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Abstract

This thesis presents an effort to miniaturize conventional optical microscopy to a chip level using
microfluidic technology. Modern compound microscopes use a set of bulk glass lenses to form
magnified images from biological objects. This limits the possibility of shrinking the size of a
microscope system. The invention of micro/nanofabrication technology gives hope to engineers
who want to rethink the way we build optical microscopes. This advancement can fundamentally
reform the way clinicians and biologists conduct microscopy. Optofluidic microscopy (OFM) is
a miniaturized optical imaging method which utilizes a microfluidic flow to deliver biological
samples across a 1-D or 2-D array of sampling points defined in a microfluidic channel for
optical scanning. The optical information of these sampling points is collected by a CMOS
imaging sensor on the bottom of the microfluidic channel. Although the size of the OFM device
is as small as a US dime, it can render high resolution images of less than 1 μm with quality
comparable to that of a bulky, standard optical microscope. OFM has a good potential in various
biological applications. For example, the integration of an OFM system with high-speed
hydrodynamic focusing technology will allow very large scale imaging-based analysis of cells or
microorganisms; the compactness and low cost nature of OFM systems can enable portable or
even disposable biomedical diagnostic tools for future telemedicine and personalized health care.
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Chapter 1: Introduction

Optical microscopy was first invented in the 17th century. The father of microscopy, Anton van
Leeuwenhoek of the Netherlands, invented new methods for manufacturing large curvature
magnifying lenses to improve the optical performance of optical microscopes. He was the first to
observe bacteria and yeast plants in a drop of water and the circulation of blood corpuscles in
capillaries. Robert Hooke, following Leeuwenhoek’s work, popularized microscopy by seeing
fleas, mites and the compound eyes of flies under a light microscope [1, 2]. From that moment,
the optical microscope became an essential tool in any analytical laboratory and lead to many
groundbreaking discoveries in different levels in biology. Through several centuries, optical
scientists and engineers continuously improved the design and enabled new functionalities in
light microscopy, but the fundamental working principle remains the same: using a glass optical
lens to create magnified images from biological objects. Recent advancement in scanning optical
microscopy and microfluidics technology gives hope to engineers who want to re-think the way
we conduct light microscopy. The first chapter of this thesis reviews and summarizes a new
method to miniaturize and simplify optical microscopy through optofluidic integration
technology. We named this novel miniaturized optical imaging approach optofluidic microscopy
(OFM).

2
1.1 Optical Microscopy

The resolution of the naked human eye is about 0.1 mm which is about the width of a hair. Most
biological entities are much smaller than that scale. For example, a human red blood cell has a
standard size of about 6-8 μm. Therefore, humans make tools to magnify microscopic objects so
that they can be discerned by our eyes. Light microscopes can be defined as any optical
instrument that produces magnified images from an object in the visible light spectrum, from 400
nm to 700 nm. After the birth of the first optical microscope in the late 17th century, microscopes
with a wide variety of functionalities emerged and have been commercialized, dark field,
confocal, phase contrast, differential interference contrast (DIC), and fluorescence, to name a
few. Different versions of microscopy use various approaches and strategies to enhance the
contrast, signal-to-noise (SNR) ratio, and quality of the images. Nowadays, modern microscopes
are very sophisticated and equipped with numerous optical elements, such as dichrotic filters,
wave plates, beam splitters, pinholes, and polarizers. These are being arranged with precise
optical alignment, as shown in Figure 1.1. No matter how complicated an optical microscope can
be, the image resolution is diffraction limited and primarily determined by the objective lens.
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Figure 1.1 A schematic of a modern optical microscope
(Courtesy: http://micro.magnet.fsu.edu/primer/anatomy/bx51cutaway.html)

4
1.1.1 Resolution of Imaging Systems

Every engineering system has its limit and optical imaging systems are no exception. The
important parameter that characterizes the performance of an imaging system is its resolution,
which describes the ability of an imaging system to resolve details of an extended target object.
Suppose we have an infinitesimal illuminating object; light emitted from this point source no
longer exists as a point after passing an optical lens. Instead, it will spread with certain intensity
distribution profile in the image plane. This is known as the point spread function (PSF) of the
optical system. Using scalar diffraction theory [3], the far-field intensity distribution of a plane
wave impinging on a circular aperture can be formulated by Fraunhofer diffraction. When a lens
is placed right behind the pinhole, a pattern of concentric rings known as the Airy disk, which is
formulated as a Bessel function of the first kind, is formed at the focal length of the lens. The
distance, defined as R, from the highest intensity point located in the middle of the center spot to
the first zero of the Bessel function in intensity profile is given by:

R  1.22

f
D

(1-1)

where f is the focal length of the lens,  is the light wavelength, and D is the diameter of the
aperture lens. The numerical aperture of lens is defined as

NA   sin 

(1-2)

where  is the refraction index of the medium and θ is the half-angle of the cone of light collected
by the lens. Suppose there are two point sources in close proximity on the object plane: each point
source will project an Airy pattern in the image plane. When we move these two point sources
closer, these two Airy profiles start overlap each other until we cannot distinguish any separation
between them. There are several different criteria to characterize optical resolution. The most
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common way is the Rayleigh criterion (Figure 1.1.1(a)), which is defined as the place at which
the peak of the Airy disk from one point source overlaps with the first zero of the other (Figure
1.1.1(b)). Following Equation (1-1), the resolution based on Rayleigh criterion, RRayleigh, is defined
as:

RRayleigh  0.61


NA

.

(1-3)

In Rayleigh criterion, we are still able to discern the separation of two point sources quite well
since there is a central minimum between the peaks of each Airy disk profile. A further decrease
in the distance between the two point sources will cause the central dip to diminish and eventually
disappear. This leads to the definition of a more stringent criterion, the Sparrow criterion, RSparrow,
as shown in Figure 1.1.1(c),(d), where both the first and second derivatives of the combined
intensity of Airy disks from two point sources are zero:

RSparrow  0.47


NA

.

(1-4)

In the other approach, the FWHM of the Airy disk is used as the resolution criterion, RFWHM,
which is defined as:

RFWHM  0.52


NA

.

(1-5)

Notice that Equation (1-5) is based on the Airy disk profile, while Gaussian distribution is used to
fit the intensity profile to determine the FWHM. We should pay attention to the confusion here.

One point we should notice is that the NA should always be smaller than 1.0 if the
refractive index of the medium is air. In this case, the best optical resolution under visible light
illumination (532 nm) would be around 300 nm. If we allow the use of water- or oil-immersion
lenses, or employ a shorter wavelength illumination source, we can push this resolution limit
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closed to 200 nm, although such high resolution, in practice, is not usually obtained. This range is
about the resolution limit of diffraction-limited optical systems.

Figure 1.1.1 An illustration of optical resolution defined by (a) Rayleigh’s criteria, (b) Sparrow’s
criteria

In the past decades, optical scientists and engineers have made tremendous efforts to
break the diffraction limit of traditional optical microscopes. These techniques are known as
super-resolution microscopy. One approach is by using near-field optical scanning technique, to
create a near-field scanning optical microscope (NSOM). An illumination beam, which is
diffraction limited is coupled into a probe tip with a nano-aperture, which is smaller than one
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wavelength (for example, about 50 nm). During the scanning process, the probe is brought in a
close proximity to the sample surface. The nano-aperture probe creates a tightly localized light
field in the form of evanescent wave, interacting with scatters on sample surface. These near-field
components are modified and converted into propagating far-field components so that they can be
collected by collective optics and detected by a photodetector. The scanning feature of NSOM
allows us to illuminate and detect one resolution area of the sample at a time. Therefore, the
nano-aperture probe of a NSOM is able to differentiate miniscule structures that are extremely
close to each other with optical resolution of less than 100 nm [4, 5].

The other approach for super-resolution microscopy is by using far-field techniques. One
example is photoactivation localization microscopy (PALM) [6, 7], or stochastic optical
reconstruction microscopy (STORM) [8]. In this imaging scheme, individual molecules tagged
with fluorescent markers are activated and bleached selectively at different time durations.
Although this imaging method still uses diffraction-limited optical microscopes to render images
at different time steps, individual molecules can be discerned using Gaussian fitting to estimate
their positions precisely. While these super-resolution microscopy techniques remain an active
research topic for many optical scientists and biophysicists, to my knowledge, the implementation
of super-resolution microscopy in miniaturized optical imaging systems remains largely
unexplored. It definitely deserves better thinking and more attention from microfluidic engineers
to adapt these techniques on a chip-scale level in order to enhance performance, achieve better
optical resolution, and simplify the infrastructure of the system.
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1.1.2 Miniaturization of Optical Microscopy

The function of an optical microscope is to magnify and project a microscopic object to the image
plane as illustrated in a simplified ray diagram in Figure 1.1.2.1. The magnification is determined
by the ratio between the image height, h2, and object height, h1, or the ratio between image
distance, l2 and object distance, l1:

M

h2 l2

h1 l1

(1-6)

Figure 1.1.2.1 An illustration of a simplified ray diagram in conventional optical microscopy

The focal length of the optical lens is given by:

1 1 1
 
f l1 l2

.

