2 Ja 3 ~ Y Y ' o
msmugﬂmuﬁwmamaﬁ‘nmmmmmTm'lﬂammuum

ﬁjﬁﬂmﬂﬁﬂﬂﬁ‘ﬂﬂﬂllﬂﬂﬂ?ﬂﬁﬁ"lﬁhﬂlﬂﬂl"’ll@

% @ 14 Y =
HNANIUHIUUN LUNINY

unAngauasuiiudoyaatuiinveinginudaauntnsfing 2554 liusnisluadstyaign (CUIR)
Duuiludeyavesfidndvesinerinug Nasinniaiodinivede
The abstract and full text of theses from the academic year 2011 in Chulalongkorn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

a a o2 g 1 % 1% = a v oA
3‘1/1811uwu‘ﬁﬁ1,ﬂumuwﬁwmmiﬁﬂmmuWaﬂgmﬂitytynwmmﬁmnmumcvm
a a = a 4 a 4
ﬁ'lﬂl'l')‘]ﬂﬂiﬁilﬂﬂllﬁ%?ﬂﬂWﬁWﬁ@]iW@ﬁlN'ﬁ]i
a 4 t4 a [
AUSINYIANTAT JWIINTUUNIINY1AY

Amsdnm 2559

a a £ t4 a @
AVANTUDIPWIAINTUNVIINYIQY



FABRICATION OF PDMS LENSES WITH PRECISELY CONTROLLED
CURVATURES BY CONFINED SESSILE DROP TECHNIQUE

Miss Natthanan Kaewmanee

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Petrochemistry and Polymer Science
Faculty of Science
Chulalongkorn University
Academic Year 2016
Copyright of Chulalongkorn University



Thesis Title FABRICATION OF PDMS LENSES WITH
PRECISELY CONTROLLED CURVATURES
BY CONFINED SESSILE DROP TECHNIQUE

By Miss Natthanan Kaewmanee

Field of Study Petrochemistry and Polymer Science

Thesis Advisor Professor Sanong Ekgasit, Ph.D.

Thesis Co-Advisor Associate Professor Chuchaat Thammacharoen

Accepted by the Faculty of Science, Chulalongkorn University in Partial
Fulfillment of the Requirements for the Master's Degree

Dean of the Faculty of Science

(Associate Professor Polkit Sangvanich, Ph.D.)

THESIS COMMITTEE
Chairman

(Assistant Professor Warinthorn Chavasiri, Ph.D.)
Thesis Advisor

Thesis Co-Advisor

(Associate Professor Chuchaat Thammacharoen)
Examiner

(Associate Professor Kawee Srikulkit, Ph.D.)
External Examiner

(Assistant Professor Wimonlak Sutapun, Ph.D.)



o 4 Y = dﬂ{

o s o A Y gy 1 1o 9
mgguu‘w UNINU . ﬂTi"UL!'ﬁ‘]Jl,'ﬁL!ﬁ‘WﬂL@N!ﬂﬁﬂﬂ’)ﬂﬂhﬂ’ﬂhiﬂﬂqﬂﬂEJNLIJJLlEJWYJEJ

U

matAnsneauUUAsIisInAveuva (FABRICATION OF PDMS LENSES
WITH PRECISELY CONTROLLED CURVATURES BY CONFINED
SESSILE DROP TECHNIQUE) ®.711/3nu1ineniinutudn: f. as.aued 1on

4
2

a d' a a 4l a a 9
any, amiﬁﬂm’mmuwuﬁm: I YV TITNRTY, 66 vi.

P4
=<

Aa o dy o Aax ] 4 a a =
mmﬁ]ﬂummu@3ﬁﬂ1muu1wﬂumimusﬂmummwaa"lmwa”lmaaﬂwu (W

Y

v
o w o

a g = I Y a =K A Y A
mﬂllmﬁ) 2a1a lAesAIBNANANTHIALLUATINIINAVOVIVA ‘I/Iﬂ‘l’iﬁ"lﬂJ"liﬂﬂ’J’]Jﬂllﬁil‘]Jﬁ

S Y 1 ] ) 1 Y 4 o o o dy
ﬁummuﬁ"lmammum wuanulasvevaud seezINne wazmaduens nsEUIUNITH

a

2 4 I ' ] a o
awsovugiaudinoued1d lasie 252 Taunulumsnaad Idqungilunisnsgll
o a a Aa 9 s I = SN YN @ ) 4
i wazamnsoraaludnayd 1@ mudiadueadaralawesnlaldnyuziuaudyu

' R A o N & 4 . s 3
unuszunamsohnaanundesnieglvesasa IlumendouduisaTiuliilundoq

Jan 2 Jan g o 9 ]
yansseniasaeanuunnm lunsvugliaudiawueaansailalasmsvsaiiaoued
manilsuas 3-100 luTasans asuugiuuulnanyuia 2-10 Jadwas 1doAw
9 ' 1 1 2 Jax o Y
AUMUABMIUNINTENYBIVBUNA IagueuanaIglumsvugiaudnanue s M ldaiu

= = Y A I = 1 a
yoansanavlinnuEadesgald WAL amMadlinIsuNINIZNBUUDTUIIATAINNNAAN
9 ' ¥ = A 1 A ] o q ¥ Aa 2 a
Melannuangasenians NN 1wazsneHITE 119 Mlinsananinayull
1 < a
anuTdaniven lumsasgiliiadueamadz I9nnuieugugil 80 eeruaaiFoduiu 30

o 4 I { ' 1 o 4 o

wi i liaudidoueanld ldliveseininednieludvaud Tszezldna  3.4-
a A o w 1 2 :(y o 3
55.2 Hadwas nazlimawwey 4.5-73.5 11 nszuiumsvugiiaudiannsarian Naoq

Jaa J o 91 @ <3 A Il <
yansseniasneadunsa Musuuwnmansaih llldaenmiagang 1luamnsave uviu
9 1 ] [ A a o [ 2 9 a A U
agaular rumsmienmvesdaiuiszay luTaswes deanaalumsdaunazsessosues

A ¥ o /9 Y1 o ' A
nszquily wennnUudIaIsalszgndlysaunuawargnuuwIu Tus e a1y

a A A a g a Y [
mmmmmﬂmﬂwuwﬂmmmmq

a a a 4 a s 8 an
¥ Ulasmiluaz memaaineaes ﬁ?ﬂﬁﬂ%@uﬁﬁ

= =2 A A A [
Unmisfnm 2559 YUY E].‘Vllﬁﬂhﬁ/iﬁﬂ

A A ~ 1
AYUOVD @.ﬂﬂ?ﬂ‘ﬂ’lﬁﬁ]ll



##5771969923 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE

KEYWORDS: EPDMS LENS, PORTABLE SMARTPHONE DIGITAL
MICROSCOPE, THE CONFINED SESSILE DROP
NATTHANAN KAEWMANEE: FABRICATION OF PDMS LENSES
WITH PRECISELY CONTROLLED CURVATURES BY CONFINED
SESSILE DROP TECHNIQUE. ADVISOR: PROF. SANONG EKGASIT,
Ph.D., CO-ADVISOR: ASSOC. PROF. CHUCHAAT
THAMMACHAROEN, B.Sc., 66 pp.

This research presented a novel approach for forming lens form
elastomeric polydimethylsiloxane (ePDMS) with precisely controlled properties such
as curvature, focal length, and magnification via the confined sessile drop technique.
This technique is simple, rapid, and cost effective for mass-scale production. The
ePDMS lens with plano-convex shape can be directly attached onto a smartphone
camera and transform into portable smartphone digital microscope. The fabrication
procedure of ePDMS plano-convex lens involved an injection of liquid PDMS
(IPDMS) 3-100 pL onto a circular disk with the diameter in the range 2-10 mm. The
resistances to spreading by sharp enabled the reproducibility of spherical cap of
IPDMS. The IPDMS axisymmetrically spread under the balance between the
gravitational force and interfacial tension force for precisely controlled spherical cap.
A thermal treatment at 80 °C for 30 min cured the spherical caps IPDMS into a
bubble-free solid ePDMS plano-convex lens. The ePDMS plano-convex lens with
focal lengths of 3.4-55.2mm and magnifications of 4.5X-73.5X could be
repeatedly reproduced. Portable smartphone digital microscope can be used to capture
small objects that cannot be seen with the naked eye such as micro-printing, and gun
shoot residue. High-resolution panorama  microscope images without

distortion were also demonstrated.

Field of Study: Petrochemistry and Student’s Signature

Polymer Science Advisor's Signature

Academic Year: 2016 Co-Advisor's Signature



Vi

ACKNOWLEDGEMENTS

I would like to express my deep gratitude to my thesis advisor, Professor
Dr. Sanong Ekgasit and my thesis co-advisor, Associate Professor Chuchaat
Thammacharoen for guidance, supervision and helpful suggestion throughout the

course of this research.

I would like to thank my committee members, Assistant Professor Dr.
Warinthorn Chavasiri, Associate Professor Dr. Kawee Srikulkit and Assistant

Professor Dr. Wimonlak Sutapun, whose comments have been especially valuable.

I would like to thanks to my friends and colleagues at the Sensor Research
Unit (SRU) for the everlasting friendship and technical supports throughout the
time of study

Definitely, this research cannot be completed without kindness and
helpful of many organizations. First, | would to thanks Program of Petrochemistry
and Polymer Science, Chulalongkorn University; Department of chemistry,
Faculty of Science, Chulalongkorn University and Scientific and Technological
Research Equipment Center, Chulalongkorn University. Special thanks National

Research Council of Thailand (NRCT) for financial supports.

