glue is
cured, the resistance at the end of the wires should be almost the same as the resistance measured
between the thin chromium film pads before attaching the sensor. Figure 4.3 below shows a
microscopic image after the wires were connected with the thin chromium film pads on the

sensor and the silver epoxy glue was cured.

(a) (b)

— 25um

Y
v
| —

Silver epoxy glue

Figure 4.3 (a) Microscopic image of electrical wires connected to thin chromium film pads of the

cantilever based sensor. (b) Magnified image of the cantilever

Before attaching the cantilever based sensor to the base, the resistance of the thin
chromium film resistor was measured using a digital multi-meter. The electrodes of the digital
multi-meter were placed directly on the two thin chromium film pads which form extreme ends
of the thin chromium film resistor. After attaching the sensor to the Aluminum sheet and gluing
electrical wires on the thin chromium film pads, the resistance was measured between the two
electrical wires. This resistance should be almost the same resistance that was measured directly
between the thin chromium film pads. This ensures the silver epoxy glue is cured.
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4.2 Experimental setup

Figure 4.4 below shows the photograph of the experimental setup used to carry out the

experiments.

Microscope

Mechanical

Mechanical
stage sEagr
Arm for holding
Bridge piece of Tin metal
circuit and PDMS film with

micro pillars

Alsheet holding i k. o
the cantilever e : . Y., © - A\ Amplifier
basedsensor » : R

Figure 4.4 Photograph of experimental setup

The cantilever based sensor was attached to an Aluminum sheet. This Aluminum sheet
was attached to another Aluminum sheet which was tilted and connected to a mechanical stage
so that the movement of the cantilever could be made possible by the movement of the
mechanical stage. An optical microscope was attached to another mechanical stage which only
moves in upward and downward direction to focus the image. As the Aluminum sheet was tilted
and connected to the mechanical stage, the side view of the cantilever would be imaged. An arm
was also focused under the microscope. This arm holds the target material against which the
cantilevers were moved. The arm was still throughout all the experiments. A piece of tin metal
was used for the calibration of the cantilevers. To find the stiffness of elastic PDMS micro pillar,

a film with PDMS micro pillars was held by the arm. To measure force in cancer cell
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manipulation, centrifuged cancer cells were pasted on a PDMS film designed to hold the cells
and this film was held by the arm. The top view of the arm holding target material would be

imaged under the microscope.

The wires that have electrical connection with the thin chromium film resistor on the
cantilever were connected to a bridge circuit. These wires provide resistance. The schematic

view of the bridge circuit is shown below in Figure 4.5.

5V

Resistance of

Cantilever based Variable
2 SEnsor Resistor
2 (10KXY)
V1

V2
- Comparable
2 Resistanceas
Sensor
ov
V1-V2
Gain = 1475 Custom built
Amplifier
l V (Voltage measured)
DA
(LabVIEW)

Figure 4.5 Schematic view of the bridge circuit

The wires connected to the thin chromium film resistor provide resistance of the
cantilever based sensor. One of the wires was connected to 5V while the other wire was
connected in series with a resistor of comparable value as the sensor, which was grounded. In

parallel, a variable resistor of 10 K'Q was connected. In between the resistance provided by the
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cantilever based sensor and the comparable resistor, a connection was made to get the Voltage
(V1). Another connection was taken from the variable resistor to get Voltage (V2). V1 and V2
should be 2.5V each. These connections form the input of a custom built amplifier such that the
difference Voltage (V1-V2) is amplified by a gain of 1475. The gain and offset of the amplifier
can be adjusted. The arrangement is such that when the cantilever doesn’t deflect the resistance
of the cantilever based sensor doesn’t change and the difference Voltage is zero. When the
cantilever deflects, V1 changes, changing the difference Voltage (V1-V2) which is amplified by
the custom built amplifier. The difference Voltage (V1-V2) is positive or negative depending on
the direction of cantilever deflection. The output of the amplifier was connected to a USB Data
Acquisition (National Instruments). The USB provides interface to a PC. Using LabVIEW, the
amplified Voltage was measured and displayed. A voltage supplier was used to provide 15V to
the custom built amplifier. A LED light was also used to achieve bright clear microscopic

images.

4.3 Experiment to calibrate cantilevers

LED light

Cantilever

Figure 4.6 (a) Top view of experimental setup (b) Magnified image of selected area in (a)
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The experimental setup to calibrate cantilevers is shown above in Figure 4.6. A piece of
tin metal attached to the arm was used to calibrate the cantilevers. Figure 4.6 (a) shows the top
view of the experimental setup and Figure 4.6 (b) shows the cantilever based sensor attached to
the Aluminum sheet. The optical microscope imaged the top view of the arm and side view of
the cantilever. The arm holding the tin metal piece was still throughout all experiments and
focused under the microscope. The mechanical stage was used for the movement of the
cantilever. With the help of the mechanical stage the cantilever was brought close to the piece of
tin metal. This is shown below in Figure 4.7.