(1-7)

Suppose a microscopic object is placed with an object distance of 10 m in front of an optical
lens; to magnify it 250 times, the image distance should be about 2.5 mm. To achieve such
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magnification, the focal length is calculated to be about 10 m (Equation (1-7)). To make such an
optical lens from the simplified Lensmarker’s equation (1-8), the radius of curvature, R1, of the
magnifying plano-convex lens (R2 → ∞) should be made on the order of 10 m, given the lens
material to be glass ( = 1.5):

1
1
1 
 (   1)  
f
 R1 R2 

.

(1-8)

One may argue that the miniaturization of optical microscopes is a trivial task. From the above
formulation, the miniaturized microscope can be easily made with about size of a US dime.
However, real life is not that straightforward. The above formulation is based on a thin lens
assumption, which ignores a lot of aberration issues in image formation. Modern objective lenses,
shown in Figure 1.1.2.2, are usually designed with computer-aided-design (CAD) software, like
ZEMEX, to combine multiple lenses in order to correct optical aberrations and dispersion such as
coma, astigmatism, geometrical distortion, field curvature, spherical and chromatic aberration.
This is the reason why optical microscopes are very complicated, expensive, and bulky. We
cannot rely on conventional optical principle to simply scale down the size of a microscope.

Figure 1.1.2.2 A schematic of a microscope objective
(Courtesy: http://www.olympusmicro.com/primer/anatomy/objectives.html)
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Miniaturizing conventional optical microscopes with microfluidic technology has the following
advantages:
1. High throughput — OFM systems can potentially achieve a very high throughput rate
when integrated with advance hydrodynamic focusing units. OFM technology can lead to
very large scale imaging-based cell analysis.
2. Operation in resource-poor environments — The OFM device has a very small size and
can be made very compact and portable. It can be integrated into a cell phone or easily be
carried from one place to another in resource-poor environments (for example, in
developing countries or in space).
3. Low energy consumption — OFM devices consume less power than conventional optical
microscopy due their smaller size.
4. Low production cost — miniaturized microscopes can be batch manufactured using
standard photolithography technique, which greatly reduces production cost. The cost of
a compact OFM device is about 10 USD.

Several research groups have designed and implemented different prototypes of
miniaturized microscopes in the past decade [9-16]. These miniaturized microscopes are based on
different working principles but with one common goal, which is to use light to reveal as much
detailed information in biological specimens as possible while using a tool as simple as possible.
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1.2 Full-Field Versus Scanning Optical Microscopy

Generally, there are two distinctive schemes in image formation of optical microscopy, namely
full-field and scanning. In the full-field approach, the entire biological sample is flooded with
illumination light for the full depth and field of view, as illustrated in Figure 1.2(a). This
approach has an advantage of parallel processing; information from all the resolving points from
the sample are transferred to the image plane simultaneously. The image acquisition time is much
shorter since it involves only one time step. However, since intense light is used to illuminate the
entire field of view throughout the whole depth of the specimen, rather than just at the focal plane
or the focal point, much of the scattered or absorbed light coming from regions above and below
the focal plane will be collected by the objective lens, contributing to out-of-focus blur in the
final image and seriously degrading the image contrast and sharpness [17]. In the other approach,
light is focused at one resolution of the specimen at a time; the scattered or absorbed light at that
particular point is collected by the microscope objective and recorded by a photosensor as shown
in Figure 1.2(b). Then either the illumination light spot or the biological sample is moved to
reveal the light intensity at the next point. This process is repeated until the information from the
whole field of view is acquired. In scanning optical microscopy, the problem of extracting
information at the illuminated point becomes simpler and allows higher aberration tolerance in
the collective optics. In addition, since light is focused only at one particular point of interest in
the biological sample at each time step, there is no out-of-plane blur. This method also causes less
damage to the biological sample since intense light is focused at only one point during the image
acquisition. However, the image acquisition time is much longer and may pose a problem if we
want to image or monitor real-time biological events (for example, in cell dynamics experiments).
The image quality also depends highly on the stability and precision in light spot actuation and
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biological sample translation. In addition, the experimental setup can be more complicated and
expensive when compared with the full-field approach.

Illumination light

movement

cover glass slide

biological sample
collection light

(a)

(b)

Figure 1.2 An illustration of two distinctive ways of illumination in optical microscopy: (a) fullfield, (b) point scanning
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1.2.1 Confocal Microscopy (by moving the light spot)

Modern confocal microscopes can be considered as a highly integrated system which combines
an optical microscope, a photodetector (usually with a photomultiplier tube), a computing unit
(for image data acquisition, processing, analysis and storage), and a laser system (for
illumination) which can be with equipped with a wavelength selection device and a mechanical
beam scanning device to actuate and direct the light spot to different positions of the sample. The
basic concept of confocal microscopy was originally developed by Dr. Marvin Minsky in the
1950s. He produced a working microscope in 1955 and patented this invention in 1957 [18].
However, Minsky's idea has remained quiet for several decades, due to the lack of intense light
sources and the lack of computational power to process the large amounts of data acquired from
confocal microscopy. Several scientists have followed Minsky’s idea to develop different
mechanical scanning strategies to direct the point illumination from a laser to different parts of a
biological specimen. With the advancement in computer technology and the development of more
stable high-power lasers, confocal microscopy was finally commerialized in the 1990s. Laser
scanning confocal microscopy (shown as in Figure 1.2.1.1), couples with fluorescent labeling
techniques, lead to an explosion in numerous in-vitro and in-vivo applications in biomedical
imaging. Now, confocal optical microscopy has become one of the most dominant imaging
methods for daily laboratory analysis of biological molecules, cells, and living tissues.
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Figure 1.2.1.1 A schematic of laser scanning optical configuration in a modern confocal
microscope
(Courtesy: http://zeiss-campus.magnet.fsu.edu/articles/livecellimaging/techniques.html)

From an optical system point of view, confocal microscopy is fundamentally
characterized by a pinhole aperture and point-by-point illumination on biological specimens. The
incorporation of pinhole apertures in imaging is a distinctive feature of confocal microscopy.
Usually the pinhole aperture is inserted in front of the photodetector of the confocal microscope
system. The pinhole rejects any out-of-focus light from the biological sample; leads to a reduction
in background illumination, an increase in signal-to-noise ratio (SNR), and an improvement in
both the lateral and axial optical resolution. Thus, the pinhole aperture of confocal microscopy
enables optical sectioning ability and allows 3-D image rendering for thick biological specimens
which is difficult to achieve in other traditional full-field microscopy.
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Figure 1.2.1.2 A schematic of Nipkow Disk optical configuration in modern confocal microscope
(Courtesy: http://zeiss-campus.magnet.fsu.edu/articles/livecellimaging/techniques.html)

In modern confocal microscopes, the light is tightly focused to a point by high-power
objective lens and scanned across the entire field of interest on the biological sample. There are
two different beam scanning techniques. The first one is single-beam scanning, which uses a pair
of computer-controlled galvanometer mirrors or oscillating mirrors to scan the specimen in a
raster pattern. In this case, usually a single-pixel imaging sensor device (for example, a
photomultiplier tube) is used to measure the light intensity change during the scanning process.
The other approach is by multiple-beam scanning. Some confocal microscopes are equipped with
a spinning Nipkow disk which contains an array of pinholes aligned with microlenses for light
focusing, as shown in Figure 1.2.1.2. Multiple-beam confocal microscopes are able to capture
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microscopic images with an array detector, such as a charge-coupled device (CCD) or
complementary metal oxide semiconductor (CMOS) camera, thus allowing quicker image
acquisition. However, the scanning mechanism and date processing scheme used is more
complicated.

Despite its relatively easy-to-understand working principle, confocal microscopy is
considered the most important advancement in modern optical microscopy. However, the
implementation of conventional confocal microscopy is in fact quite complicated. The complexity
arises from the incorporation of a sophisticated control mechanism to precisely direct the tightly
focused light to different parts of the biological specimen. In Chapter 5, I will present my recent
progress in efforts to miniaturize and simplify confocal microscopy by using the OFM imaging
approach.
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1.2.2 Wide Field-of-View Microscopy (by moving the sample)

In traditional full-field microscopy, the field of view is usually inversely related to the resolution
of microscope objective. That means it is not possible to render a large area microscopic image
with good resolution (without serious aberration and image distortion). We can overcome this
dilemma with optical scanning microscopy. Optical scanning microscopy can also be achieved by
moving the biological specimen, rather than moving the focused light. In this imaging modality,
an array of tightly focused spots is usually generated for illumination. Commercial scanning
microscopes typically impose a 2-D raster scan on target samples under a high-resolution
microscope objective using a 2-D motion controller. The full-view image can then be assembled
from multiple, smaller-sized, high-resolution images. Recently our group developed a specially
written hologram technique to generate a 2-D illumination grid of tightly focused light spots. The
target sample is translated across the focal plane of the illumination grid using a 1-D motion
controller; the intensity change of the illumination spots is recorded by a 2-D array of CMOS or
CDD cameras underneath. The microscopic image can be reconstructed by a simple computer
algorithm using the data of each line scan [19]. The 2-D illumination focus grid can be generated
by Talbot effect. A metal mask with a 2-D aperture grid is illuminated with a collimated laser
beam. The replicate of the aperture grid is reproduced at integer increments of the Talbot
distance. The sample slide is then scanned at the one-and-a-half Talbot distance to render highoptical-resolution images [20]. This illumination-spot-array scanning imaging method abandons
the use of expensive microscope objectives and highly simplifies the way we conduct wide fieldof-view microscopy. Wide field-of-view microscopy has many practical applications in
automated, high-resolution, and cost-effective biomedical imaging: such as high-throughput
screening [21] and whole-slide digital pathology diagnosis [22].
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1.3 Optofluidic Microscopy — a Brief Review

Optofluidic microscopy (OFM) can be defined as using miniaturized microscopes and
microfluidics for sample scanning. Delivering biological samples through a microfluidic channel
flow is the distinctive characteristic of OFM systems, differentiating them from other
‘microscope-on-a-chip’ systems.