Most importantly, | own deep gratitude to my family, especially my father

and mother for their love and encouragement.



vii

CONTENTS

THAT ABSTRACT ettt sbe ettt e e iv
ENGLISH ABSTRACT ... v
ACKNOWLEDGEMENTS ...ttt Vi
CON T EN T Sttt sttt e et e s ae e e be e snbeenbeeenneen vii
LIST OF TABLES ...ttt ettt n et iX
LIST OF FIGURES ...ttt X
LIST OF ABBREVIATIONS ... .o XVi
CHAPTER | INTRODUCTION ...ttt 1
1.1 POINT OF CARE TESTING DEVICE .......coooiiiiieeeeee e 1
1.2 SMARTPHONE ..ottt 1
1.3 LAB-ON-PHONE ..o 2
1.4 OBJECTIVE OF THE RESEARCH .......ooiiiii e 3
1.5 SCOPE OF THE RESEARCH ......ooiiiii e 3
1.6 EXPECTED OUTCOME OF THE RESEARCH ......cooiiiiiiiee e 4
CHAPTER Il THEORETICAL BACKGROUND ........cccoiiiiiieiceeeeee e 5
2.1 ELASTOMERIC POLYDIMETHYLSILOXANE ......cccooiiiiiiiiiieiereeee s 5
2.1.1 The Composition and Chemical Structure of ePDMS ..........c.cccevveirnnenne 5

2.1.2 Polymerization of the EPDMS ... 7

2.1.3 The Properties of the EPDMS..........ccoveiiiiiiiec e 8

2.1.4 Application 0f the EPDIMS ..........ooviiiie e 9

2.2 ePDMS LENS FABRICATION TECHNIQUE.........cooiiieee, 10
2.2.1 The Replica Molding TeChNIQUE..........ccccveieiieiieieieseeeee s 10

2.2.2 The Moldless Surface Energy Minimization Technique..............cc.ccoue.... 11

2.2.3 The Thermal ReflOW PrOCESS .........covviiieiiinicicisiceese s 12

2.2.4 The Dielectrophoresis Force Technique...........ccccceevveviveveiieveese e, 13

2.2.5 The Hanging Droplet TEChNIQUE .........ceeviiiiieiiecec e 14

2.2.6 The Inkjet Printing TECANIQUE..........cooiiieiiieiee e 15

CHAPTER Il EXPERIMENTAL SECTION.......cooiiiiiiiiiiii e 17



3.1 CHEMICALS, MATERIALS, AND INSTRUMENTS ..o, 17
3.2 FABRICATION PROCEDURES OF ePDMS PLANO-CONVEX LENS...... 18
3.2.1 Preparation of PMMA Circular DisK .........ccccoiiiiiiniiiniieec e 18
3.2.2 Preparation OF IPDIMS ..........coooiiieciccee e 19
3.3 EFFECT OF EXPERIMENTAL PARAMETERS ON THE
FABRICATION OF ePDMS PLANO-CONVEX LENS .......ccccooiiiiiiiiee 20
3.3.1 Effect of Circular Disk Material on IPDMS Spreading ...........cccccovruenne. 20
3.3.2 Effects 0f Drop POSITION .........ccoviieiieiisie e 20
3.3.3 Effects of Curing TEMPErature.........ccccvevieieeve e 21
3.3.4 Effects of IPDMS VOIUME ........ccooiiiiiiiieeee s 21
3.3.5 Effects of Circular Disk DIAMELErS ..........ccceieierininiiieeee e 21
3.3.6 Effects of Circular PDMS ThiCKNESS ........cccoviiiiiiiiiiiieec e 22
3.3.7 Applications of ePDMS Plano-ConveX Lens..........cccccvevevvevveriesiesieene. 22
3.4 CHARACTERIZATIONS ...t 23
3.4.1 CoNtaCt ANGIE....cciiiiieeie et 23
3.4.2 FOCAl LENGEN ..ot s 24
3.4.3 MagnIfICALION .....cviiieiice e 24
344 VIEWING ATBA ..ottt te ettt te e te et e ba e te e e sneenas 25
CHAPTER IV RESULTS AND DISCUSSION........ooiiiiiiiieieeeeeeee e 26
4.1 PRELIMINARY OBSERVATIONS ...t 26
4.2 FABRICATION AND TESTING OF ePDMS PLANO-CONVEX LENSES .27
4.3 FIELD APPLICATIONS OF ePDMS PLANO-CONVEX LENSES............... 45
4.4 PANORAMA MICROSCOPE IMAGING BY SMARTPHONE
MICROSCOPE ...t 47
CHAPTER V CONCLUSIONS ...ttt 53
REFERENGCES ... .ottt sttt nneas 54



Table 2.1

Table 2.2

LIST OF TABLES

The physical properties of the ePDMS....................

Summary of the technique for ePDMS lens fabrication



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

LIST OF FIGURES

Page
The chemical structure of the ePDMS repeating units............ 6
The chemical structure of the ePDMS base........................ 6
The chemical structure of the ePDMS curing agent.............. 7

The crosslinking of the ePDMS base: vinyl terminate ends and
curing agent: hydrogen terminated ends in the presence of a
platinum catalyst............ooviiiiiii i
Fabrication of ePDMS micro-lens array by replica molding
teChNIQUE. ...
Fabrication of ePDMS micro-lens array by moldless surface
energy minimization technique.................c.ooooii
Fabrication of ePDMS micro-lens array by thermal reflow
processxHULALONGKORN .UNIVERSITY................coeneni
Fabrication of ePDMS micro-lens array by dielectrophoresis
force technique........coviniiii
Fabrication of ePDMS micro-lens array by hanging droplet
tEChNIQUE. ..o

Fabrication of ePDMS lens by inkjet printing technique.........

10

11

12

13

15



Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 4.1

Figure 4.2

Page

Photographic images of (A) the laser cutting machine and (B)
the PMMA circular disks (with diameter of 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 9.0, and 10.0 mm) used in the fabrication of
ePDMS plano-convex [enses...........ooiviiiiiiiiiiiiie
Photographic images of (A) Sylgard® 184 and (A) the mixed
IPDMS for ePDMS lens fabrication.................c.ceeeivinnnnnn.
Photographic image of the contact angle measurement..........
Photographic image of the focal length measurement............
Photographic image of 1-mm square grid paper for viewing
area MeEASUTCIMENT. . ....uuttii ettt e e eenaee
Time-dependent photographic images of 15-uL. IPDMS sessile
drops axisymmetrically spread on selected flat surfaces of (A)
PMMA sheet, (B) PDMS film, (C) PC sheet, and (D) glass
slide. Scale bars indicate 2 mm.................coooeiiiiiininnn.
Photographic image of (A) a bubble-free ePDMS plano-
convex lens prepared by the confined sessile drop technique
by curing a spherical cap IPDMS on 5-mm PMMA circular
disk at 80 °C for 30 min. The ePDMS lens with air bubbles
prepared by dispensing a droplet of IPDMS onto a pre-heated

(B) 100 °C, (C) 150 °C, and (D) 150 °C glass slide...............

18

19

23

24

25

29

Xi



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Xii

Page

Time-dependent images of 15-uL IPDMS confined sessile
drops spreading on 3-mm PMMA. The droplets were
deposited at (A) 0, (B) 0.5, and (C) 1 mm from the center of
the disk. Scale bars indicate 1 mm (A-C)...........ccooevinvinnnn...
The front side of a new USD 100 banknote show in (A). The
red circles indicate arrays of micro-printings. (B-D) show the
microscopic images of micro-printing acquired with 3-mm
ePDMS plano-convex lenses. (E-G) are the corresponding
images with 4X digital zoom. Scale bars indicate 500 um (B-
D),and 100 pm (E-G)...oovnviiiiii e
6-mm ePDMS plano-convex lens of various focal lengths
fabricated by dispensing 5, 10, 15, 20, 25, 30, 35, and 40 pL
IPDMS on 6-mm PMMA disks. The standard deviation (SD)
bar of each lens set was calculated from 20 lenses...............
Microscopic images of the Benjamin Franklin’s eyes on the
front side of a new USD100 banknote were taken by an
iPhone 6s Plus coupled with the 6-mm ePDMS plano-convex
lens of various focal lengths fabricated by dispensing (A) 5
uL, (B) 10 L, (C) 15 pL, (D) 20 pL, (E) 25 pL, (F) 30 pL,
(G) 35 puL, and (H) 40 pL IPDMS. The viewing area (VA, 4:3

format) and contact angle (CA) were indicated in the images...

33

34

36

37



Figure 4.7

Figure 4.8

Figure 4.9

Xiii

Page

Overflow of 45-uL IPDMS on a 6-mm PMMA disk. The disk
cannot hold the droplet as the local contact angle (6p) was
much greater than the critical angle for spreading over the
edge (0c) defined by the Gibbs inequality condition. In this
CASE 0CT000 . .
The ePDMS plano-convex lenses of various focal lengths
fabricated by dispensing the highest possible volume of
IPDMS on PMMA disks: 2 mm (4 pL), 3 mm (6 pL), 4 mm
(15 pL), 5 mm (30 pL), 6 mm (40 pL), 7 mm (55 pL), 8 mm
(65 pL), 9 mm (80 pL), and 10 mm (100 pL). The SD bar of
each lens set was calculated from 20 lenses........................
Microscopic images of George Washington’s statue on the
flip side of a new USD100 banknote were taken by an iPhone
6s Plus coupled with the ePDMS plano-convex lenses
fabricated by dispensing the highest possible volume of
IPDMS on PMMA disks: (A) 2 mm (4 pL), (B) 3 mm (6 pL),
(C) 4 mm (15 pL), (D) 5 mm (30 pL), (E) 6 mm (40 pL), (F)
7 mm (55 pL), (G) 8 mm (65 pL), (H) 9 mm (80 L), and (1)
10 mm (100 pL). The viewing area (VA, 4:3 format) and the

contact angle (CA) were indicated......................coooeennan.