Displacement of

mechanical stage to
move cantilever

Cantilever

Figure 4.7 Image of cantilever based sensor movement towards the piece of tin metal

After the cantilever was brought close to the piece of tin metal, the mechanical stage was
displaced in such a way that the free end of the cantilever touched the tin metal piece at one side.
Then the mechanical stage was displaced in a direction towards the other side shown in Figure
4.8 such that the cantilever deflected. The deflection of the cantilever changed the voltage which

was measured using LabVIEW.
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Displacement of
mechanical stage to
move cantilever

Figure 4.8 Image of cantilever deflecting when it is moved against tin metal

Before the experiment, some characters were assigned to represent specific

measurements and calculations.

S = Spring constant of cantilever beam (stiffness of cantilever). It is calculated from the

following relation and is a theoretical value
S=Ewt’/4L? (30)

Where,
E = Young’s modulus of SU-8 = 2.2GPa
w = width of cantilever
t = thickness of cantilever

L = length of cantilever
D = Displacement of mechanical stage to move the cantilever (upward direction +D and
downward direction -D). It is measured from optical microscope.

0 = Deflection of the cantilever at free end. It is measured from optical microscope.
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F = Force experienced at the free end of the cantilever when the cantilever bends. It is calculated

from the measured deflection as follows and is an assumed value.

F=S.5 (24)

V = the difference voltage from the bridge circuit is amplified with a gain of 1475. V is the

amplified voltage measured in LabVIEW.

AV = same voltage as in LabVIEW but without offset.

Figure 4.9 below shows the microscopic images of the experiment to calibrate
cantilevers. As mentioned before, the microscope was mounted on the top which views the top
view of the arm holding the tin metal piece and side view of the cantilever. As shown in Figure
4.9a, the cantilever was brought close such that the free end touches the tin metal. Then the
mechanical stage was displaced in —D direction with a small displacement causing the cantilever
to deflect. As tin metal is very stiff, D = 8. The deflection causes a change in voltage which was
measured. Then the mechanical stage was displaced further with a small displacement and the
deflection and voltage was measured. The mechanical stage was displaced until the cantilever
reaches a deflection shown in Figure 4.9b. F experienced at the free end of the cantilever causes

the deflection. In this way, the cantilever was calibrated in —D direction.

The cantilever was calibrated in +D direction in a similar way as shown in Figure 4.9c.
The cantilever was brought close to the tin metal but on the other side until the free end touches
the tin metal. Then the mechanical stage was displaced in +D direction causing the cantilever to
deflect to the opposite side. This deflection changes the voltage which was measured. The

mechanical stage was displaced until the cantilever reaches a deflection shown in Figure 4.9d.
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F experienced at the free end of the cantilever causes the deflection. In this way,

cantilevers with different stiffness values and physical dimensions were calibrated.

(a) (b)

(d)

Figure 4.9 Microscopic images of cantilever calibration
4.3.1 Results

Four cantilevers with different stiffness values and physical dimensions were calibrated
in both —-D and +D directions carrying out the experiment shown in Figure 4.9 above. The
stiffness of each cantilever was calculated by using the relationship as follows

S=Ewt®/4L3 (30)
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The resistance (R) of the thin chromium film resistor of each cantilever was measured by
a digital multi-meter. The deflection () was measured using optical microscope. Force (F) was
calculated from the measured 8 using the relationship F=S.5. As mentioned in Chapter 2, using
the maximum strain value of PVD chromium i.e. 2014.3 micro strain, the maximum F that the
cantilever can withstand was calculated for each cantilever using Equation (29) as follows. This

is a theoretical value.
€max = 6FL / Ewt? (29)

From this theoretical Frax, using Equation (24) as follows, the maximum theoretical 6 for

each cantilever was calculated.
Fmax = (EWE / 412 ).8max (24)

For each cantilever, AV measured from LabVIEW when the cantilever deflected was
plotted against deflection () of the cantilever and force (F) experienced at the free end of the
cantilever. The cantilever with stiffness 5.156 Nm™ was calibrated in both directions and is

shown below in Figure 4.10.

— L=700um
25um w=600pum
———— t=17.5um

Figure 4.10 Microscopic image of cantilever with stiffness 5.156 Nm™
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The measurements and calculations were recorded and are shown below in Table 4.1.
The AV vs. 6 and F vs. AV plots of the cantilever calibration in —D direction are shown in Figure

4.11 a and b respectively and in +D direction are shown in Figure 4.11 c and d.