Here I would like to provide a brief review on the development of OFM devices in our
group. In 2006, the first proof-of-concept prototype OFM was developed [23]. A line of aperture
array in a metal layer was fabricated on the floor of a PDMS microfluidic channel. The channel
was tilted at a certain angle so that the biological sample, C. elegans could be translated on top of
the aperture array under gravity. The light transmission through each aperture was relayed by a
bulk microscope into an individual pixel of a CCD imaging sensor; the best optical resolution
obtained was about 500 nm. In 2008, OFM was implemented completely ‘on-chip’. The slanted
line of apertures was fabricated directly on every alternate pixel of a CMOS imaging sensor using
focused ion beam (FIB) machining [24]. With better microfluidic control on the biological
samples using DC electrokinetics, spherical/ellipsoidal biological samples/entities, such as, pollen
spores and Chlamydomonas, were imaged in high resolution at 800 nm. This greatly expanded the
versatility of OFM on imaging samples with different shapes. About the same time, our group
proceeded to another front in OFM development with the use of coherent light as the illumination
source. A phase FZP fabricated on a glass plate replaced a conventional optical microscope as the
relay to the OFM apertures [25]. (In this demonstration, the FZP was not integrated with the OFM
device.)
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Following that, a major effort was made to integrate an array of FZPs on top of a
microfluidic channel in order to generate an array of tightly focused light spots with a resolution
of 650 nm. This scheme led directly to the development of a fluorescence OFM system in which,
when a fluorescent sample flowed through the channel and across the array of focused light spots,
the fluorescence emissions were collected by a filter-coated CMOS sensor (which was coated on
the floor of the microfluidic channel in order to render high resolution fluorescence images [26].

Another effort has been employed to incorporate collection optics in the floor of the
microfluidic channel to enable the focusing capability in OFM systems using coherent
illumination. An array of FZPs is defined on a spacing photoresist layer, in precise alignment
with the apertures fabricated on the CMOS pixels underneath. Under a tilted plane wave
illumination, the capability of dark field OFM imaging has been demonstrated. By combining
both the illumination and collection FZP arrays fabricated on the top and bottom of the
microfluidic channel, respectively, we next explore the potential to build a complete confocal
OFM device.
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1.4 Introduction to Microfluidics

Microfluidics is about the manipulation and detection of fluids (in liquid or gas phase or a
combination of both, i.e. two-phase flow) or species suspended in fluid medium using structures
on a micron scale such as channels, valves and pumps. Such operations can be conducted
through mechanical, electrical, thermal, optical, magnetic, chemical, or even biological means. It
is a highly interdisciplinary field intersecting engineering, physics, chemistry, and biology. Here I
would like to restrict our scope of discussion to the domain of liquid flow (since most biological
applications happen in liquid phase), in which we can assume that the fluid is incompressible.
Fluid is composed of many finite-size molecules with finite distance between them under random
motion and constant collisions. In some sense, fluids are not in continuum but composed of
individual particles (when we scale down our observation sufficiently). However, if we allow our
observation volume to be large enough to contain a sufficient number of fluid molecules to give
an average value for the properties of the fluid (for example, the density or the velocity), these
properties will be continuous in space and become independent of the number of molecules.
Therefore, fluid can be treated as continuous and differentiable in space and time. This continuum
assumption is very important and forms the base of the analysis of many fluid systems, since we
can describe the entire domain of analysis by a set of partial differential equations instead of
tracing the behavior of individual fluid molecules. In fluid mechanics, the behavior of fluid flow
is primarily characterized by the Reynolds number, Re:

Re 

UL


(1-9)

where  is the density, U and L denote the characteristic velocity and length, and  is the dynamic
viscosity. In microfluidics, characterized by small size and slow velocity, the Re number is
usually small. In a low-Reynolds-number regime, convection becomes less important; although it
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may not be fully negligible, fluid flow is dominated by viscous and surface forces. The flow field
is predictable, stable, and even reversible. In pipe flows, if the Re number is lower than the
transition (Re < 2300), the fluid flow remains laminar. One thing we should notice here is that
laminar flow does not imply that we can completely neglect the inertial effect. In fact, the inertial
effect can still play an important role in the fluid behavior or fluid and suspended particles
interaction [27]. For example, for an average flow velocity of about 20 mms-1, the inertial effect
of the fluid can generate a significant amount of wall lift force and shear gradient force on the
suspended particles, resulting in a continuous hydrodynamic focusing effect in the equilibrium
position [28, 29]. In OFM applications, given the density and dynamic viscosity of water (1000
kgm-3 and 1×10-3N s/m2 respectively), the average velocity is usually less than 2 mms-1 and the
channel width on the order of 100 m. The Re number is then calculated as 0.1, which is lower
than unity. Therefore, we can assume the flow to be within the Stokes flow limit, where the
inertial effect is negligible.

While the fundamental science and physics remain a hot research topic for physicists,
mechanical, and electrical engineers, the applications of microfluidics attract even more attention
in the bioscience and biomedicine communities in both academic and clinical settings. From the
start of the new millennium, the field of microfluidics has emerged and grown rapidly.
Microfluidic devices can be built with hard materials such as, silicon, glass, and resin, or soft
materials, like elastomer PDMS. Researchers began fabricating microfluidic devices on silicon
and glass substrates back in the late 1980s when MEMS technology started to emerge and thrive
[30]. Silicon micromachining techniques have been proven to be a versatile fabrication method
based on standard photolithography techniques for microfluidic devices on the micron scale. The
fabrication process has become more precise, reliable, and repeatable. Since silicon and glass
have excellent mechanical and electrical properties, microfluidic devices made from MEMS
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technology are very compatible for integration with electronic sensing, processing, and control
components [31]. However, there are drawbacks and limitations in this approach. Since the
fabrication process has to be conducted in cleanroom facilities, the production cost of silicon- or
glass-based microfluidic devices is expensive and the device is thus not disposable, a quality
which is desirable in certain biotechnological applications.

On another front, microfluidic researchers are looking for alternatives building devices.
In the late 1990s, researchers at Harvard and Caltech started to incorporate the use of the soft
material PDMS, a silicone-based elastomer, in the fabrication of microfluidic and optofluidic
devices [32-36]. They called this technique soft-lithography. Note that soft-lithography can be
generalized as a non-photolithographic strategy based on self-assembly and replica molding for
carrying out micro- and nanofabrication, which includes microcontact printing (CP), replica
molding (REM), microtransfer molding (TM), micromolding in capillaries (MIMIC), and
solvent-assisted micromolding (SAMIM) [36]. Here I will only concentrate on replica molding,
which is the most common approach to making single-layer PDMS microfluidics devices.

Figure 1.4 An illustration of soft-lithography fabrication for PDMS microfluidic devices
(courtesy: Soft Lithography for Microfluidics: a Review, BIOCHIP JOURNAL, Vol. 2, No. 1, 111, March 2008)
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As illustrated in Figure 1.4, the soft-lithography process starts with a silicon wafer
patterned with photoresist (for example, SU-8 or PMMA), which defines the feature of the
microfluidic channel and is used as a master mold. The PDMS pre-polymer mixed with catalyst is
poured onto the microfluidic master mold. Then, the PDMS is cured in a furnace at 80C for 3
hours. The PDMS stack is peeled off from the master mold, forming a negative replica. After
dicing and holes punching for the inlets and outlets, the PDMS replica is usually bonded with a
piece of microscopic slide to form a microfluidic channel for off-chip applications. Surface
cleaning by oxygen plasma or hydrochloric acid is sometimes employed to promote the bonding
force.