38

40



Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Xiv

Page

Contact angles and curvatures of ePDMS plano-convex lens
with diameter of (A) 4 mm, (B) 6 mm, and (C) 8 mm. The
contact angles were measured from the images taken by the
photographic capability of a standard goniometer (Model 200-
F1, Ramé-Hart Instrument Co., USA). The lens curvatures
were extracted from the contrast of the images by a MATLAB
program. A set of 20 lenses was employed for each diameter.
The narrow distributions indicate the reproducibility of the
fabrication method. ..o
A set of 100 ePDMS plano-convex lenses (5-mm diameter)
fabricated by the confined sessile drop technique and their
optical effect when placed on printed characters..................
Focal length of 6-mm PDMS elastomeric lens with base of
different thickness. Based on the spherical cap fitting, the 6-
mm lenses fabricated from a confined sessile drop of 40-uL
IPDMS have a radius of curvature R of 4.0 mm..................
(A) A photographic image of GSRs generate by a point-blank
shooting on a cotton fabric. A microscopic image of a GSR
taken by (B) normal photography and (C-E) 4X digital zoom.
(F) A microscopic image of a clean cotton fabric. The
microscope images were captured by an iPhone 6s Plus

coupled with a 6-mm ePDMS plano-convex lens.................

42

43

45



Figure 4.14

Figure 4.15

Figure 4.16

Page

A series of still images show an experiment setup and
panorama microscope imaging using a smartphone
microscope equipped with a 5-mm ePDMS plano-convex lens
and homemade rotating device. The device was rotated at 3
rpm while smartphone microscope taking panorama image of
the 3.3 mm x 1.4 mm paper strip wrapped around a 10 mm
cylinder. The panorama app stitched the images on-the-fly.....
Photographic images of a printed-paper strip as it: (A) was
laid on a flat surface and (B) was wrapped around a 10 mm
cylinder. (C) Microscopic images of the curved paper strip
and (D) the corresponding panorama microscopic image of
the curved paper strip taken by an iPhone 6s Plus coupled
with a 3-mm lens (see Figure 4.14)............coooiiiiiiin...
(A) Photographic images of an FMJ bullet. (B) The
corresponding microscopic images of the bullet and (C)
panorama microscopic image of the bullet taken by an iPhone

6s Plus coupled with a 3-mm ePDMS plano-convex lens.......

49

50

XV



°C

Oe
Op
POCT

CA

cm
ePDMS
FMJ

GSRs

KPa

IPDMS

MEMS
min

mm

LIST OF ABBREVIATIONS

: Degree Celsius

: The subtended angle at the edge

: Microliter

: Micrometer

: The critical contact angle for spreading over the edge
: The equilibrium (thermodynamic) contact angle
: The local contact angle

: Point of care testing

: Contact angle

: Focal length (mm)

: Centimeter

: Elastomeric polydimethylsiloxane

. Full metal jacket

: Gunshot residues

: High of lens

. Kilopascal

: Liquid polydimethylsiloxane

: Magnification (X)

: Microelectromechanic system

: Minute

: Millimeter

XVi



MPa

PC

PE

PMMA

mm

SD

SG

: Megapascal

: Polycarbonate

: Polyethylene

: Polymethylmethacrylate

: Radius of curvature of lens

: Radius of lens

: Rounds per minute

: Second

: Standard deviation

: Specific gravity

: Glass transition temperature
: Crystalline melting temperature

: Viewing area

XVii



CHAPTER |

INTRODUCTION

1.1 POINT OF CARE TESTING DEVICE

Point of care testing (POCT) device is an instrument using for a simple medical
testing or patient care near the testing site and it is operated by physician or healthcare
professionals. The advantage of the POCT device is the very fast diagnostic which is
allowing the rapid clinical decision making and much better treatments. Nowadays,
the development of POCT device are widely practiced [1-9] because of many
advantages of this device such as ease of operation and instant response. As a result,
physicians or healthcare professionals can instantly take care of their patients. In
addition, the POCT devices were demonstrated for the usage in environmental
monitoring and food safety analyses [10-11]. Consequently, the researches and
developments of the POCT devices are essential for the health of the population and

continuous the development of the countries.

1.2 SMARTPHONE

Nowadays, smartphone is a must personal electronic device. The worldwide
availability of compact and lightweight smartphones with powerful processor, high
quality display, large volume storage, connectivity (3G, 4G, Wi-Fi, Bluetooth, Near

Field Communication), ease to use apps, and state-of-the-art sensors (camera,



proximity sensor, magnetometer, accelerometer, gyroscope, microphone, fingerprint
sensor, thermometer, and light sensor) at affordable prices was developed. The
advanced features of smartphones can be transformed into the future POCT devices.
There were 87 million new global subscriptions of mobile phones in the third quarter
of 2015 alone. By the end of 2015, the number of mobile phone subscriptions was
greater than that of the global population with a greater number of smartphone

subscriptions compared to that of the basic phones [12].

1.3 LAB-ON-PHONE

Lab-on-phone devices take advantages of smartphone functionalities such as
biosensors [12-21], spectrometer [22-26], and colorimetric sensors [22, 26-31] have
been fabricated. Powerful image processing with high pixel density of image sensor
encouraged researchers to explore its potential as affordable mobile digital
microscope capable of capturing and sharing detailed microscopic images anywhere
anytime by attaching an external lens onto the smartphone camera. Various types of
lenses including objective lens [32-34], ball lens [34-35], plano-convex lens [20],
iPhone lens module [34-36], PDMS elastomeric lens [37-39], and microscope lens
[40-42] were employed for coupling the magnified image into the optical system of
the smartphone without any hardware modification. The image quality and
magnification are strongly depended on the lens and attachment design. Smartphone
microscope images with resolution of 1.2 um by an objective lens [32], 1.5 um by a
plano-convex lens [20], 1.5 um by a ball lens [35], 1.1 um by a PDMS elastomeric
lens [43], 3.9 um by a hanging drop PDMS elastomeric lens [37] were successfully

acquired.



1.4 OBJECTIVE OF THE RESEARCH

This research reveals a simple, rapid, cost effective, and template-free technique

for mass-scale production of elastomeric PDMS (ePDMS) plano-convex lens capable

of converting a smartphone into a portable digital microscope. The objectives of this

research are shown as follows:

1.5

14.1

1.4.2

143

To develop the confined sessile drop technique for the fabrication of the
smartphone compatible plano-convex lens from ePDMS.

To investigate the effects of experimental parameters i.e. PDMS drop
volume and circular disk diameters on the liquid PDMS (IPDMS) drop
profile.

To determine the optical properties of and the ePDMS plano-convex lens

i.e. curvature, focal length, and magnification.

SCOPE OF THE RESEARCH

151

1.5.2

153

Developing the confined sessile drop technique for fabricating of the
ePDMS plano-convex lens from IPDMS under the ambient condition.
Controlling parameter of the ePDMS lens i.e. curvature, focal length, and
magnification through the varying of experimental parameters i.e. PDMS
drop volume, diameter of the substrate, and surface property of the
substrate.

Comparing the microscopic image quality captured from the ePDMS
plano-convex lens attached smartphone and conventional optical

microscope.



1.6

1.5.4 Developing the portable smartphone digital microscope prototype
utilizing the ePDMS lens with various magnifications as the objective

lens.

EXPECTED OUTCOME OF THE RESEARCH

1.6.1 The fabrication procedure of ePDMS plano-convex lens by the confined
sessile drop technique which can precisely control the curvature, focal
length and magnification of ePDMS plano-convex lens.

1.6.2 High quality ePDMS plano-convex lenses that can be directly attached to
smartphone camera without any additional accessories.

1.6.3 Prototype of portable smartphone digital microscope.



CHAPTER I

THEORETICAL BACKGROUND

2.1 ELASTOMERIC POLYDIMETHYLSILOXANE

Elastomeric polydimethylsiloxane (ePDMS) is the elastomer of silicone which
is inexpensive and widely used as sealants, optics, medical devices, and food
application [44]. The  chemical formula of the ePDMS is
(CH3)3SIO[SI(CH3),0]n(CHs)s. The repeating unit of ePDMS is [Si(CH3),0],, where
n is number of repeating units [45]. The ePDMS has many good properties such as
highly hydrophobic, colorless, optical transparency, inert, non-toxic, and non-
flammable. In fact, the ePDMS lenses can fabricate owing to its optical transparency
and non-fluorescence. In addition, the ePDMS lenses can be fabricated in various
forms including objective lens [32-34], ball lens [34-35], plano-convex lens [20],
iPhone lens module [34-36], ePDMS lens [37-39, 43], and microscope lens [40-42].
The ePDMS lenses were employed for coupling the magnified image into the optical

system of the smartphone without any hardware modification.