Table 4.1 Measurements and calculations of cantilever having stiffness 5.156 Nm™

R measured F.x (Theoretical) | F calculated from
6.52 KQ 194uN measured &
536uN
Stiffness 8,..x (Theoretical) | 6§ measured
(Theoretical) 37.6um 104pum
5.156 Nm™
& 6.0E-04
. B ‘ N I
(a) 0.0E+0 2.0E-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04 N 5.0E-04
-0.02 &+
-0.04 4.0E-04
y=-0.0032x 3 Force(N)
-0.06 R*=10.974 3.0E-04
y=-1639.5x *
AV(V) -v.08 * R*=0.9610 - 2.06-04
-0.10 *
& 1.0E-04
-0.12
* " : . : LOF
-0.14 * -0.20 -0.15 -0.10 -0.05 0.00
-0.16 AV(Y)
(C) 0.25 (d} 1.0E-03
0.20 8.0E-04 - y=0.0046x
R*=0.9938
0.15 y=1125.5 Force (N) 6.08-04 -
AV(V) R®=0.9942
0.10 * 4.0E-04 - *
»
0.05 2.0E-04 -
0.00 T T T 1 0.0E+00 T T T T 1
0.0E+00 5.0E-05 1.0E-04 1.5E-04 2.0E-04 0.00 0.05 0.10 0.15 0.20 0.25
&(m) AV(v)

Figure 4.11 Results of sensor calibration. (a) AV vs. § plot in -D direction (b) F vs. AV plot in -D

direction (c) AV vs. & plot in +D direction (d) F vs. AV plot in +D direction
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The cantilever with stiffness 0.557 Nm™ was also calibrated and is shown below in

Figure 4.12. The measurements and calculations are shown in Table 4.2 and plots of sensor

calibration are shown in Figure 4.13.

30pm

L=1000pum
w=300pum
t=15um

Figure 4.12 Microscopic image of cantilever with stiffness 0.557Nm™

Table 4.2 Measurements and calculations of cantilever having stiffness 0.557 Nm™

Force (N)

R measured F...x (Theoretical) | F calculated from
11.96KQ 49.8uN measured &
94.7uN
Stiffness 8,..x (Theoretical) | § measured
(Theoretical) 89.5um 170um
0.557 Nm-!
- . él(m) . . (b) N 1.06-04
(a) 0.0E+01 5.0E-05 1.0E-04 1.5E-04 2.0E-04
050 8.0E-05
-1.00 ::;;Esg:; 6.0E-05
*
. MR
AV(V) -1.50 * y=-14530x 4.0E-05
R*=0.995
-2.00 2.0E-05
A
-2.50 ; . . . . 13
-2.50 -2.00 -1.50 -1.00 -0.50 0.00
-3.00 AV(v)
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(d)

Force (N)

2.0E-04

(C} 2.50 -

2.00

y=11816x

150 R*=0.9826
AV(V)

1.00 - 44

+*
.
0.50 »
.
.
0.00 + : : :
0.0E+00 5.0E-05 1.0E-04 1.5E-04
&(m)

1.2E-04 4

1.0E-04 -

8.0E-05 +

6.0E-05 +

4.0E-05 o

2.0E-05

0.0E+00

y=5E-05x
R*=0.9787

0.00

T T T 1
1.00 1.50 2.00 2.50

AV(V)

T
0.50

Figure 4.13 Results of sensor calibration. (a) AV vs.  plot in -D direction (b) F vs. AV plot in -D

direction (c) AV vs. & plot in +D direction (d) F vs. AV plot in +D direction

Another cantilever with stiffness 0.928 Nm™ was calibrated and is shown in Figure 4.14.

The measurements and calculations are shown in Table 4.3 and plots of sensor calibration are

shown in Figure 4.15.

So_p.m

L=1000pum
w=500um
t=15um

Figure 4.14 Microscopic image of cantilever with stiffness 0.928 Nm™
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Table 4.3 Measurements and calculations of cantilever having stiffness 0.928 Nm™

R measured F....(Theoretical) | Fcalculated from
7.72KQ 83.1uN measured &
159uN
Stiffness 8,.ax (Theoretical) | 6§ measured
(Theoretical) 89.5um 171pm
0.928 Nm*
&(m 8.0E-05
- o em (6) s
0.0E+0 2.0E-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04
-0.10 *
6.0E-05
-0.20 *
° Y= -0.0001x roas Force (N)
-0.30 y=-7263x% R*=0.9877
AV(V) R= 0.9872
»
-0.40
* 2.0E-05
-0.50 P .
$
-0.60 T T T T T E
0.60 -0.50 -0.40 -0.30 -0.20 0.10 0.00
-0.70 AV(V)
(C} 1.60 4 (d} 2.0E-04
1.40 1 y=0.0001x%
1.6E-04 - R*=0.9981
1.20 4
Lo y=8356.7x
. - R*=0.9981 1.2E-04
AV(V) os0 Force (N) %
0.60 4 8.0E-05 -
0.40 +
4.0E-05 -
0.20 +
0.00 . . . . 0.0E+00 - - . . . - .
0.0E+00 5.0E-05 1.0E-04 1.5E-04 2.0E-04 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
&(m) AV(V)