The major advantage of using soft-lithography to fabricate microfluidic channel devices
is the simplicity of its manufacturing process and a relatively low production cost. After the
photolithography patterning of a silicon microfluidic mold, the PDMS casting can be conducted
repeatedly without a cleanroom environment. The material property PDMS is also very suitable
for many optofluidic applications [37]. The optical transparency and good optical quality of
PDMS has been demonstrated in applications such as softlithographic fabrication of blazed
gratings and solid immersion lenses [38, 39].
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1.4.1 Optofluidic Integration

OFM devices gain their advantage by combining these two distinctive but
complementary fabrication technologies. The optical sensing part of an OFM device consistes
mainly of the CMOS imaging, which is manufactured from standard integrated circuit (IC)
fabrication. It is robust and can be used for a long time. Cleanroom process, such as metal
evaporation or FIB milling, can be conducted directly on top of the CMOS sensor. The
microfluidic part, which is defined by soft-lithography, can be bonded temporarily or
permanently onto the imaging sensor substrates, depending on application. A schematic of OFM
systems is illustrated in Figure 1.4.1.

Figure 1.4.1 An illustration of integrated optofluidic imaging device
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1.5 Structure of the Thesis

This thesis presents progress in the technological development of on-chip OFM systems. OFM
delivers biological samples in a microfluidic flow integrated into a single CMOS imaging sensor
in order to render high resolution images. In Chapter 2, I will explain the working principle,
image resolution, and sampling characteristics of OFM. Microfluidic flow control of biological
samples is crucial for good OFM imaging. Several flow strategies, such as pressure, electrokinetic
and gravity-driven flows in PDMS microfluidic channels, are studied by experiment. Chapter 3
starts with the implementation of the first on-chip OFM system ever built in our group, which
uses an array of collection apertures on a single metal layer fabricated immediately on top of the
CMOS imaging sensor under incoherent light illumination. Following this route, an array of
diffraction-based focusing elements, Fresnel zone plates (FZP), is built on top of the collection
aperture array, separated by a spacing layer in precise alignment. This scheme enables the OFM
device to collect light at a particular focal plane in the microfluidic channel with coherent plane
wave illumination. In Chapter 4, an array of tightly focused spots is generated at the designed
focal plane in the microfluidic channel through a specially recorded holographic plate or a set of
FZP arrays integrated on top of the device under coherent illumination. This scheme has
successfully led to the implementation of fluorescence OFM systems by coating an emission filter
on top of the CMOS pixels. Chapter 5 presents the effort to combine integrated collection and
illumination diffractive optical elements to achieve a complete confocal OFM system. Such an
OFM system can enhance the image resolution and open up other opportunities in OFM imaging.
I will also present several technology difficulties in this approach. Chapter 6 presents several
potential applications of OFM systems in biomedicine and bioscience. Chapter 7 reviews and
evaluates, incorporating other optofluidic integration techniques in OFM applications. One good
example is incorporating the use of reconfigurable optofludic lenses in OFM systems.
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Chapter 2: Implementation of Optofluidic Microscopy

In the previous chapter, I briefly reviewed the development and characteristics of optical
microscopy. I have also summarized the importance of our effort to miniaturize conventional
microscopy by strategic integration of optics and microfluidics technology. The OFM imaging
method can be defined as a miniaturized optical scanning microscopy technique which utilizes a
microfluidic flow for sample translation. The motion control on biological samples flowing in the
microfluidic channel is critical for artifact- and distortion-free OFM image formation. In this
chapter, I will first discuss the imaging formation mechanism of OFM systems. OFM imaging
can employ either a 1-D array or a 2-D grid for image formation. I will further address the optical
resolution and sampling issues in OFM imaging. In the second part, I will present several
microfluidic flow strategies we used for sample translation in OFM imaging and discuss their
applications in handling different biological samples.
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2.1 Imaging Formation

OFM is based on scanning microscopy. The information from the sample object is revealed point
by point through means of light, and this point-wise optical information is mapped to and
recorded by the imaging detector in a systematic manner over time. The entire field of view of the
image is then reconstructed from this set of point-wise optical information. As in any kind of
scanning microscopy, there are two main parameters that fundamentally determine the final
image quality: optical resolution and sampling.

The situation is like this: We hold a flashlight and point it into a dark forest. How fine the
light beam from the flashlight is spotting on the trees will determine how good the resolution is.
How fast we scan the flashlight in order to discern the whole picture of the forest will determine
the sampling rate. If we allow ourselves to hold more flashlights to form a line array or even a 2D grid of light spots on the trees, we will be able to discern the entire field of view of the forest
more efficiently. In the first section of this chapter, we will discuss the image formation
characteristics of the OFM imaging scheme.
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2.1.1 Optical Resolution

OFM imaging can be constructed in different modes: collection, illumination, or a combination of
both. These three modes lead to different OFM configurations and resolution characteristics. In
collection mode, a plane wave is used directly as the illumination. Light transmitted through, and
absorbed or scattered by the biological sample will be collected by a set of submicron sized
apertures fabricated on CMOS imaging sensor pixels. In a more elaborated scheme, a set of
focusing elements, FZP units, are fabricated and aligned with the collection apertures underneath
to relay light from the sample focal plane to the collection apertures on the CMOS imaging sensor
pixels. In both schemes, the size of the collection apertures fundamentally limits the best optical
resolution of the OFM image we can achieve. The collection mode OFM systems will be studied
in Chapter 3. In illumination mode, light is modulated by optical elements before it impinges on
the biological samples flowing in the microfluidic channel. Undressed CMOS pixels are used to
collect light from the biological sample directly. In this case, the optical resolution will be
primarily limited by the optical elements, such as the holographic plate or the FZP units, used in
illumination modulation. We will discuss this scheme in detail in Chapter 4. We notice that it is
possible to combine the use of both illumination and collection optics in OFM device
construction, and this potentially leads to a substantial improvement in both lateral and axial
optical resolution and SNR. Such scheme forms the basis for building a confocal OFM system
which enables optical sectioning capability in OFM imaging. Preliminary results from this effort
will be discussed in Chapter 5.
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2.1.2 Sampling Problem

OFM imaging is a miniaturized optical scanning microscopy technique. The sampling point or
points are set to be static and we move the biological samples for scanning. The light intensity
through the sampling point is collected and measured by a CMOS imaging sensor for image
formation. If there is only one sampling point, the specimen has to be raster scanned to discern
the entire field of view of the object. This approach requires the sample to move back and forth in
the microfluidic channel. At the same time, the sample has to maintain a constant orientation at
each translation. This requires a rather complicated microfluidic control mechanism, (which is not
trivial) to be integrated in on-chip imaging. Alternatively, we can impose a 1-D line of sampling
points which spans the entire width of the target sample for OFM imaging. In this case, a single
unidirectional sample translation at a slanted angle to that sampling line array is sufficient for the
whole field of view in OFM image acquisition. This scheme actually forms the basis of the first
OFM implementation. It is possible to add another dimension in OFM imaging spatially by
utilizing a 2-D grid sampling point array. We can imagine this implementation by folding several
1-D lines of sampling points into a 2-D grid array. In this case, several sampling points can scan
and acquire information on different parts of the target object at the same time during the sample
translation, thus reducing the total acquisition time and the length of the sampling array. The
advantage of this design only exists when the size of the target object is larger than the actual
CMOS imaging sensor pixel size; otherwise, the 2-D grid is effectively only using one line array
at each sample translation. This approach also involves a more complicated algorithm for image
reconstruction and is more vulnerable to artifacts due to the crosstalk between adjacent sampling
lines if they are not sufficiently separated. In many OFM applications, the size of biological
samples is about 10 m and we usually have to separate them by about 10 m to prevent
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crosstalk. This is the reason why the 2-D grid sampling is not an attractive option. However, the
2-D grid approach has proved to be very successful and efficient for wide field-of-view
applications [1].

Here I will explain the formulation of the 1-D line array sampling scheme in an OFM
system. Figure 2.1.2 is an illustration of the sampling scheme in OFM imaging. The sampling
along x-direction is determined by both the flow speed of the biological sample along the flow
direction, U, and the readout frame rate, f. The sampling along y-direction is determined by the
lateral distance between the apertures across the flow direction (x-direction). This lateral distance
can be found by Lsinθ, where the L is distance between neighboring apertures and θ is the tilted
angle between the line aperture array and the microfluidic channel. Thus, the virtual grid density
of OFM image formation can be found as follows, where δx is the grid density along x-direction
and δy is the grid density along y-direction:

x 

U
f

y  L sin 

(2-1)
.

(2-2)

To prevent aliasing artifacts in sampling, the grid density (δx and δy) is chosen to be half
of the optical resolution limit of the sampling point, in order to satisfy Nyquist criteria. For a
collection-aperture-based OFM system, this optical resolution limit is primarily determined by the
diameter of the aperture and the aperture/biological sample separation. For an illumination-mode
OFM system, the optical resolution is determined by the size of the focused spot. The distance
between the apertures L is usually set to the minimum possible value before cross-talk between
successive sampling points starts to occur. This can ensure that the distance for OFM image
acquisition is as short as possible before significant cell rotation or tumbling starts to occur.