2.1.1 The Composition and Chemical Structure of ePDMS
The chemical structure of ePDMS composition of silicon, oxygen,
carbon, and hydrogen, with siloxane backbone; (—Si—O-) and a (Si(CH3),0) repeating

units, as shown in Figure 2.1. The formation of ePDMS (known as Sylgard 184 from



Dow Corning, the pre-polymer of ePDMS) needs two main ingredients consisted of
pre-polymer ePDMS base and curing agent. The chemical formula of ePDMS base is
CH,=CH]ISi(CHj3),0],Si(CH3)CH=CH, (where n is the number of repeating units, n
~60), as shown in Figure 2.2 which the ePDMS curing agent is
CH3Si(CHj3),O[SIRCHQO],,SiCH3 (where m is the number of repeating units, n ~10),

as shown in Figure 2.3 [46].

CHj

Si o

CH3 _ N

Figure 2.1 The chemical structure of the ePDMS repeating units.
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Figure 2.2  The chemical structure of the ePDMS base.
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Figure 2.3  The chemical structure of the ePDMS curing agent.

2.1.2 Polymerization of the ePDMS

At room temperature, the ePDMS pre-polymer is a viscous liquid.
When the ePDMS base and curing agent are mixed together, the —Si—H bonds of
curing agent reacts with the -CH=CH, bonds of base and formed —Si—-CH2-CH2-Si—
linkages as shown in Figure 2.4. This process is referred to as hydrosilylation of the
double bonds. After the complete polymerization and cross-linking, the PDMS

material is flexible and highly transparent.

CHs CH; H CH; Pt-based CH; CH; CH;
/C\ | | catalyst |
YW O—Si CH, + V\N‘O—Sli—O—Si—O—Sliv’\N‘ —_— WV‘O—Sli—O—Si—O—SiJW
CH3 CH3 CH3 CH3 CH3 CH, CH3
CH,

H;C—Si—CHj

(0]

:

Figure 2.4  The crosslinking of the ePDMS base: vinyl terminate ends and curing

agent: hydrogen terminated ends in the presence of a platinum catalyst.



2.1.3 The Properties of the ePDMS

2.1.3.1 Physical properties of the ePDMS

The ePDMS is highly transparent, colorless, nontoxic,
toughness [47], low glass transition temperature (Ty) and crystalline melting
temperature (Tn,). When the surrounding temperature changes over a wide
temperatures range from -50 °C to +200 °C, the ePDMS can remain stability. In
addition, the ePDMS will not swell or shrink under high humidity conditions. The
ePDMS is large distension. The distended membrane gains full recovery to its original
shape. The ePDMS widely used as optics devices (lenses, mirrors, and gratings),
microfluidic device, and microelectromechanic system (MEMS) fabrications because
the ePDMS is optical transparency from UV to NIR regions and non-fluorescence.

The physical properties of ePDMS are shown in Table 2.1.



Table 2.1 The physical properties of ePDMS

Properties Value
Refractive Index 1.42
Specific Gravity (SG) 1.03
Glass transition temperature, Tg (°C) -125
Crystalline melting temperature, Tm (°C) -40
Young’s modulus (MPa) 1.2
Shear modulus (KPa) 411
Traction limit (MPa) 1.9
Yield strength (KPa) 700
Compressive modulus (MPa) 2
Poisson Ratio 0.5

2.1.3.2 Chemical properties of the ePDMS

The ePDMS is inert. It does not react with water and
alcohol. Almost organic solvents can diffuse into the structure of ePDMS which
resulted in the swelling of ePDMS. The ePDMS tolerates to extreme temperature,
weathering, aging, oxidation, moisture, many chemicals, and ultraviolet radiation

because it has highly stable methyl group (—CHs) [48].

2.1.4 Application of the ePDMS
The ePDMS are widely used in many applications such as surfactants
and antifoaming, hydraulic fluids and related applications, soft lithography, medicine

and cosmetics, skin and hair conditioning, and food processing.
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2.2 ePDMS LENS FABRICATION TECHNIQUE

2.2.1 The Replica Molding Technique

Shih et al., 2006 [49] fabricated ePDMS micro-lens arrays by replica
molding technique. The hole of polycarbonate (PC) was formed by the excimer laser
and used as substrate. Then, the substrate is coated by spin-coating of liquid
poly(methylmethacrylate) (PMMA) and baked at 60 °C for 5 min. After that IPDMS
is casted onto the PMMA film. A glass or plastic substrate was covered on IPDMS
and baked at 70 °C for 30 min. Finally, the ePDMS micro-lens array was attached by
the second replica molding process on the opposite side of substrate. The height of
ePDMS micro-lens array in the range of 10-40 um can be controlled by the diameter
of holes PC (50-150 um) and the PMMA film thickness can be controlled by speed of
spin coating (500-3000 rpm). The ePDMS micro-lens array has highly flat surface and

good efficiency in light focusing.

f Substrate

PC plate\ PM.\I.»\\ O SR AICH
b bmd b e
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Figure 2.5  Fabrication of ePDMS micro-lens array by replica molding technique

[49].
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2.2.2 The Moldless Surface Energy Minimization Technique

Cruz-Campa et al., 2010 [50] fabricated ePDMS micro-lens arrays by
moldless surface energy minimization technique. The ePDMS micro-lens arrays
fabrication procedure was started by an injection of the ePDMS onto controlled
temperature preheated surface. In this process, the Engineered Fluid Dispensing™
and MikrosPen™ Accessory for control IPDMS volume were employed. After
injecting IPDMS on substrate, the lens was cured at 130 °C for 30 sec and 65 °C for
10 min. The ePDMS micro-lens arrays has focal length in the range 2-25 mm, F-
number in the range 1.4-10, lens diameter in the range 450 um-4 mm, and lens height

in the range 14-600 pum.

Figure 2.6  Fabrication of ePDMS micro-lens array by moldless surface energy

minimization technique [50].
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2.2.3 The Thermal Reflow Process

Hsieh et al., 2011 [51] fabricated SU-8/ePDMS micro-lens array by the
thermal reflow process. Firstly, the silicon wafer was spin coated on a layer of
photoresist (PR) layer and the PR cylinders were patterned after photolithography.
Then PR cylinder was heated at 150 °C for 40 s and formed micro-lens array with a
spherical profile. The next step is spin-coating of IPDMS on the substrate. Then the
IPDMS coated wafer was relaxed for 10 min to reduce roughness and cured at 80 °C
for 90 min. After cooling to the room temperature, the PDMS mold can be easily
detached from PR micro-lens wafer. After that the UV resin (SU-8) was dropped on
the ePDMS mold and attached a cover glass on top the SU-8. Finally SU-8 layer was
cured by UV light. The SU-8/ePDMS micro-lens array has long focal length with lens

diameter in the range of 50-240 pum.

sl

(a) PR cylinders (d) Release PDMS mold

Glass

4 4 A ~ su-8

(b) Thermal reflow (e) Drop SU-8 & attach glass

PDMS | |

a4 A A W
(c) PDMS molding (f) UV curing

Figure 2.7  Fabrication of ePDMS micro-lens array by thermal reflow process

[51].
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2.2.4 The Dielectrophoresis Force Technique

Wang et al.,, 2011 [52] fabricated ePDMS micro-lens arrays by
dielectrophoresis force technique. The flexible printed circuit (FPC) is composed of
concentric circular electrode array. A 100-pm thickness of polyethylene (PE)
membrane is attached onto FPC and coated by 20 pum thickness of Teflon. A dropping
of 0.35 L of IPDMS was dropped onto modified surface and cured at 90 °C for 30
min. Finally, the ePDMS micro-lens array is derived from the detaching of PE
membrane from the FPC. The contact angle of IPDMS droplets can be controlled by
the voltage diving circuit and gradient voltage applied on the FPC. The ePDMS
micro-lens array has the contact angle of 25°-60° and radius of curvature of 0.45-1.80
mm. The dielectrophoresis force technique is appropriated for mass scale production

of ePDMS micro-lens array.

(a) FPC (e) Curing PDMS while
— —_— applying bias voltage
(b) Attaching PE Rl
N e ) s i s i
—_—— = i
= - E Hot Plate
(c) Coating Teflon (f) PDMS lens

. o —, 5 — ] — .
(d) Dispensing PDMS

@'\Dispenser
Cu electrode

zzzzzzzzzzzzzzzzzzz PDMS
===
— B — o

= Pl on middle layer [ Teflon
[ Pl on top and bottom layers

Figure 2.8  Fabrication of ePDMS micro-lens array by the dielectrophoresis force

technique [52].
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2.2.5 The Hanging Droplet Technique

Lee et al., 2014 [37] developed a process for ePDMS lens fabrication
by the hanging droplet technique. A ~100-pl IPDMS was dropped on the glass slide
and cured at 70 °C for 15 min to form the first layer. For the second layer, IPDMS
was dropped on ePDMS film from the first step and immediately inverted. Then it
was cured at 70 °C for 15 min. The repetition of the third and fourth layer was
performed with the same process as the second step. The hanging droplet technique

can control the focal length in the range 1-15 mm by changed the layer number of

IPDMS droplet.
T [T
,
O B o,
. ‘\ | € ) e
Eximct >
PDMS droplet
- _—
Deposit

primary droplet

Cure droplet in
wen (70 C, 15 mins)

Deposit
additional droplet

Y

Invert & Cure

NO_AAchieve desired
focal length?

Remove Lens
from slide

Figure 2.9  Fabrication of ePDMS micro-lens array by the hanging droplet

technique [37].
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2.2.6 The Inkjet Printing Technique
Sung et al., 2015 [43] produced ePDMS lens by inkjet printing
technique. A small volume of IPDMS in the range 10-200 pL was injected onto
controlled temperature preheated surface (60-200 °C). The curvature and focal length
can be controlled by IPDMS volume and temperature of preheated surface. This
technique can fabricate plano-convex lens with a focal length as short as 5.6 mm,
high-resolution as 1 um, and magnification as 100X. The ePDMS lens from this

technique can observe the human skin and hair follicle.