Figure 4.15 Results of sensor calibration. (a) AV vs. & plot in -D direction (b) F vs. AV plot in -D

direction (c) AV vs. & plot in +D direction (d) F vs. AV plot in +D direction

The fourth cantilever with stiffness of 3.438 Nm™ was calibrated and is shown in Figure

4.16. The measurements and calculations are shown in Table 4.4 and the plots of sensor

calibration are shown in Figure 4.17.
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25um

Figure 4.16 Microscopic image of cantilever with stiffness 3.438 Nm™

Table 4.4 Measurements and calculations of cantilever having stiffness 3.438 Nm™

L=700pum
w=400pum
t=17.5um

R measured F.... (Theoretical) | Fcalculated from

4.33KQ 129uN measured &
388uN

Stiffness Omax (Theoretical) | & measured

(Theoretical) 37.5um 113um

3438 Nm'!
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8 (m) (b) 4.0E-04
(a} 0.00 . : . : .
0.08+00™~_ % 2.06-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04
*
-0.50 * 3.06-04
. &
Y= -0.0001 Force(N)
100 R?= 0.9315 2.0-04
AV(V) y=-23071x
R*=0.9847
-1.50 4 * 1.0E-04
N
2]
-2.00 4 *3
* r T T T T E
-2.50 -2.00 -1.50 -1.00 -0.50 0.00
250 AV(V)
3.00 5.0E-04 -
o d
(©) L
2.50 -| -
’ * 4.0E-04
G
2.00 -| y= 23694x i
R*= 0.967 3.06-04
Force (N) y=0.0001x
AV(V)1.50 4 & R?= 0.9553
* 2.0E-04 ¥
1.00 - * *
. .
* .
0.50 4 i’ 1.06-04 - . R
. *
0.00 T T T T T i 0.0E+00 : : : : ! ]
0.0E+00  2.0E-05  4.0E-05  6.0E-05  S.0E-05  1.0E-04  1.2E-04 0.00 0.50 1.00 150 2.00 2.50 12.00
&(m) AV(V)

Figure 4.17 Results of sensor calibration. (a) AV vs. & plot in —D direction (b) F vs. AV plot in —

D direction (c) AV vs. & plot in +D direction (d) F vs. AV plot in +D direction

4.3.2 Discussion

Four cantilevers with different dimensions and stiffness were calibrated. The results
obtained were as expected. Stiffer the cantilever, large force can be detected with small
deflection. Softer the cantilever, small force can be detected with large deflection. The maximum
deflection measured under the microscope and the maximum force calculated from that
deflection differed with the theoretical values 2-3 times. The theoretical maximum force and
deflection was calculated using the maximum strain value of PVD chromium. The difference
may be due to the yield strength value that is used to calculate the maximum strain of thin

chromium film resistor. The magnitude can be of bulk chromium rather than a specific pattern
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with very small thickness. The thickness of the thin chromium film resistor is around 50-70nm

which is very small.

The first cantilever calibrated was the stiffest amongst all the cantilevers with a
magnitude of 5.157 Nm™. The cantilever was deflected till 104um detecting a force of 536LN.
The measurements were 3 times the theoretical values. The cantilever was deflected to 170um
detecting a force of 908uN but when the cantilever was brought to its original position without
deflection, the resistance of the thin chromium film resistor changed from 6.52 KQ to 30 KQ
notifying the thin chromium film resistor broke. This happened when the cantilever was
deflected about 5 times the theoretical value. Keeping this in mind, rest of the cantilevers were
deflected 2-3 times the theoretical value which detected a force 2-3 times the maximum
theoretical force of the cantilevers. When cantilevers were brought to their original position
without deflection, the resistance of the thin chromium film resistors was the same as that was
before calibration. The calibration results coincided with the theoretical values. The force range
detected by the cantilevers was 5-500uN. The stiffness of the cantilever can be controlled by
changing the dimensions of the cantilever. These cantilevers can be used for various applications
that involve small force detection with large deflection and large force detection with small

deflection.
4.4 Experiment to find the stiffness of elastic PDMS micro pillar

The purpose of this experiment was to realize cantilevers to manipulate an elastic micro
structure mimicking cantilever manipulation with cluster of cells or cancer spheroid of
comparable size. A PDMS film containing micro pillars of diameter 200pum and height 100pum

was fabricated. The fabrication process is schematically shown below in Figure 4.18.
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First a SU-8 mold was formed by UV lithography process. SU-8 2050 (MicroChem,

USA) was spin coated on a glass substrate.