35

Figure 2.1.2 An illustration of 1-D slanted-line array sampling scheme in OFM imaging

One interesting point deserving of mention is that although the OFM device samples the
biological specimen temporally by each OFM aperture in the x-direction and spatially by different
OFM apertures in the y-direction, the image sampling schemes in these two directions are
essentially equivalent to each other. Last, I would like to point out that the above formulation is
good if we treat our samples as 2-D objects. It is possible to extend this sampling scheme to 3-D,
by superposing this sampling line array successively along the flow direction at different depths.
This implementation can be achieved in FZP-collection-, illumination- and confocal-mode OFM
systems, where in principle we can position our optical sampling points at any desired position in
the microfluidic channel by correct parameter design. To render good OFM imaging sampling,
the vertical grid density δz in 3-D OFM imaging should be chosen to be half of the depth of focus
of the focusing optical element.
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2.2 Microfluidics for Sample Transport

In OFM imaging, biological samples are delivered by a microfluidic flow for optical scanning in
image formation. The motion of biological samples flowing in the microfluidic channel directly
determines the image quality. A constant, rotation- and tumbling-free, rigid translation is highly
sought in different OFM imaging schemes. In fact, the size and shape of the biological entity, the
fluid medium, and the geometry of the microfluidic channel all play an important role in affecting
the motion of target objects flowing in the microfluidic channel. Microfluidics is a highly
diversified field ranging from fundamental physics to biotechnology applications; the scope of the
material in this section will be limited to considerations in adapting microfluidic techniques
which most suit for flow-control applications in OFM imaging. Several microfluidic flow
mechanisms have been studied and investigated in experiments to improve the versatility of OFM
systems to image different biological samples without serious discrepancy in image formation.

Before we discuss different flow-driven mechanisms commonly used in microfluidics,
we notice there is a fundamental limit on the microscopic motions of suspended particles when
there is no external force acting on the particles. This thermally induced random fluctuation on
any rigid object suspended in fluid medium is termed Brownian motion. The suspended particles
in a liquid medium are being bombarded by surrounding liquid molecules, causing them to vary
in direction many millions of times per second. The path of this fluctuation is a random walk
process and very numerically expensive to investigate microscopically. Einstein suggested a
macroscopic concept, diffusive flux, to model Brownian motion by assuming a Gaussian
distribution on the random displacement of an individual suspended particle at each time step.
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The mean square displacement in three dimensions is given by:

r 2  6 Dt

(2-3)

where t is the time duration of observation and D is the translational diffusion coefficient of the
suspended particles.

D

kT
6a

(2-4)

where k is the Boltzmann constant (1.38 × 10-23 m2·kg·s-2·K-1), T is the temperature (in absolute
scale),  is the dynamic viscosity of the medium, and a is the radius of the suspended particle.
This equation is commonly referred to as the Stokes-Einstein equation, which represents the
balance between the thermal-induced displacement of the suspended particles and the viscous
drag from the surrounding fluid medium. Combining equation between Equations (2-3) and (2-4),
the root-mean-square displacement for suspended particles is given as follows:

r2

1/ 2



kTt
a

(2-5)

For a 10 m polystyrene microsphere with radius a = 5μm, suspended in water ( =
1.002 × 10−3 kg·m-1·s-1), at room temperature (T = 293K), with the OFM device operating at an
imaging sensor pixel exposure time of t = 0.5 ms, the root mean square displacement of the
suspended microsphere is calculated to be 10 nm. This value is substantially smaller than the
optical resolution of OFM images. During the 0.4 seconds of OFM image acquisition, the threedimensional root-mean-square displacement due to the Brownian motion is 0.3 μm, which may

38
potentially lead to distortion and blur in OFM image formation. However, this value is still
substantially small compared to the overall size of the target object. Besides the translational
motion of suspended particles, the Brownian motion will also introduce rotational fluctuation on
the suspended particles, causing them to change in orientation from time to time. Based on a
similar calculation, this rotational fluctuation does not effectively alter the OFM image formation.
Interested readers are referred to [2], which provides an excellent explanation of this problem.

I have evaluated the effect of Brownian motion on a microsphere with diameter of 10
m, which is quite typical for many biological cell imaging applications in OFM prototypes.
What about objects of different size? Referring to Equation (2-5), the root-mean-square
fluctuation caused by Brownian motion is linearly related to the root of the observation time,
while the image acquisition time scales linearly with the object size. Therefore, it is logical to
expect that the smaller samples are more subjected to both image blur and distortion than large
objects, assuming the OFM device is operating with the same frame rate.

Despite its simplicity, the above analysis provides a theoretical background on the
feasibility of using fluid medium to transport biological samples for OFM applications even with
the existence of Brownian motion. In fact, we have made one important assumption in the
Brownian motion derivation and analysis: that there is no external forcing acting on the
suspended objects. It is possible to apply external force, for example, electric or optical force [3],
to suppress the Brownian motion and stabilize the translational motion of biological samples in
OFM imaging. It is also possible to use a working fluid with higher viscosity to suppress the
effect of Brownian motion (for example, dissolving sucrose or adding glycerol to the sample
solution). This will lead to several orders of increase in viscosity. However, this approach may
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cause osmotic shock to the biological cells, possibly causing damage in the morphology of the
biological samples. Furthermore, the change in the refractive index of the sample solution will
affect the image contrast in OFM imaging.
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2.2.1 Pressure-Driven Flow

In the previous section, I have evaluated the effects of Brownian motion, which causes both
translational and rotational fluctuations in biological sample translation in OFM imaging. In the
following sections, I will focus more on the fluid and flowing object interactions, based on our
knowledge of continuum fluid mechanics, in conjuction with experimental findings.

Microfluidic flow is characterized by low Reynolds numbers, typically smaller than
unity. In this regime, the incompressible Navier-Stokes equation for Newtonian fluid can be
simplified to a Stokes flow equation by neglecting the convection term:

p   2 u

(2-6)

where p is the gradient of the pressure, µ is the dynamic viscosity of the fluid, and u is the
velocity field of the fluid. Together with the continuity equation,

u  0

(2-7)

defines the fluid flow. Fluid flows in this limit are attached and the streamlines are parallel with
the channel geometry. This system of governing equations is linear, so the flow-field solutions are
superposable and reversible. In viscous liquid flows, a no-slip boundary condition is usually
imposed parallel to the flow direction at the channel wall interface, and a no-penetration
boundary condition through the walls is imposed normal to the flow direction. In micro-scale
fluid mechanics, usually microfluidic channels are manufactured with a constant rectangular or
square cross section, primarily due to convenience in microfluidic fabrication. The liquid flow is
unidirectional, so that only the velocity component in the streamwise (x-direction) direction is
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non-zero when a constant pressure gradient is applied along that direction. This assumes that the
microfluidic channel flow is fully developed and free from the entrance effect, in which case the
velocity is constant in the streamwise direction. Under this condition, Equation (2-6) can be
further reduced to a two-dimensional Poisson equation:

0

  2u  2u 
p
   2  2 
x
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 y

(2-8)

where u is the streamwise velocity distribution and is a function of y and z for a rectangular cross
section microfluidic channel:
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where b is half the channel width and h is half the channel height and (–b ≤ y ≤ b and -h ≤ z ≤ h).
The above equation is rather complicated and no longer intuitive for visualizing the velocity
profile. It actually represents a two-dimensional parabolic profile with peak velocity along the
channel middle axis and zero velocity at the side walls [4]. Low Reynolds-number flow, with
velocity U, exerts a drag force, F, on suspended particles, resulting in a translational motion. The
drag force exerted on the body depends on the shape and orientation on the object [5, 6]:

Fi  6RijU j

(2-10)

where Rij is termed the translational tensor which is solely determined by the size, shape, and
orientation for a rigid body.
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For a rigid perfect sphere, in which we can assume that the internal viscosity approaches
infinity, the viscous drag is parallel to the translational direction, leading to the famous classical
Stokes drag law:

F  6aU .

(2-11)

Notice there is a negative sign in the expression. This indicates that drag force is frictional in
nature. This resistance force always acts against the flow direction at the fluid/suspended particle
interface. In pressure-driven flow, given the parabolic velocity profile, particles dispersed at
different positions in the microfluidic channel will experience different magnitudes of drag force
and move at different translational speeds. In addition, particles with different sizes and shapes
will also affect the translational velocity. In fact, this forms the basic working principle of
hydrodynamic chromatography. Another important parameter of interest, which is even more
related to OFM applications, is the couple or torque experienced on the particles by the flow field
interaction, resulting in the rotational motion on the suspended objects. In fluid mechanics, the
vorticity or the local angular rate of rotation of the flow can be found by taking the curl of the
velocity field:

ω  u

.