( a) Controllod?
volume
Constant
drop height
ey

Increasing surface tomperatufe

Figure 2.10 Fabrication of ePDMS lens by inkjet printing technique.

The advantages and disadvantages of each fabrication technique are

shown in Table 2.2.



Table 2.2

Summary of the techniques for ePDMS lens fabrication
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Methods, author, and year

Advantages

Disadvantages

Replica Molding
Shih et al., 2006 [49]

- Good light focusing
- Smooth surface

- Complicate process
- Low reproducibility

Moldless Surface Energy
Minimization
Cruz-Campa et al., 2010 [50]

- Rapid fabrication

- Precisely control of
PDMS volume

- Moldless method

- Require expensive
instrument

Thermal Reflow Process
Hsieh et al., 2011 [51]

- Controllable focal
length
- Good light focusing

- Complicated pro-
cessing

- Require photolitho-
graphy instrument

Dielectrophoresis Force
Wang et al., 2011 [52]

- Controllable contact
angle
- Mass-scale production

- Difficult to duplicate
- Advanced and
expensive instrument

Hanging Droplet
Lee et al., 2014 [37]

- Moldless method
- Smooth surface

- Multistep process
- Air bubble in lenses
- Low repeatability

Inkjet Printing
Sung et al., 2015 [43]

- Rapid process
- Moldless method
- Smooth surface

- High temperature
- Air bubble in lenses
- Non reproducibility




CHAPTER 111

EXPERIMENTAL SECTION

3.1 CHEMICALS, MATERIALS, AND INSTRUMENTS

3.1.1 Polydimethylsiloxane (Sylgard® 184, Dow Corning, USA)

3.1.2 Height adjustable stage

3.1.3 Small LED lamp

3.1.4 Chamois or cleaning fabrics

3.1.5 Plastic cup

3.1.6 Hotplate stirrer (Heidolph)

3.1.7 Syringe Pump (NE-1000 Programmable Single Syringe Pump, New Era
Pump System, Inc., USA)

3.1.8 Smatphone (iPhone 6s Plus)

3.1.9 ChulaSmartLens with 20X magnification

3.1.10 Laser cutting machine (T-BROS LASER)

3.1.11 Optical Microscope, Carl Zeiss: Axio Scope.Al

3.1.12 Standard goniometer (Model 200-F1, Rame-Hart Instrument Co., USA)
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3.2 FABRICATION PROCEDURES OF ePDMS PLANO-
CONVEX LENS

3.2.1 Preparation of PMMA Circular Disk

PMMA circular disks were prepared by cutting of 1 mm-thick
poly(methylmethacrylate) (PMMA) sheet using laser cutting machine (T-BROS
LASER) operating with cutting speed of 30 mm/s and laser power of 50%. The
circular disks with various diameters (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0
mm) were prepared and subsequently employed as substrates for fabrication ePDMS

plano-convex lenses with precisely controlled diameter. as shown in Figure 3.1.

Figure 3.1  Photographic images of (A) the laser cutting machine and (B) the
PMMA circular disks (with diameter of 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0,
9.0, and 10.0 mm) used in the fabrication of ePDMS plano-convex

lenses.
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3.2.2 Preparation of IPDMS

The IPDMS (Sylgard® 184, Dow Corning, USA) was prepared by
mixing of the PDMS base and curing agent with the recommended weight ratio of
10:1 and stirred for 5 min, as shown in Figure 3.2. The homogenous IPDMS mixture
was placed in vacuum chamber for 30 min in order to degasing and removing of
residual solvent [53]. After that, the IPDMS was filled into a 10-mL syringe and kept
in refrigerator. To precisely controlled the dispensed volume, a syringe pumped (NE-
1000 Programmable Single Syringe Pump, New Era Pump System, Inc., USA) was
used. The IPDMS was dropped onto a PMMA circular disk at ~10 mm above the
circular disk in order to avoiding an impact-induced spreading of the falling droplet.
The IPDMS was left undisturbed for at least 5 min to allow the droplet to transform
into a stable spherical cap before a thermal curing at 80 °C for 30 min. The ePDMS
plano-convex lenses with reproducible curvature, focal length, imaging area, field of

view, and magnification could be fabricated.

Figure 3.2  Photographic images of (A) Sylgard® 184 and (B) the mixed IPDMS

for ePDMS lens fabrication.
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3.3 EFFECT OF EXPERIMENTAL PARAMETERS ON THE
FABRICATION OF ePDMS PLANO-CONVEX LENS

3.3.1 Effect of Circular Disk Material on IPDMS Spreading

The flat surface of PMMA sheet, PDMS film, polycarbonate (PC)
sheet, and glass was employed as substrates for ePDMS plano-convex lens
fabrication. A 15-uL of IPDMS from 3.2.2 was dropped on the flat surface by
syringe-pump at ~10 mm above the surfaces in order to avoiding an impact-induced
spreading of the falling droplet. The spreading of IPDMS on various surfaces was

monitored by video recording with iPhone 6s Plus.

3.3.2 Effects of Drop Position

The PMMA circular disk was put on the substrate at the desired height.
Then, a 15-pL of IPDMS from 3.2.2 was dropped onto 3 mm PMMA circular disks
by syringe pump at ~10 mm above the flat surfaces in order to avoiding an impact-
induced spreading of the falling droplet. Then, the IPDMS droplets were dispensed at
0 mm, 0.5 mm, and 1 mm from the center of the disk. The IPDMS axisymmetrically
spread over the circular disk. After that the IPDMS was left undisturbed for at least 5
min to allow the droplet transforming into a stable spherical cap structure before
thermally cured at 80 °C for 30 min. The spreading and hemispherical forming of

IPDMS was monitored by video recording with iPhone 6s Plus.
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3.3.3 Effects of Curing Temperature

The PMMA circular disk was put on a substrate. A 40-pL of IPDMS
was dropped onto the 6 mm PMMA circular disk at ~10 mm above the flat surfaces in
order to avoiding an impact-induced spreading of the falling droplet. The IPDMS was
left undisturbed for at least 5 minutes to allow the droplet transforming into a stable
spherical cap structure before thermally cured at room temperature 80 °C, 100 °C, 150

°C, and 200 °C. The process was monitored by video recording with iPhone 6s Plus.

3.3.4 Effects of IPDMS Volume

To demonstrate a capability for fabricating lenses of the same
diameters with different focal lengths, a series of 6-mm lenses was fabricated using
various volumes of IPDMS. The first PMMA circular disk was put on a substrate at
the desired height. Then, the ePDMS plano-convex lenses were prepared by
dispensing of various IPDMS volumes (5 pL, 10 pL, 15 pL, 20 pL, 25 pL, 30 pL, 35
uL, and 40 pL) onto the PMMA circular disk before thermally cured at 80 °C for 30
min. The microscope images were captured by using ePDMS plano-convex lens

attached iPhone 6s Plus.

3.3.5 Effects of Circular Disk Diameters
To demonstrate a capability for fabricating lenses of certain diameter
with different focal length, a series of lenses was fabricated using various diameters of
PMMA circular disk. The first PMMA circular disk was put on the substrate. The

plano-convex lens was prepared by dispensing various diameters of substrate and
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various volume of IPDMS (2 mm (3 pL), 3 mm (6 pL), 4 mm (15 pL), 5 mm (30 pL),
6 mm (40 pL), 7 mm (60 pL), 8 mm (70 pL), 9 mm (90 pL), and 10 mm (100 uL)).
The specified volumes are the highest possible volumes of IPDMS that can be
dispensed onto the corresponding PMMA disks before thermally cured at 80 °C for 30
min. The microscope images were captured by using ePDMS plano-convex lens

attached iPhone 6s Plus.

3.3.6 Effects of Circular PDMS Thickness

To manipulate the magnification and utility of the ePDMS plano-
convex lens, a 6-mm (40 pL) lens was fabricated with various thickness of PDMS
film. The lens (6 mm, 40 pL) was attached on top of a 6-mm PDMS disk using 5-uL
IPDMS as a binder. The IPDMS binder was solidified by heating on a hotplate at 150
°C for 1 min. The thickness of the PDMS disk was adjusted (1, 2, 3, and 4 mm) in
order to manipulating the focal length. The microscope images were captured by

using ePDMS plano-convex lens attached iPhone 6s Plus.

3.3.7 Applications of ePDMS Plano-Convex Lens

The fabricated ePDMS plano-convex lens attached on iPhone 6s Plus
camera were used for capturing the microscopic image. The microscopic images of
samples including new USD100 banknote, Chulalongkorn University logo, gunshot
residues (GSRs) generated by a point-blank shooting on a cotton fabric, and bullets

were acquired and compared.
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3.4 CHARACTERIZATIONS

The determination of the focal length, magnification, and viewing area of the

lenses are shown as follows:
3.4.1 Contact Angle

The contact angle of the ePDMS plano-convex lens was measured
using the photographic capability of a standard goniometer (Model 200-FI, Ramé-
Hart Instrument Co., USA.). The instrument used for measuring the contact angle is

shown in Figure 3.3.

Figure 3.3  Photographic image of the contact angle measurement.
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3.4.2 Focal Length
In this works, the focal length is defined as the shortest distance
between the object and the curved surface of the lens. The distance with the most

intense laser spot was recorded as the focal length, as shown in Figure 3.4.