Program to spin coat 100um SU-8 on glass substrate:

(Stepl) Spin at 500 rpm for 10 seconds with acceleration of 100 rpm/second.

(Step2) Spin at 1750 rpm for 40 seconds with acceleration of 300 rpm/second.

After spin coating, the sample was soft baked at 97 degree Celsius for 15 minutes. Then
the SU-8 layer was exposed to a pattern of UV light defined by a photomask. The photomask
was designed on L-Edit. Post exposure bake was carried out for 9 minutes at 97 degree Celsius.
Then the sample was developed using SU-8 developer for 9 minutes. The exposed part remains
while the unexposed part goes away. Figure 4.19 shows a top view microscopic image of the SU-

8 mold.

(1) Spin coating of SU-8

el 3031 311

photomask

(2} UV Light Exposure

i I s I s I s B | B su-s

(3) SU-8 Development
CJ poms

[ Glass substrate

(4) Casting and curing PDMS
1 I N o Y |

(5) Demoulding

Figure 4.18 Schematic illustration for the fabrication of PDMS film with micro pillars
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Hole of diameter 200um
and height 100pm

Figure 4.19 Microscopic image of SU-8 mold. It consists of a 100um thick SU-8 layer on glass

substrate, containing holes of diameter 200um. There is no SU-8 in the holes

Then soft lithography was carried out. PDMS (Sylgard 184 Dow Corning) prepolymer
and cross linker were mixed at a weight ratio of 10:1, degassed and cast into the SU-8 mold.
PDMS was cured in an oven at 60 °C for 3 hours. In the last step, the PDMS film with an array
of micro pillars was obtained after demoulding carefully from the SU-8 mold. Microscopic
images of the PDMS film with an array of micro pillars having diameter 200um and height
100um are shown below in Figure 4.20.

(a) (b)

200pm

Height of PDMS
micro pillar=100pm

PDMS micro pillar wi
200um and height10

Figure 4.20 (a) Top view microscopic image of PDMS film with micro pillars (b) Angled view

microscopic image of PDMS film with micro pillars
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The experimental setup to find the stiffness of elastic PDMS micro pillar is shown below

in Figure 4.21.

Tin metalarm holding PDMS
film with micro pillars

Figure 4.21 Experimental setup to find the stiffness of PDMS micro pillar

The experimental setup was the same as the setup used to calibrate the cantilevers except
the piece of tin metal was replaced by a tin arm that can hold the PDMS film with micro pillars.
The PDMS film was cut such that the cantilever could manipulate the micro pillars. The
microscope images the top view of the PDMS film with micro pillars and side view of the
cantilever. The mechanical stage was used to move the cantilever closer to the PDMS micro
pillar. Figure 4.22 below shows the microscopic images of the experiment to find the stiffness of
elastic PDMS micro pillar. Once it touched the micro pillar on one side, the mechanical stage
was displaced in —D direction as shown in Figure 4.22a, causing the cantilever to deflect at the
free end and the elastic PDMS micro pillar was also displaced. In this case, the displacement of
the mechanical stage is not equal to the cantilever deflection. Force (F) experienced at the free
end causes deflection of the cantilever. The displacement of the mechanical stage and change in
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voltage was measured. The mechanical stage was displaced until the cantilever deflected as
shown in Figure 4.22b. The cantilever with stiffness 0.557 Nm™ was used to find the stiffness of

elastic PDMS micro pillar with diameter 200pm and height 100pm.

(a) (b)

Figure 4.22 Microscopic images of cantilever manipulation to find stiffness of elastic PDMS

micro pillar

4.4.1 Results

When the cantilever was moved against the PDMS micro pillar with the help of
mechanical stage displacement, the cantilever deflected and the PDMS micro pillar displaced as
well. In this case, the displacement of the mechanical stage is not equal to the deflection of
cantilever as the PDMS micro pillar is elastic. The displacement of the mechanical stage is the
sum of the cantilever deflection and the displacement of the PDMS micro pillar. The mechanical
stage displacement and voltage was measured. The new voltage measurements gave new AV
values. The displacement of the mechanical stage was plotted against AV and was compared
with the plot from cantilever calibration as shown in Figure 4.23a. This showed the change in

displacement and AV when cantilever was calibrated using tin metal and when the cantilever
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deflected against elastic PDMS micro pillar. Using these new AV values, force (F) experienced
at the free end was calculated by the relationship between F and AV from the cantilever
calibration in Figure 4.13b. From these F values, the cantilever deflection was calculated
(F=S.3). The cantilever deflection was negated by the measured displacement of the mechanical
stage giving the displacement of elastic PDMS micro pillar. The displacement of the elastic
PDMS micro pillar was plotted against the force (F) as shown in Figure 4.23b. The slope of the
plot gave the stiffness of the elastic PDMS micro pillar with diameter 200um and height 100um

(F=S.9).