(2-12)

The torque T about the center of rotation of a body with angular velocity of  can be expressed in
tensor form as:

Ti  6  ij j

(2-13)

where ij is the rotation tensor, which again depends on the shape and size of the object. We now
return to the discussion of two-dimensional pressure-driven flow, where the velocity field
distribution has a parabolic profile. When we take the curl of the velocity field of pressure-driven
flow as shown in Equation (2-9), there is only one point where the vorticity is exactly zero, which
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is along the channel mid-axis. The net torque exerted on the object is identically zero and the
object rotational motion is minimized along the channel mid-axis regardless of the shape of the
object. When the suspended object is flowing off-axis, it experiences a certain degree of torque,
resulting in rotational motion on the flowing objects. Take a perfect sphere as the simplest
example which is isotropic with respect to rotational motion about its center; the magnitude of the
rotation is not constant at different cross-section positions of the microfluidic channel. Given the
parabolic velocity profile, the magnitude of vorticity is highest near the channel wall and
decreases linearly to zero at the channel mid-axis. The rate of rotation also depends on the shape
and orientation of the flowing object. The three-dimensional rotational motion can be studied
analytically or numerically based on the rotation tensor formulation in Equation (2-13). This
formulation is not trivial for complicated geometry and usually requires detailed experimental
study. Here I try to provide a lay person’s explanation on this. Let us take two geometries at
extremes for benchmark comparison. The first object is a sphere (for example, a pollen spore),
and the second object is a slender ellipsoid with the longest axis orientated along the flow
direction (for example, a C. elegans worm). Assuming they are flowing at the same off-axis
position in the microfluidic channel, the difference in the velocity on the upper and lower apex of
the perfect sphere is much larger than that of the slender ellipsoid. Thus, a much larger torque or
rotational motion is imposed on that sphere compared to that of the slender ellipsoid. The above
discussion focuses only on the Stokes drag interaction between the fluid and suspended objects.
When the biological samples are translating in close proximity to the channel wall, the samples
will experience friction or other interaction force, such as electrostatic force, from the solid
channel wall. This is probably the situation for the implementation of the first prototype of the
OFM device, where the biological samples have to be confined by the height of the microfluidic
channel so that the samples are flowing close enough to the collection apertures fabricated on the
channel bottom to ensure good image resolution. The channel surface is thus modified with a
lubrication layer, polyethylene glycol (PEG), to minimize the frictional interaction between the
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translating biological samples and the channel surface in order to ensure a smooth microfluidic
flow. The details of PEG surface modification are explained in Appendix A1.

I have conducted a set of experiments to study the flow motion of biological samples for
OFM applications. I have fabricated a PDMS-on-glass microfluidic channel for the purpose of
easy flow visualization. The microfluidic channel is mounted on an inverted optical microscope
(Olympus IX71) under a 10μ objective. The dimensions of the microfluidic channel are 40 μm in
width, 9.7 μm in height, and 2.5 mm in length. The region of interest is selected as the middle of
the microfluidic channel, so that the flow field is free from entrance effect. The pressure
difference is generated in the PDMS microfluidic channel through the use of surface tension. To
accomplish this, I add an additional drop of the sample solution onto the input port. Since native
PDMS is highly hydrophobic, this drop beads up to form a hemispherical shape with a radius of
about 0.5 mm. The associated surface tension then creates a Young–LaPlace pressure up to
several hundred Pa at the inlet [7]. This pressure difference between the inlet and outlet then
generates a mean fluid flow velocity with a magnitude of a few hundred microns per second in
our microfluidic channel configuration. This fluid velocity will drag the targets to flow inside the
microfluidic channel, and the translation speed of the samples is proportional to this flow speed. I
find that the flow velocity as generated by this means for an individual biological entity is
sufficiently constant for OFM application, as the OFM image acquisition time for each target is
fairly short (typically less than 1.0 second). The flow speed may vary over time as fluid drains out
of the beading drop and alters the surface tension. However, this change occurs over a much
longer timescale. As long as I am able to measure the flow speed of each individual target
independently, this variation is unimportant.
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I used biological samples of G. lamblia cyst, which has an oval shape, about 7–10 m in
width and 8–13m in length [8] as a benchmark for OFM imaging applications. The sample
preparation is described in Appendix A1. The channel height is made smaller than the average
length of the G. lamblia cysts in order to restrict the out-of-plane rotational motion of the cysts.
We adopt this design for two purposes. First, three-dimensional rotational motion study of
suspended particles is very difficult to accomplish. To achieve that, a high-power confocal
microscope with high-speed image capturing capability and short depth of field is required. Subcellular image resolution is required in order to avoid ambiguity in image analysis. Second, this
configuration is closer to the real situation in the implementation of the first prototype of
aperture-based OFM system, in which a shallow microfluidic channel is required to confine the
samples close enough to the channel floor to ensure good image resolution. In experiment, we
found that the flow motion of the G. lamblia cysts is quite consistent with the prediction of the
analysis. The vorticity generated by the parabolic flow profile creates a significant torque on the
samples and, thereby causes the cysts to rotate as shown in Figure 2.2.1(a). The cysts rotate with
opposite orientations (clockwise versus counter-clockwise) when flowing along the upper or
lower half of the microfluidic channel while driven by pressure since the direction of vorticity
vector changes sign when it crosses the channel mid-axis (y = 0). We also observed that the G.
lamblia cyst tends to rotate more and translate slower when it is flowing near the side wall. For
the cysts flowing close to the channel mid-axis (y = 0), minimum or zero rotational motion is
observed, since the local vorticity vanishes in that location.
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Figure 2.2.1 An experimental illustration of the microfluidic motion of a Giardia cyst driven by
pressure difference
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2.2.2 Electrokinetic-Driven Flow

The applications of electrokinetic technology in microfluidic systems have been studied and
implemented extensively since the 1990s in theory, numerical simulations and experiments.
These findings resulted in thousands of publications and the field of electrokinetic microfluidics
remains vibrant and continues to emerge. With the limits of the context, I will not be able to
discuss the details of electrokinetic phenomena in liquid medium. The material covered in this
section will remain simple and focus on the application to the flow-motion control of biological
samples in OFM applications.

To understand electrokinetic phenomena, the first topic for discussion is the electrical
interaction between the solid and liquid interface. Generally speaking, solid surfaces are likely to
carry electrostatic charge, such as an electric surface potential, due to broken bonds and surface
charge traps [9]. When an electrolyte solution is brought into contact with such a solid boundary,
the surface charge attracts the counter-ions in the liquid, establishing an electric field. The
arrangement of the electrostatic charges on the solid surface and the balancing charges in the
liquid is called the electric double layer, EDL [10]. Counter-ions are strongly attracted to the
surface, forming an immobile compact layer at the solid/liquid interface. Outside this layer, the
distribution of the counter-ions away from the interface decays within the diffuse layer with a
characteristic thickness known as the Debye length-scale, which is inversely proportional to the
square root of the liquid ionic concentration. The electric potential at the boundary between the
compact and diffuse layers is called zeta potential. Typically, Debye length in dilute electrolyte is
thinner than 10 nm [11] and in distilled water is about 100 nm. Compared with the dimension of
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most microfluidic systems (including OFM systems), in which the characteristic length scale is on
the order of tens of microns, we can simply adopt the thin EDL assumption.

A microfluidic channel with fixed charges at the walls generates a mobile ‘sheath’ of ions
in the fluid. Under an externally applied electric field parallel to a surface with net charge density,
the mobile ions move in a direction parallel to the wall. The movement of this sheath induces the
motion of the bulk liquid, due to shear stress, as if the walls of the channel were sliding at a
velocity directly proportional to both the magnitude of the applied field and the mobility of the
ions. The ion mobility is a function of the surface charge density, liquid ionic strength, liquid
viscosity, and permittivity. This is known as electro-osmotic flow.

Most biological samples carry a net charge. When a charged particle is suspended in an
external electric field, it experiences a Coulumb force. In addition to the electrical force, once the
charged particle starts to move in the fluid medium, it experiences Stokes drag, acting opposite to
the direction of the electrical force. These two forces acting on the suspended particle will
eventually balance each other and the particle will translate to a constant velocity. The
electrophoretic mobility is determined by the electric charge and the frictional properties of the
suspended particle. This phenomenon is known as free-solution electrophoresis [12].

Electrokinetic-based flow is a better flow control mechanism than the pressure-driven
flow for a number of reasons: 1) The electro-osmotic flow in thin EDL limit has a plug-like
profile [2] and the vorticity outside the EDL is zero, thus there is no generation of a significant
torque on a target in the flow stream. 2) The net electric charge on a biological target interacts
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with the imposed electric field to pull the target towards the oppositely charged pole
(electrophoretic force). This interaction acts as a net body force exerted on the cell and should not
cause any rotation. 3) The non-uniform electric charge distribution (dipole moments) on a target
interacts with the imposed electric field to reorient the target in order to achieve the most stable
state; this electro-orientation effect effectively holds the target into a single orientation during the
entire flow duration [13].