Figure 3.4  Photographic image of the focal length measurement

3.4.3 Magnification

The magnifications of the lenses are calculated by Equation 1[35, 54]

M = 250/f (1)

where M: magnification and

f: focal length
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3.4.4 Viewing Area

The viewing areas are measured by capturing of the 1-mm square grid
paper with iPhone 6s Plus coupled with ePDMS plano-convex lens. The viewing
areas were measured directly from the microscopic images using ImageJ program
(ImageJ is a public domain, Java-based image processing program developed at the

National Institutes of Health, USA).

Figure 3.5  Photographic image of 1-mm square grid paper for viewing area

measurement.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 PRELIMINARY OBSERVATIONS

The idea of development on employing ePDMS for fabricating plano-convex
lens by the various methods was firstly reported in the publication by Shih et al. in
2006. The ePDMS lenses were fabricated by various technique including replica
molding [49], moldless surface energy [50], thermal reflow process [51], filling
circular holes [55], hanging drop [37], and inkjet printing [43]. These have several
drawbacks including air-bubble when using high temperature in curing lens, rough
surface when using old mold, and the requirement of complex methods and expensive
instruments. To solve those problems, this research developed the new technique for
fabrication of plano-convex lens by using the confined sessile drop technique. The
confined sessile drop technique takes advantage of the resistance to spreading by
sharp edge for control the size and shape of lenses. We can couple the ePDMS plano-
convex lens with the smartphone camera and transform the device to portable
smartphone digital microscope. Applications of portable smartphone digital portable
microscope for imaging such as micro-print of banknote, animal and biotic

components, medical diagnostic, and gun shoot residue were demonstrated.
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4.2 FABRICATION AND TESTING OF ePDMS PLANO-

CONVEX LENSES

To explore the potential of the confined sessile drop technique for ePDMS
plano-convex lens fabrication, we investigated the spreading of IPDMS droplet on flat
surfaces of poly(methyl methacrylate) (PMMA) sheet, PDMS film, polycarbonate
(PC) sheet, and glass slide (Figure 1). As the 15-uL IPDMS droplets reached the
surfaces, it spread axisymmetrically in a stick-slip manner under the influence of
gravitational force while the interfacial tension force made the surface of the IPDMS
atomically smooth [55]. The IPDMS droplet transformed into a hemispherical cap
within 1 s and a large spherical cap of low curvature within 5 s. At 10 s, the 15-uL
IPDMS droplets reached spreading diameters of 5.6 mm on PMMA sheet, 5.1 mm on
PDMS film, 5.3 mm on PC sheet, and 5.8 mm on glass slide. The contact angle
decreased from 105° to 31° (glass), 112° to 32° (PMMA), 108° to 28° (PC), 128° to
49° (PDMS). The spreading continued and the droplet transformed into a thin film
with zero contact angle in 30 min (data not shown). The IPDMS spread faster on the
solid surfaces in the order glass > PMMA > PC > PDMS because glass and IPDMS
have much different interfacial tension so IPDMS is the fastest flow on the glass.

Water droplet with high interfacial tension (72.8 dyne/cm) retains its
hemispherical shape on polymeric surfaces with certain contact angel governed by
Young’s law. The IPDMS with low interfacial tension (20-23 dyne/cm), on the other
hand, spread into a thin film with equilibrium (thermodynamic) contact angle of 0°
[56-57]. However, within a few seconds after discharging from syringe, one can cure
the IPDMS into a working ePDMS plano-convex lens as the droplet attains an optimal

curvature with near 90° contact angle. By thermally cure the sessile drop within 2 s
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(i.e., by dispensing the droplet on to a pre-heated substrate), the solidified PDMS
spherical cap become a plano-convex lens as the PDMS elastomer is transparent in
the UV/visible region with a refractive index of ~1.42 [56]. However, due to high
viscosity and temperature-dependent curing rate of IPDMS, a rapid curing at 180-200
°C makes the fabrication of PDMS elastomeric lenses with reproducible curvature,
focal length, and diameter impossible. The viscosity of the liquid PDMS increases
rapidly within a short storage period, especially at high temperature and high
concentration of hardener [58]. Air bubbles always developed within the PDMS
elastomeric lens when curing at temperature greater than 80 °C (Figure 4.2). A
production loss due to irregular curvatures and air bubbles is common under a high
temperature curing. As a result, PDMS micro-lenses and PDMS milli-lens were
normally fabricated by controllable approaches such as lithography, thermal-reflow
process, or hanging drop technique [37, 50, 59]. However, those techniques require a

complex instrument or multi-step production protocol.
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(B) PDMS film, (C) PC sheet, and (D) glass slide. Scale bars indicate 2

mm.
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Figure 4.2  Photographic image of (A) a bubble-free ePDMS plano-convex lens
prepared by the confined sessile drop technique by curing a spherical
cap IPDMS on 5-mm PMMA circular disk at 80 °C for 30 min. The
ePDMS lens with air bubbles prepared by dispensing a droplet of
IPDMS onto a pre-heated (B) 100 °C, (C) 150 °C, and (D) 150 °C glass

slide.

To fabricate the ePDMS plano-convex lenses with a more efficient,
controllable, and reproducible manner, we developed the confined sessile drop
technique that takes advantage of the resistance to spreading by sharp edge for
reproducibly fabricating spherical cap of IPDMS on a circular PMMA disk. A
commercially available 1-mm thick PMMA sheet with flat surfaces was laser cut into
a disk (2-10 mm in diameter) and was employed as a substrate for reproducibly
making lens with controllable size and focal length. As the IPDMS droplet touched a
PMMA disk, it axisymmetrically spread over the entire 3-mm PMMA disk within 2 s
(Figures 4.3A and 4.4). The three phase contact line (IPDMS/Air/PMMA) radially
expanded with a concomitant decreasing of contact angle. When the IPDMS reached
the edge of the PMMA disk, the spreading stop with a local contact angle of 6p.
Unlike those in Figure 4.1A where the IPDMS keep spreading and eventually become
a thin film, the spherical cap in Figure 4.3 was stabilized without flowing over the

subtended edge. The IPDMS spherical caps were highly stable as the curvature was
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retained without an observable change for at least 24 h. The liquid PDMS does not
flow across the sharp edge of the disk as long as 0p is smaller than the critical contact
angle for spreading over the edge (6c) defined by the Gibbs inequality equation

as:[57-58, 60-61]

Oc = (180-¢) + 0 )

Where ¢ is the subtended angle at the edge (in this case ¢ = 90°), 0. is the
equilibrium (thermodynamic) contact angle (in this case 0, = 0°) [57, 60]. From our
experiment, the IPDMS spread into a thin film (6, = 0°) on PMMA sheet within 30

min. According to Eq. 1, O¢ in our system equals 90°.

A unique advantage of the confined sessile drop technique was realized as we
could fabricate exact same spherical caps even though the droplets were deposited
off-center of the PMMA disks (Figures 4.3B and 4.3C). The edge effect prevent the
viscous liquid to flow down the subtended corner while the interfacial tension force
pulled the IPDMS to the center and form into a spherical cap within 6 s. The IPDMS
spherical caps can be thermally cured (80 °C, 30 min) into ePDMS plano-convex
lenses. The 3-mm ePDMS plano-convex lenses in Figures 4.3A-4.3C has focal length
of 5.0 mm with magnification of ~50X and viewing area of 5.0x3.8 mm?®. The
magnification power is calculated according to the expression: Magnification
X=250/f, where f is the focal length in mm [35, 54]. Figs. 4.4B-D show images of
micro-printing on a new USD100 banknote (series 2009 A) acquired by an iPhone 6s

Plus equipped with the fabricated lenses. Details and textures of the micro-printing
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could be clearly imaged. Moreover, by taking advantages of the digital zoom
capabilities, images with a higher magnification (~200X) could be acquired (Figure
4.4E-G). The high pixel density photographic capability of smartphones enables a

microscopic imaging without a limitation of electrical power supply [62].
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Figure 4.3  Time-dependent images of 15-ul. IPDMS confined sessile drops
spreading on 3-mm PMMA. The droplets were deposited at (A) 0.0,
(B) 0.5, and (C) 1.0 mm from the center of the disk. Scale bars indicate

1 mm (A-C)
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Figure 4.4

The front side of a new USD 100 banknote show in (A). The red circles
indicate arrays of micro-printings. (B-D) show the microscopic images
of micro-printing acquired with 3-mm ePDMS plano-convex lenses.
(E-G) are the corresponding images with 4X digital zoom. Scale bars

indicate 500 um (B-D), and 100 pm (E-G).
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To demonstrate efficiency, reproducibility, and controllability of the confined
sessile drop technique, we produced 6-mm ePDMS plano-convex lenses of various
focal lengths by dispensing different volumes of IPDMS onto 6-mm PMMA disks. As
shown in Figure 4.5 and 4.6, a larger dispensed volume produced lens with a shorter
focal length. The focal length decreased from 34.2 mm to 13.0 mm while the contact
angle increased from 22° to 95° as the dispensed volume was increased from 5 pL to
40 pL (Figure 4.5 and 4.6). The narrow distributions of the focal length implied a
high degree of reproducibility of the fabrication technique. Due to the non-volatile
and dimensional stability nature of the IPDMS, the contact angles of the spherical
caps equaled those of the lenses. The contact angle of ePDMS plano-convex lens in
Figure 4.5 and 4.6 agree with the Gibbs inequality condition as 8p increased from 22°
to 95° when the dispensing volumes were increased from 5 pL to 40 puL. However, at
a dispensing volume of 45 L, 0p is much greater than 90° and the IPDMS flow over
the edge (Figure 4.7). The confined sessile drop of IPDMS was highly stable and self-
cured into ePDMS plano-convex lens in 24 h at room temperature (30 °C. It is
possible to make PDMS elastomeric lens with contact angle slightly greater than 90°
by curing the IPDMS spherical cap before it flows over the edge (Figure 4.6H). The
detailed printing of Benjamin Franklin’s eyes on the front side of a new USD100
banknote could be clearly imaged with a smartphone digital microscope (iPhone 6s