Displacement (m) 5.0E-05 -

(a) 0.0E+00 4.0E-05 8.0E-05 1.2E-04 1.6E-04 2.0E-04 ( )
0.00

4.0E-05 -

-0.50 FOFCE{N) =0.97x
y=-9594.2x 2.0E.05 4 Y

R*=0.9822 R*=0.953
AV{V) -1.00 -
2.06-05 -
-1.50

1.0E-05 A
-2.00

-2.50 - 0.0E+00 T 1
0.0E+00 1.0E-05 2.0E-05 3.0E-05 4.0E-05 5.0E-05

-3.00 - Displacement of elastic PDMS micro pillar (m)

Figure 4.23 Results from experiment to find PDMS micro pillar stiffness

4.4.2 Discussion

The displacement of the mechanical stage was measured when the cantilever was
calibrated and when the cantilever was used to find the stiffness of elastic PDMS micro pillar
with diameter 200um and height 100um. Both were compared and shown in Figure 4.23a above.
The blue line shows the plot from calibration and the red line shows the displacement of the

mechanical stage and AV plot when the cantilever was used to find the PDMS micro pillar
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stiffness. It could be estimated that the PDMS micro pillar was about 66 percent stiffer than the

cantilever. The estimated stiffness of the micro pillar was 0.925 Nm™.

The force (F) experienced at the free end of the cantilever was plotted against the
displacement of the elastic PDMS micro pillar as shown in Figure 4.23b. The slope of the plot
gave the stiffness. The stiffness of elastic PDMS micro pillar with diameter 200pum and height
100pum was found to be 0.97 Nm™ which was close to the estimated value. The results indicate

that these cantilevers can be used to find stiffness of elastic micro scale structures.
4.5 Experiments to measure force in cancer cell manipulation

The purpose of these experiments was to show the capability of handling cells. To
measure force in cancer cell manipulation, a cell holding device was fabricated. This cell holding
device was a PDMS film that consisted of a circular well of depth 100um and PDMS micro
pillars with diameter 300um and height 100um. The circular well could hold cells and PDMS
micro pillars were used as a supporting structure against which the aggregation of cancer cells
could be manipulated by the cantilevers. The PDMS film was fabricated using the same
fabrication process shown in Figure 4.18. First, a SU-8 mold was formed using UV lithography.
Then soft lithography was carried out. PDMS was casted onto the SU-8 mold and cured. The
PDMS film containing well and micro pillars was obtained after demoulding carefully from the

SU-8 mold. Microscopic images of the PDMS film is shown below in Figure 4.24.
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(b)

PDMS micro
Height of PDMS pillar with

micro pillar 100pum diameter 300pum

and height
100pm

Circular well

of depth

100um Circular well of

7 depth100pm

cutinto half

Figure 4.24 (a) Angled microscopic image of PDMS film containing circular well and PDMS

micro pillars (b) Top view microscopic image used in experiment

The experimental setup to measure force in cancer cell manipulation was the same as the
setup used to find the stiffness of elastic PDMS micro pillar. The tin metal arm holds the cell
holding device (PDMS film). The circular well on the PDMS film was cut into half so that it
allows the cantilever to manipulate the MCF-7 cells and micro pillars from the side. The PDMS
film was then placed on the tin metal arm such that the microscope images the top view of the
PDMS film as shown in Figure 4.24b and the side view of the cantilever. MCF-7 cancer cells
were centrifuged and an aggregation of MCF-7 cancer cells was pasted onto the circular well of
the PDMS film as shown below in Figure 4.25. The cantilever with stiffness 0.557 Nm™ was
used to measure force in cancer cell manipulation. After pasting the MCF-7 cancer cells onto the
circular well of the PDMS film, using the displacement of the mechanical stage, the cantilever
was moved and brought close to the MCF-7 cancer cells. Figure 4.25 below shows the
microscopic images of the experiment to measure force in cancer cell manipulation. Once the
cantilever touched the aggregation of MCF-7 cancer cells, the mechanical stage was displaced in

+D direction as shown in Figure 4.25a causing the cantilever to deflect at the free end. In this
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case, the displacement of the mechanical stage is not equal to the cantilever deflection as MCF-7
cancer cells are elastic. Force (F) experienced at the free end causes deflection of the cantilever.
The displacement of the mechanical stage and change in voltage was measured. The mechanical

stage was displaced until the cantilever deflected as shown in Figure 4.25b.

(b)

ad height 100pm

MCF-7 cancer cells —

| 50um

Figure 4.25 Microscopic images of Experimentl to measure force in cancer cell manipulation

Another similar experiment was carried out to measure force in cancer cell manipulation

and is shown in Figure 4.26 below.