To study the impact of electrokinetic-based microfluidic flow on G. lamblia cysts, we set
up an experiment by generating a constant electric field in the microfluidic channel. I
implemented this set of experiments by inserting a pair of external platinum electrodes into the
input and output ports. Next, we connected the electrodes to a low-voltage power supply
(E3617A, HP). A multi-meter was also connected to the setup to measure the current level. A
constant voltage of 30 V (electric field strength is E ≈ 10 V/mm) was applied to the electrodes.
No destruction or disruption of the poly(methyl methacrylate) (PMMA) protection layer was
observed if the applied voltage was kept below this level, since both the G. lamblia cysts [14] and
the microfluidic channel walls carried net negative charges at near-neutral pH values. This
implied that the resulting electrophoretic force and electro-osmostic flow would act in opposite
directions. We observed that the net electrokinetic flow of the cysts was opposite to the direction
of applied electric field; this indicated that the electrophoretic force was stronger than the electroosmotic flow in our experiment setting. We found that the net electrokinetic flow speed was
linearly proportional to the applied electric field. In addition, most Giardia cysts settled into their
final flow orientation by electro-orientation effect before flowing more than 200 μm in the
microfluidic channel, and maintained a constant orientation during its translation in the
microfluidic channel, as shown in Figure 2.2.1.1. A relatively small electric field (E = 10 V/mm)
was sufficiently strong to create an electro-orientation force that held most cells at a constant
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orientation during the translation. This electric strength was much lower than the critical value
that would cause cell lysis [15]. Occasionally, we observed that a residual pressure can build up
due to due to inbalance of the liquid in the inlet and outlet ports after a prolonged experiment.
However this residual pressure difference did not cause significant rotation of the biological
samples. We believe that the reason for this was that the DC electro-orientation effect is strong
enough to suppress the rotational motion causing the pressure difference.

Figure 2.2.2.1 An experimental illustration of the microfluidic motion of a Giardia cyst driven
by DC electrokinetics

The statistical distribution of cell-rotation events was also studied by driving 100 Giardia
cysts singly in a microfluidic channel under pressure-based and electrokinetic-based flow. Figure
2.2.1.1 plots the number of cysts versus the extent of the rotation (over a flow distance of 300
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µm). We can see from the plot that, under pressure-based flow, the cyst rotation was significant
and broadly distributed. In comparison, the extent of cyst rotation under electrokinetic-based flow
was small. In the context of this current OFM design, a rotation of 5° during the passage of the
cyst across the aperture array does not create significant image distortions. Experimentally, we
find that 70% of the cysts experienced rotations under pressure-driven flow while only 5% of the
cysts experienced significant rotations under effect of electrokinetics. This indicates that the use
of DC electrokinetics is an effective way to suppress rotational motion of cells in OFM systems.
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Figure 2.2.2.2 A plotting of the statistical distribution of sample rotation under pressure-based
and electrokinetic-based microfluidic flow. The horizontal axis quantifies the magnitude of
rotation after 300 μm of travel in the microfluidic channel.
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In another set of experiments, mulberry pollen spores were suspended to form the sample
solution. Upon switching the direction of the applied electric field along the microfluidic channel,
a pollen spore moved in the opposite direction and its orientation reached a steady state in less
than 100 µm. In summary, the use of DC electrokinetics provides an alternate, simple, and direct
way to actuate microfluidic flow. This method involves imposing an electric field along the
microfluidic flow channel axis to generate an electro-osmotic flow, an electrophoretic force, and
an electro-orientation force on the biological sample over a constant, uniform electric field. The
main purpose of the use of electrokinetics in OFM systems is to ensure a rotation-free translation
during the image acquisition process.
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2.2.3 Gravity-Driven Flow

Gravity has been utilized by the microfluidic community in particle sorting of different sizes [16].
Instead of placing the microfluidic channel horizontally, the device is operated upright,
orientating vertically so that when the specimen solution is injected into the inlet, the solution
wets the microfluidic channel and the suspended objects are continuously pulled into the channel
by gravity. This approach has the advantage of eliminating the need for bulky external pumps.
For many biological specimens or suspended particles, their density is higher than that of the fluid
medium, thus the suspended object will experience a sedimentation force and fall freely along the
direction of gravity to the bottom; the net force, Fnet, acting on the suspended object is a force
balance between gravity and the buoyancy force on the suspended object, and is given by:

Fnet  (  object   fluid )Vobject g

(2-14)

where object represents the density of the suspended object, fluid is the fluid density, V object is the
volume of the suspended particle, and g is the gravitational acceleration constant (9.8 ms-2). In
the case of low-Re-number flow, as the suspended particle velocity continues to increase in free
fall, the viscous drag opposing the motion will also increase and eventually match with the
sedimentation force, resulting in an equilibrium so that the suspended object is no longer in
acceleration. Note that in Equation (2-14), the sedimentation force depends on the suspended
object density and volume. This flow actuation approach is more appropriate for OFM imaging
on biological specimens with higher density and relatively large size (for example C, elegans).
The OFM device is usually operated with the microfluidic channel tilting at a certain angle. By
doing this, a certain portion of the gravitational force component will pull the biological samples
to the floor of the microfluidic channel during its downward direction translation to ensure a close
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proximity to the OFM apertures on the channel, which is desirable for good image resolution in
the implementation of the single-layer aperture-based OFM prototype. We demonstrated the
successful OFM imaging on elongated objects using this flow method. However, gravity-driven
flow is not suitable for spherical/ellipsoidal species, since the gravitational force acting on the
body of the sample and the frictional force between the sample and channel wall will form a
torque causing the object to rotate.
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Chapter 3: Collection-mode Optofluidic Microscope

Optofluidic microscopes can be constructed at different levels of complexity which enable various
functionalities in OFM imaging. We can briefly categorize OFM imaging into two modes: collection and
illumination. In this chapter, I will present my effort on the integration of collection optics in OFM
imaging, in which optical elements are fabricated directly on top of the imaging sensor. In collectionmode OFM imaging, the illumination light field is not modulated, i.e., a plane wave is used directly as the
illumination source from the top. Light not occluded by the translating biological sample in the
microfluidic channel is collected by the optical elements fabricated on the channel bottom and detected by
the imaging sensor pixels underneath. In the first part of this chapter, I will mainly focus on the
incorporation of single layer structure collection optics in OFM imaging. The bulk of this section will be
attributed to the development of a collection aperture-based OFM prototype. In this implementation, an
array of circular apertures, 500 nm in diameter, is fabricated at the center of every alternate pixel of a
metal-coated CMOS imaging sensor using FIB milling. Under an incoherent white light illumination,
biological specimens translating in a microfluidic channel aligned at a slanted angle with the aperture
array occlude the light field, and the light intensity change is collected by the apertures fabricated on the
CMOS imaging sensor pixels. This OFM prototype marks the first successful implementation of OFM
system on a chip-level and it leads to the successful bright field OFM imaging of several biological
samples — including Chlamydomonas reinhardtii, mulberry pollen spores, polystyrene microspheres,
Giardia lamblia, and C. elegans — with optical resolution less than 1 m, which is comparable to
conventional optical microscopy, under a 20μ objective. In the second part of this chapter, I will focus on
two-layer structure construction which provides focusing ability in OFM imaging with coherent light
illumination. To accomplish this, a linear array of diffractive optical lenses, the Fresnel zone plate (FZP),
is fabricated on top of the OFM collection aperture array with good alignment. These two layers are

58
separated at a precise distance to provide space for light propagation. By careful design of zone plate
parameters, an array of conjugate focus can be formed at our desired vertical position in the microfluidic
channel, where only light enclosed at this location will be relayed to and collected by the CMOS imaging
sensor pixel. This scheme not only enables direct focusing capability in OFM imaging, but also provides
a huge advantage in the microfluidic control since biological samples do not need to translate in close
proximity to the channel floor in order to ensure good image resolution. In experiment, under normal and
tilted plane wave illumination, bright field and dark field OFM imaging of mulberry pollen spores,
Cyanophora paradoxa and polystyrene microsphere are demonstrated. The image quality and contrast
mechanism of the acquired OFM image will be discussed in the following sections.
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3.1 Single-Layer Structure

We start the development of a compact OFM system by imposing different single-layer features on the
CMOS imaging sensor pixel for light collection and modulation. We showed that bright field differential
interference contrast (DIC) and dark field microscopy can be implemented under the context of OFM
imaging. With a single through-hole, a bright field OFM imaging scheme can be achieved. If we impose
four closely packed through-holes, this hole set forms an on-chip phase imager based on 2-D Young’s
interference [1]. This enables a phase-sensitive OFM device. We also showed in experiment that, given a
set of concentric ring trenches around a subwavelength through-hole on a gold film with proper design
parameters, the surface wave generated by the rings interferes destructively with the incident light wave
and allows significant pre-detection background suppression [2]. By repeating these surface-waveenabled dark field apertures to a 1-D array, a compact dark field OFM imaging device can be built for
sensitive near-surface detection. However, since there is only one degree of freedom in the above optical
designs, it is difficult to incorporate focusing capability in above prototypes. In addition, these
innovations are demonstrated in off-chip manner and still rely on a bulk 4-f optical system for light
relaying. Nonetheless, I believe these preliminary results have paved the road to incorporate this novel
imaging scheme in OFM.
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3.1.1 Using Apertures in OFM Imaging