Plus) equipped with the fabricated ePDMS plano-convex lenses (Figures 4.6 A-H).
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Figure 4.5 6-mm ePDMS plano-convex lens of various focal lengths fabricated by
dispensing 5, 10, 15, 20, 25, 30, 35, and 40 pL IPDMS on 6-mm
PMMA disks. The standard deviation (SD) bar of each lens set was

calculated from 20 lenses.
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Figure 4.6  Microscopic images of the Benjamin Franklin’s eyes on the front side
of a new USD100 banknote were taken by an iPhone 6s Plus coupled
with the 6-mm ePDMS plano-convex lens of various focal lengths
fabricated by dispensing (A) 5 pL, (B) 10 uL, (C) 15 uL, (D) 20 puL,
(E) 25 pL, (F) 30 pL, (G) 35 uL, and (H) 40 pL IPDMS. The viewing
area (VA, 4:3 format) and contact angle (CA) were indicated in the

images.
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Figure 4.7  Overflow of 45-uL IPDMS on a 6-mm PMMA disk. The disk cannot
hold the droplet as the local contact angle (6p) was much greater than
the critical angle for spreading over the edge (6¢) defined by the Gibbs

inequality condition. In this case 6c=90°.

The focal length of the ePDMS plano-convex lens could be controlled by using
PMMA disk of different diameters (i.e., 2-10 mm disk with 1 mm increment). The
maximum possible volume of IPDMS was dispensed on PMMA disk in order to
fabricate a lens with the shortest focal length. The focal length decrease as the
diameter of the disk becomes shorter. The focal length of the ePDMS plano-convex
lens decrease from 55.2 mm to 3.4 mm as lens diameter was decreased from 10 to 2
mm (Figure 4.8 and 4.9). The narrow distributions of the focal length confirmed a

high degree of reproducibility of the fabrication technique. The detailed microscopic
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images of George Washington’s statue at the rear of Philadelphia’s Independence Hall
on the flip side of a new USD100 banknote can be acquired.

By changing the volume of the dispensed IPDMS and diameter of the PMMA
disk, we could systematically manipulate size, focal length, and magnification of the
ePDMS plano-convex lens. A confined sessile drop on a smaller disk produces
ePDMS plano-convex lens with higher curvature, shorter focal length, and higher
magnification. The lenses can be efficiently fabricated with controllable and
reproducible manner. Three sets of independent ePDMS elastomeric lenses with
narrow distribution of contact angle and curvature confirm the reproducibility of the
developed technique (Figure 4.10). Moreover, several sets of 100 5-mm lenses were
fabricated and distributed for educational purpose (Figure 4.11). The ePDMS plano-
convex lenses can be rapidly fabricated with a relatively low cost due to a small
production lost. The material cost for making an ePDMS plano-convex lens shown in
Figure 4.6H was ~0.01 USD (i.e., the cost included 10% material lost). Note: a 1.1 kg
Kit Sylgard® 184 was offered by a local vendor at 260 USD. The total cost for making
an ePDMS plano-convex lens is approximately 0.10 USD (i.e., the cost included

liquid PDMS, PMMA sheet, electricity, and labor).
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The ePDMS plano-convex lenses of various focal lengths fabricated by
dispensing the highest possible volume of IPDMS on PMMA disks: 2
mm (4 pL), 3 mm (6 pL), 4 mm (15 pL), 5 mm (30 pL), 6 mm (40
puL), 7 mm (55 pL), 8 mm (65 pL), 9 mm (80 pL), and 10 mm (100

uL). The SD bar of each lens set was calculated from 20 lenses.
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Figure 4.9  Microscopic images of George Washington’s statue on the flip side of
a new USD100 banknote were taken by an iPhone 6s Plus coupled with
the ePDMS plano-convex lenses fabricated by dispensing the highest
possible volume of IPDMS on PMMA disks: (A) 2 mm (4 L), (B) 3
mm (6 pL), (C) 4 mm (15 pL), (D) 5 mm (30 pL), (E) 6 mm (40 pL),
(F) 7 mm (55 pL), (G) 8 mm (65 pL), (H) 9 mm (80 pL), and (I) 10
mm (100 pL). The viewing area (VA, 4:3 format) and the contact angle

(CA) were indicated.
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Figure 4.10 Contact angles and curvatures of ePDMS plano-convex lens with
diameter of (A) 4 mm, (B) 6 mm, and (C) 8 mm. The contact angles
were measured from the images taken by the photographic capability
of a standard goniometer (Model 200-F1, Ramé-Hart Instrument Co.,
USA). The lens curvatures were extracted from the contrast of the
images by a MATLAB program. A set of 20 lenses was employed for
each diameter. The narrow distributions indicate the reproducibility of

the fabrication method.
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Figure 4.11 A set of 100 ePDMS plano-convex lenses (5-mm diameter) fabricated
by the confined sessile drop technique and their optical effect when

placed on printed characters.

The ePDMS plano-convex lens detached from the PMMA disk can be re-
attached onto the protecting window of a smartphone camera. However, lens with
short diameter (i.e., 2-4 mm) is difficult to handle and easily fall off. One approach to
make ePDMS plano-convex lens easily handle while improving surface adhesion is to
fabricate lens with base [56, 63-64]. PDMS lens with base was directly fabricated on a

PDMS film via an up-right approach [56], the hanging drop approach [37], and the



44

mold replication technique [63-64]. To simplify the fabrication process while
achieving controllability and reproducibility, we developed the lens-on-base fusing
technique. A newly fabricated ePDMS plano-convex lens was glued onto a PDMS
disk of desired thickness and diameter by IPDMS (~5 pL). After a thermal curing at
150 °C for 1 min, the ePDMS lens and PDMS base fused into a single PDMS lens
with base. The fused layer was transparent without air bubbles. The radius of
curvature R of a plano-convex lens (Figure 4.12) is defined by the radius of a circle
with the longest arch superimposed on the envelop of the lens [65-69]. The 6-mm lens
fabricated from 40-uL IPDMS has a radius of curvature R of 4.0 mm and a focal
length of 13.0 mm. The transparent PDMS base slightly increased the focal length of
the lens from 13.0 mm (without PDMS base) to 15.0 mm (with 3-mm PDMS base).
However, the focal length slightly decreased to 12.9 mm when a 4-mm thick PDMS
base was employed. A thicker base is not recommended as it makes the lens too heavy
and rigid. A large PDMS base is particularly beneficial for small lens as it increases
the contact area while improving adhesion of lens with the flat surface of camera
window. The PDMS base prevents lens damage and tearing during handling but

insignificantly affected the focal length.
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Figure 4.12 Focal length of 6-mm PDMS elastomeric lens with base of different
thickness. Based on the spherical cap fitting, the 6-mm lenses
fabricated from a confined sessile drop of 40-uL IPDMS have a radius

of curvature R of 4.0 mm.

4.3 FIELD APPLICATIONS OF ePDMS PLANO-CONVEX
LENSES

One particular promising application of the smartphone microscope is in the
area of forensic science. Smartphone microscope is a novel tool that can efficiently
assist the screening and collecting meaningful evidences. The compact and
lightweight smartphone with high-resolution display, high pixel density optical

sensor, long battery life, powerful processor, ease to use apps, and broadband internet
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connection make the smartphone microscope an excellent imaging device for forensic
analysis both in the field and in laboratory. The ePDMS elastomeric lens functioned
as an external accessories interfacing with a smartphone in order to exploit its optical
capabilities [33, 62]. Since the smartphone digital microscope is running on a battery,
the microscopic investigation can be performed in the field without a restriction of
electrical power supply. This unique advantage is very useful for samples or
specimens that cannot be moved or transferred to a laboratory. Figure 4.13 show
microscopic images of gun shot residue (GSR) on a cotton fabric generated by a
point-blank shooting test. The images were taken at the shooing facility. GSRs on
surface such as pillows, blankets, and cloths are common evidences. The GSRs
invisible to the naked eyes can be clearly imaged with a high resolution microscope.
In general, the whole pillow or blanket must be collected for thorough investigations
in the lab. The bulky pillow form was taken out before GSR analysis. With a high
magnification smartphone microscope, the GSR residues can be imaged without the

removal of pillow form or the analysis can be performed on-site.
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Figure 4.13 (A) A photographic image of GSRs generate by a point-blank shooting
on a cotton fabric. A microscopic image of a GSR taken by (B) normal
photography and (C-E) 4X digital zoom. (F) A microscopic image of a
clean cotton fabric. The microscope images were captured by an

iPhone 6s Plus coupled with a 6-mm ePDMS plano-convex lens.