(@) (b)

Figure 4.26 Microscopic images of Experiment2 to measure force in cancer cell manipulation
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This time the aggregation of MCF-7 cancer cells was pasted and concentrated onto an

elastic PDMS micro pillar of diameter 300um and height 100um.

4.5.1 Results

When the cantilever was moved against the aggregation of MCF-7 cancer cells in both
experiments with the help of mechanical stage displacement, the cantilever deflected. In this
case, the displacement of the mechanical stage is not equal to the deflection of cantilever as
cancer cells are elastic. The displacement of the mechanical stage is the sum of the cantilever
deflection and the indentation of aggregation of MCF-7 cancer cells caused by cantilever
manipulation. In both experiments, the mechanical stage displacement and voltage was
measured. The new voltage measurements gave new AV values. The displacement of the
mechanical stage was plotted against AV and was compared with the plot from cantilever
calibration as shown in Figure 4.27. Figure 4.27a shows the plot D vs. AV for experiment
number 1 and 4.27b shows the D vs. AV plot for experiment number 2. This showed the change
in displacement and AV when cantilever was calibrated using tin metal and when the cantilever
deflected against the aggregation of MCF-7 cancer cells. Using these new AV values, force (F)
experienced at the free end was calculated by the relationship between F and AV from the
cantilever calibration. From these F values, the cantilever deflection was calculated (F=S.5). The
cantilever deflection was negated by the measured displacement of the mechanical stage giving
the displacement of the system that consists of the PDMS film with PDMS micro pillars and
aggregation of MCF-7 cancer cells. The displacement of system was plotted against the force (F)
as shown in Figure 4.28. Figure 4.28a shows the plot of force (F) vs. displacement of system, for

experiment number 1 and Figure 4.28b shows the plot of force (F) vs. displacement of system,
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for experiment number 2. The slope of the plot gave the stiffness of the whole system that

consists of the PDMS film with PDMS micro pillars and aggregation of MCF-7 cancer cells.
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Figure 4.27 Displacement of mechanical stage vs. AV plots (a) Experimentl (b) Experiment2
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Figure 4.28 Force vs. Displacement of system (a) Experimentl (b) Experiment2

4.5.2 Discussion

The purpose of these experiments was to show the capability of handling cells. The
cantilever with least stiffness i.e. 0.557 Nm™ was used to find the force measurements in cancer
cell manipulation. This cantilever provided the least range of force used to manipulate the
aggregation of cancer cells. The displacement of the mechanical stage was measured when the
cantilever was calibrated and when the cantilever was used to measure force in cancer cell
manipulation. Both were compared and shown for both experiments in Figure 4.27 above. The
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blue lines show the plot from calibration and the red lines show the displacement of the
mechanical stage and AV plot when the cantilever was deflected against the aggregation of
MCF-7 cancer cells. The slopes in these graphs for both experiments were almost comparable.
As mentioned, the circular well on the PDMS film was cut into half and used in Experiment 1.
The other half was used in Experiment 2. In both Experiments, fresh aggregation of MCF-7
cancer cells was pasted onto the PDMS film. The comparable slopes show the cantilever
deflected from an identical target structure in both experiments. The target structure was

aggregation of MCF-7 cancer cells.

In Experiment 2, the mechanical stage was displaced till the cantilever deflected shown in
Figure 4.26b. A force (F) range of 5-90uN was detected and applied on the aggregation of MCF-
7 cancer cells. This force caused an indentation of aggregation of MCF-7 cancer cells which was

seen under the microscope shown in Figure 4.29 below.

Figure 4.29 Indentation of aggregation of MCF-7 cancer cells caused by cantilever manipulation
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Figure 4.28 above show the plots of force vs. displacement of system for both
experiments. The slope of the plots gave the stiffness of the whole system that includes the
PDMS film with PDMS micro pillars and aggregation of MCF-7 cancer cells. The measured
stiffness in Experiment 1 was 2.28 Nm™ and in Experiment 2 was 2.06 Nm™. The stiffness
measurements are almost comparable. A measured range of 2.0-2.3 Nm™ could be assumed of
the stiffness of the whole system that consists of the PDMS film with PDMS micro pillars and

aggregation of cancer cells.

These cantilever based sensors are compatible to explore the stiffness of cluster of cancer
cells or cancer spheroids. Cancer model spheroids could be manipulated by the polymer micro
scale force sensing cantilevers. Examining the stiffness of cluster of cancer cells may help
understand the physical mechanisms involved in cancer metastasis and may help identify

abnormal cell populations like tumors in detecting cancer.

These findings suggest that polymer based micro scale force sensing cantilevers
designed, fabricated and tested in this study can be used for biosample manipulation and

measurements.
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Chapter 5

Conclusion

In this thesis, polymer based micro scale force sensing cantilevers were designed,
fabricated and tested. SU-8 polymer was proposed as the cantilever material instead of traditional
silicon technologies because it is difficult to fabricate cantilevers with sufficiently low stiffness
to accomplish small forces required. Low Young’s modulus of SU-8 constitutes low stiffness
cantilevers which result in increased variation in cantilever deflection increasing the sensitivity
of cantilevers. Micro fabrication technology was used to fabricate the polymer based cantilevers
as it enables a versatile cantilever fabrication process allowing easy integration of additional
functionality and variety of cantilever shapes to be designed. The cantilevers were integrated
with thin chromium film resistors for sensor readout. Cantilever deflection induced stress on the
surface of the cantilever changing the resistance of the thin chromium film resistor. A custom
built amplifier allows for a sensitive response to the cantilever deflection. Thin chromium film
resistors were proposed as thin metal film resistors because thin chromium film can be easily
deposited using thermal evaporation. Chromium is readily available and inexpensive. The
required thickness of thin metal film resistor deposited on the surface of the cantilever was very

small and chromium provided a high resistivity compared to other metals.

Four cantilevers with different dimensions and stiffness were calibrated. The results
obtained were as expected. Stiffer the cantilever, large force can be detected with small
deflection. Softer the cantilever, small force can be detected with large deflection. The maximum
deflection measured under the microscope and the maximum force calculated from that

deflection differed with the theoretical values 2-3 times. The theoretical maximum force and
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deflection was calculated using the maximum strain value of PVD chromium. The difference
may be due to the yield strength value that is used to calculate the maximum strain of thin
chromium film resistor. The magnitude can be of bulk chromium rather than a specific pattern
with very small thickness. The calibration results coincided with the theoretical values. The force
(F) range detected by the cantilevers was 5-500uN. The stiffness of the cantilever can be

controlled by changing the dimensions of the cantilever allowing desired force range detection.

The cantilever based sensor was used to find the stiffness of an elastic PDMS micro
pillar of diameter 200um and height 100um. The purpose of this experiment was to realize
cantilevers to manipulate an elastic micro structure mimicking cantilever manipulation with
cluster of cells or cancer spheroid of comparable size. A PDMS film containing micro pillars was
fabricated using UV lithography and soft lithography techniques. When the cantilever was
moved against the PDMS micro pillar with the help of mechanical stage displacement, the
cantilever deflected and the PDMS micro pillar displaced as well. Using the measurements and
calculations from cantilever calibration and cantilever manipulation with elastic PDMS micro
pillar, the stiffness of an elastic PDMS micro pillar of diameter 200um and 100pum was measured

which was 0.97 Nm™.

The cantilever based sensor was also used to measure force in cancer cell manipulation.
The purpose of this experiment was to show the capability of handling cells. A cell holding
device was fabricated using UV lithography and soft lithography processes. The cell holding
device was a PDMS film that consisted of a circular well of depth 100um and PDMS micro
pillars of diameter 300pum and height 100um. MCF-7 cancer cells were centrifuged and pasted
onto the circular well of the PDMS film. Using the measurements and calculations from

cantilever calibration and cantilever manipulation with aggregation of cancer cells, the stiffness
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of the whole system consisting of the PDMS film with PDMS micro pillars and aggregation of
MCF-7 cancer cells was measured which was in the range 2.0-2.3 Nm™. A force range of 5-
90uN was detected and applied which resulted in indentation of aggregation of MCF-7 cancer

cells seen under the microscope.

These cantilever based sensors are compatible to explore the stiffness of cluster of cancer
cells. Examining the stiffness of cluster of cancer cells may help understand the physical
mechanisms involved in cancer metastasis and may help identify abnormal cell populations like
tumors in detecting cancer. These findings suggest that polymer based micro scale force sensing
cantilevers designed, fabricated and tested in this study can be used for biosample manipulation
and measurements and a desired force range can be applied. These cantilevers can be used for
various applications that involve small force detection with large deflection and large force
detection with small deflection. Polymer based micro scale force sensing cantilevers can be used
in micro fluidic applications as flow sensors. Other applications include molecule detection,

material characterization and drug discovery.
5.1 Future directions

The cantilever based sensors designed, fabricated and tested in this study are compatible
to explore the stiffness of cluster of cancer cells or cancer spheroid. Spherical cancer models
have been used in cancer research. The study of cancer cells in a 3D context can provide insights
not observed in conventional 2D monolayers. Spherical cancer models include multicellular
tumor spheroids, tumorospheres, tissue-derived tumor spheres and organotypic multicellular
spheroids (Weiswald et al., 2015). These models are formed by cell culture methods. The

diameter of cancer spheroids range from 100um to 600um (West et al., 1989; Friedrich et al.,
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2009; Dufau et al., 2012). Using the cell holding device, the polymer based micro scale force
sensing cantilevers can be used to manipulate cancer spheroids and the stiffness of these cancer

spheroids could be investigated.
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