4.4 PANORAMA MICROSCOPE IMAGING BY SMARTPHONE

MICROSCOPE

In addition to high pixel density imaging, smartphones are equipped with
powerful apps for video, slow motion, time-lapse, and panorama photography.
Although those imbedded apps were designed for normal photography, they work

equally well in the microscopic imaging. The panorama app with its powerful image-
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stitching algorithm can unfold the detailed structural information on curved surface of
a cylindrical object. The curved surface makes image analysis of cylindrical object
more challenging. To explore the potential of smartphone panorama microscope for
surface imaging of a small cylindrical object, we use paper strip (3.3 mm x 1.4 mm,
Figure 4.15A) wrapping around a 10-mm cylinder as a model (Figure 4.15B). Due to
a shallow depth-of-field of microscopic imaging, especially that at high
magnification, microscopic images of the entire cylinder was not in focused (Figure
4.15C). However, by rotating the cylinder (i.e., by our homemade device) while
taking photo under a panorama app of iPhone 6s Plus, the microscopic image of the
cylindrical paper strip was reconstructed on-the-fly [69-74]. To trigger an image
stitching, the entire image within the field of view must be moved. As a result, a
smaller cylindrical object required lens with higher magnification. The microscopic
panorama image was reconstructed in real-time during the rotation (Figure 4.14).
Interestingly, the details of printed image as well as texture of the paper were
efficiently captured without a detectable image distortion (Figure 4.15D). The high
pixel density of the camera sensor enabled a graining-free digital zoom of the
panorama microscope image. Although the microscope photography has shallow
depth of field (Figure 4.15C), the panorama image is in focus without a detectable
influence of the curved surface. The out-of-focus at the beginning and the end of the
panorama image was due to the initial and final images used in the stitching algorithm

[70-74].
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Figure 4.14 A series of still images show an experiment setup and panorama
microscope imaging using a smartphone microscope equipped with a
5-mm ePDMS plano-convex lens and homemade rotating device. The
device was rotated at 3 rpm while smartphone microscope taking
panorama image of the 3.3 mm x 1.4 mm paper strip wrapped around a

10 mm cylinder. The panorama app stitched the images on-the-fly.
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Figure 4.15 Photographic images of a printed-paper strip as it: (A) was laid on a
flat surface and (B) was wrapped around a 10 mm cylinder. (C)
Microscopic images of the curved paper strip and (D) the
corresponding panorama microscopic image of the curved paper strip

taken by an iPhone 6s Plus coupled with a 3-mm lens (see Figure 4.14).

One of the challenging tasks in forensic analysis is the imaging of toolmarks on
bullets. To demonstrate potential applications of panorama microscope imaging in
toolmarks analysis, a 9-mm Luger bullets fired from a Glock 17 semi-automatic pistol
was investigated. A full metal jacket (FMJ) bullet was fired into and retrieved from a
Kevlar cast tube. The bullet was positioned on the rotating stage and imaged under the
panorama app of an iPhone 6s Plus (Figure 4.16A). The panorama microscope image
revealed detailed toolmarks on the surface of the bullet in a single photo (Figure

4.16C). The image did not show any sign of distortion and light reflection on the
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curve surface. The normal microscopic images suffered from the reflection of the
curved surfaces due to the illumination at the grazing angle of incidence (Figure
4.16B). Exact same patterns of toolmarks were observed while detail groves of
toolmarks on bullet surface were effectively captured in the panorama microscope
image. To our knowledge, this is the first report on panorama microscope imaging
using smartphone. The reconstructed panorama microscope images were distortion
free. Due to the stitching algorithm, the curve surface appeared at the beginning and
the end of the panorama image (Figures 4.15C and 4.16C). The microscope imaging
and panorama microscope imaging by a smartphone can be applied to other
applications that benefit from microscopic imaging. The smartphone microscope
could drastically decrease the cost for microscopic investigation while making the
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point-of-care analysis widely available.
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Figure 4.16 (A) Photographic images of an FMJ bullet. (B) The corresponding

microscopic images of the bullet and (C) panorama microscopic image
of the bullet taken by an iPhone 6s Plus coupled with a 3-mm ePDMS

plano-convex lens.
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The mobile digital microscope equipped with ePDMS plano-convex lens
exploits the state-of-the-art imaging capabilities of smartphone. The advance features
of smartphone (i.e., lightweight, high-resolution display, high density optical sensor,
long battery life, powerful processor, multi-platform wireless communication) made
smartphone microscope highly mobile. The availability of low cost smartphone with
high quality camera and advance image processing apps makes smartphone digital
microscope more accessible and ease to use. Since smartphone is running on a
battery, the microscopic investigation can be conducted anywhere anytime without a
restriction of electrical power supply. The smartphone microscope could drastically
decrease the cost for microscopic investigation while making the point-of-care

analysis widely available



CHAPTER V

CONCLUSIONS

A simple, rapid, cost effective, and template-free technique for mass-scale
production of ePDMS plano-convex lens of controllable size and focal length was
successfully developed. By taking advantage of the resistance to spreading of liquid
by a sharp edge, a stable spherical cap IPDMS with certain curvature and contact
angle on a PMMA disk could be fabricated. A thermal treatment at 80 °C for 30 min
cured the IPDMS into a bubble-free ePDMS plano-convex lens capable of turning a
smartphone into a portable digital microscope. Elastomeric PDMS plano-convex
lenses with focal lengths of 55.2-3.4 mm and magnifications of 4.5X-73.5X (without
a digital zoom) could be reproducibly fabricated by dispensing 5-40 uL IPDMS on 2-
10 mm PMMA disks. The portable smartphone digital microscope could image small
objects invisible to the naked eyes at high resolution. Applications of the portable
smartphone digital microscope for imaging of micro-printing, gun shoot residue, and
bullet toolmarks were demonstrated. High-resolution panorama microscope images
without distortion of surfaces of cylindrical object can be reconstructed on-the-fly by

an imbedded app.
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ABSTRACT: The ubiquity of high quality smartphones at
affordable prices not only accelerated the social penetration in
the global population but also promoted nontraditional usage of
smartphones as point-of-care medical diagnostic devices, sensors,
and portable digital microscopes. This paper reveals a simple,
rapid, cost-effective, and template-free technique for mass-scale
production of an elastomeric PDMS (ePDMS) planoconvex lens
capable of converting a smartphone into a portable digital
microscope. By taking advantage of the resistance to spreading of
liquid by a sharp edge, highly stable spherical cap of viscous liquid

'anorama microscope image of cylindncal sul Panorama imaging

PDMS (IPDMS) on a smooth PMMA circular disk was fabricated. The axisymmetric spreading of IPDMS under the gravitational
force and interfacial tension force enable the formation of spherical cap with a certain radius of curvature. A thermal treatment at
80 °C for 30 min cured the spherical cap IPDMS into a bubble-free ePDMS planoconvex lens. Lenses with focal lengths of 55.2—
3.4 mm could be reproducibly fabricated by adjusting the volume of dispensed IPDMSs and diameter of PMMA disks. High-
resolution panoramic microscope images without a distortion of small cylindrical object could be constructed on-the-fly using the
imbedded smartphone app. Applications of the smartphone digital microscope equipped with an ePDMS planoconvex lens for
imaging of micro printings, gun shot residues, cylindrical objects, and bullet toolmarks were explored.

KEYWORDS: PDMS lens, smartphone microscope, sessile drop, Gibbs inequality condition, spreading resistance

1. INTRODUCTION

The worldwide availability of compact and lightweight
smartphones with powerful processors, high quality displays,
large volume storage, connectivity (3G, 4G, Wi-Fi, bluetooth,
near field communication), ease to use apps, and state-of-the-
art sensors (camera, proximity sensor, magnetometer, accel-
erometer, gyroscope, microphone, fingerprint sensor, ther-
mometer, and light sensor) at affordable prices make
smartphones the future point-of-care devices. There were 87
million new global subscriptions of mobile phones in the third
quarter of 2015 alone. At the end of 2015, the number of
mobile phone subscriptions was greater than that of the global
population with a greater number of smartphone subscriptions
compared to that of the basic phones.'

Lab-on-phone devices that take advantage of smartphone
functionalities as biosensors,”~"’ spectrometer,“_” and
colorimetric sensors'*™*" have been fabricated. Powerful
image processing with high pixel density image sensors
encouraged researchers to explore its potential as an affordable
mobile digital microscope capable of capturing and sharing
detailed microscopic images anywhere, anytime by attaching an
external lens onto the smartphone camera. Various types of
lenses including objective lens,”' ™ ball lens,”** planoconvex
lens,” iPhone lens module,”>™>° PDMS elastomeric lens, >~

v ACS Pubhcatlons © 2016 American Chemical Society

and microscope lens**™** were employed for coupling the

magnified image into the optical system of the smartphone
without a hardware modification. The image quality and
magnification are strongly dependent on the lens and
attachment design. Smartphone microscope images with
resolutions of 1.2 um by an objective lens,” 1.5 ym by a
planoconvex lens,” 1.5 um by a ball lens,” 1.1 ym by a PDMS
elastomeric lens,” and 3.9 um by a hanging drop PDMS
clastomeric lens™® were successfully acquired.

Due to its optical transparency from UV to NIR regions and
nonfluorescence property, optical grade liquid polydimethylsi-
loxane (IPDMS: Sylgard 184 from Dow Corning and RTV 615
from Bayer Silicones) has been used for elastomeric optics
(lenses, mirrors, and gratings), microfluidic devices, and
microelectromechanic system (MEMS) fabrications. PDMS
elastomer is highly chemically resistant and inert. It can
withstand dimensional alteration (compression or expansion)
without losing or degrading optical properties. A thermal curing
at moderate temperature (80—200 °C) enables rapid
fabrication of planoconvex PDMS elastomeric lenses for
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