In traditional optics, an aperture is an optical stop which allows certain part of a light beam to pass
through but physically blocks other part. It is usually made of an adjustable-leaf diaphragm which
controls the amount of light reaching the image plane. The use of apertures in optical imaging can be
found as far back in the invention of the pinhole camera. A pinhole camera is made of a black box with a
tiny hole at one side and an opening at the other side covered by a translucent screen. Light reflected or
emitted from an object passes through this tiny opening and forms a real and inverted image on the
screen. A similar construction is found in the operation of our human eye. The iris limits the amount of
light entering our eyes and forms a real and inverted image in the retina. In an optical system for image
formation, usually the aperture is placed behind an optical lens and the role of the aperture is to control
the acceptance angle of a bundle of rays that come to focus in the image plane. If the aperture opening is
set to be small, it only accepts collimated light. A sharp, aberration-free image will be formed along the
optical axis at an extended distance of the lens focal length. If a large aperture is used, a wide angle of
light ray bundles will be accepted, including the oblique light rays. In this case, a sharp image will be
formed only within a short distance from a certain focal length and the image will appear blurry at other
places. The above illustration is just one example of the use of aperture in optical imaging. In fact, the
combination and appropriate arrangement of optical lenses and apertures can improve image sharpness
and contrast, and reduce aberration. Such applications can be studied and simulated through geometry
optics, which is very useful in the modern design of cameras and microscopes. The analysis is based on
the assumption that the size of the pinhole and the optical path is much larger than the propagating light
wavelength and neglects a large degree of the electromagnetic wave nature of light, for example,
interference, diffraction, and near-field optics.
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In the implementation of collection apertures in OFM systems, the role and working principle of
aperture is not the same as in traditional optics, such as, the pinhole camera. The collection aperture is
fabricated directly on top of the CMOS imaging sensor pixel and it effectively diminishes the
photosensitive area of the imaging sensor pixels. The size of the collection apertures is usually less than 1
m, approaching to the diffraction limit of light. In fact, the role of the collection aperture in OFM
imaging is closer to that of NSOM, which is able to break the diffraction limit of light because the
resolution of such devices is fundamentally limited by the aperture size, but independent of the
illumination wavelength, or the numerical aperture of any lens involved [3, 4]. To understand and
characterize the optical properties of OFM apertures, two sets of fundamental studies have been
conducted to characterize the resolution, the depth of field, and the acceptance angle in experiments and
numerical simulations for a range of size of OFM apertures [5, 6]. A summary of these findings and
studies will be presented in more detail in the following sections.
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3.1.2 Design and Fabrication

In this section, I will present the design and fabrication of the first on-chip collection-aperture-based OFM
prototype. The planar design of the OFM device is shown in Figure 3.1.2(a). The OFM aperture array
consists of a total of 120 apertures, and the dimensions of the microfluidic channel are 40 μm in width
and about 2.5 mm in length. The aperture array spans the entire width of the microfluidic channel so that
all biological samples passing through the device will be imaged. The channel height can be chosen to be
10 or 13 μm depending on the size of the biological samples to be imaged. This guarantees that the targets
flow across the aperture array in close proximity to the channel bottom to ensure good image resolution.
The channel also confines and limits the out-of-plane rotational motion of ellipsoidal objects. The
microfluidic substrate is made of a transparent elastomer to facilitate optical imaging. The apertures are
circular in shape, 500 nm in diameter, and are fabricated at the center of every alternate square pixel (5.2
µm in length) underneath, with a separation of 10.4 µm. The tilted angle of the array with respect to the
channel’s flow axis is about 2º. The separation of the apertures in the direction perpendicular to the flow
axis of the microfluidic channel is 330 nm (smaller than half of the aperture focal plane resolution) in
order to satisfy the Nyquist criteria to prevent the sampling problem of aliasing. The OFM aperture array
is located in the middle segment of the main microfluidic channel so that the sample can flow across this
rotation-free region steadily and free from entrance effect, under the regime of low Reynolds number
flow. The side microfluidic channel is designed three times wider than the main microfluidic channel in
order to create an accelerating flow before biological samples enter the main channel for imaging. This
microfluidic design reduces the chance of cell stiction in the main microfluidic channel during prolonged
usage of the OFM device. The cross-sectional view of the OFM device is shown in Figure 3.1.2(b).

63

(a)

(b)
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(c)
Figure 3.1.2 An illustration of design and fabrication of the on-chip collection-aperture device: (a) The
planar geometry and the aperture array arrangement of the on-chip OFM, (b) The cross-sectional scheme
of the OFM device, (c) A photo of the fabricated on-chip OFM device.

A combination of nanofabrication technology and standard softlithography technique is used to
fabricate the on-chip collection-aperture-based OFM devices. I used a monochrome CMOS imaging
sensor (Aptina, MT9M001C12STM) as the starting substrate. This sensor chip contains a 2D array of
1280 × 1024 square pixels. Please note that the fabricated OFM device will only use a couple of lines of
pixels on this sensor chip for sensing and, as such, I could have used a linear array sensor chip in place of
this particular chip model. First, the cover glass of the CMOS sensor chip is removed and the surface of
the imaging sensor pixel is washed with IPA. The sensor chip is spin coated with a 400 nm layer of
PMMA for planarization using a standard spin coater (WS-400A-6NPP/LITE, Laurell Technologies).
Notice that the micro-lens array on top of each pixel is not removed for the purpose of precise positioning
in aperture fabrication in the FIB process afterwards. In fact, the thickness of the first PMMA layer has
been optimized to partially planarize the sensor pixel, so that it can effectively protect the imaging sensor
pixel underneath but at the same time it does not completely planarize the pixel. Next, I coated a 15 nm

65
chromium seed layer followed by a 300-nm-thick gold layer onto the PMMA surface by thermal
evaporation (AVC 1000, Veeco). After the metal coating, the CMOS sensor pixels maintain a certain
degree of topology for pattern recognition in FIB imaging. Using FIB (Nova200, dual beam FEI
Company), a line array of circular apertures is milled into the metal layer. The Ga+ ion beam has a 5 nm
nominal diameter with the voltage set to be 30 kV and ion current to be 0.30 mA. I then passivated the
gold surface with another 400-nm-thick PMMA layer. This PMMA layer both protects the collectionapertures and prevents electrolysis of the metal layer when the electric field is applied. The choice of
layer thickness represents a compromise between passivation robustness and the need to optimize object
and collection aperture array proximity for good image resolution. After coating of the second PMMA
layer, the CMOS pixels are almost completely planarized, and this layer forms the floor of the
microfluidic channel. Next a transparent PDMS block containing a microfluidic channel is placed onto
the modified sensor chip. The PDMS microfluidic channel is formed by standard softlithography, which
defines its planar geometry, and the microfluidic channel height, which is designed by a SU-8 patterning
process. The placement is performed with the aid of a contact aligner (Karl Suss, MJB3) to ensure a
precise alignment of the angle between the microfluidic channel and the direction of the aperture array. A
photo of the fabricated on-chip OFM device is shown in Figure 3.1.2(c). Finally, I mounted the OFM
device onto a customized socket, which is connected to an evaluation board (Silicon Video® 9M001 from
Epix, Inc.), which allows interface between the OFM device and a desktop computer.
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3.1.3 Demonstration in Bright Field OFM Imaging without Focusing Ability

For testing and evaluations, the on-chip collection-aperture OFM device is mounted on a conventional
optical microscope (BX41, Olympus Microscopy) and illuminated under a white light source (100 W
halogen lamp through a 5× objective with NA = 0.10, focal plane resolution = 2.5 m) from the top. The
light reaching the biological sample is approximately uniform. The incident light intensity is 20 mWcm-2,
which is comparable to the intensity of sunlight. The conventional microscope used in the experiment
simply serves as a platform for cross-verifications and is not an integral part of the OFM device. I
reprogramed the associated data-readout software so that we can readout the relevant lines of the sensor
pixels rather than the entire sensor grid. This way we are able to achieve a line readout rate of 2000 lines
per second. An exposure time of 0.5 ms is selected in each readout. During the image acquisition process,
the control of flow speed is critical to prevent undersampling artifacts in the OFM images. The flow speed
of each target is calculated by dividing the channel length spanned by the aperture array by the transit
time of the object across the entire array. The percentage error of the computed flow speed is found to be
less than 4% for most of the biological samples I examined. Since the OFM device collects signal from
each relevant sensor pixel at a rate of 2000 per second (the maximum line rate for this sensor), this frame
rate corresponds to a threshold object flow of 1 mm/s before undersampling problem to occur. During my
experiments, I typically operate with flow speeds that are substantially lower than this speed to preserve
good resolution in the flow direction. The sample solution is introduced into the OFM device by injecting
the solution into the input port using a syringe. The solution automatically fills the entire microfluidic
channel by capillary force. There are two ways by which we can actuate microfluidic flow and perform
sample scanning, depending on the biological samples — pressure-based flow and electrokinetic-based
translation. I have described the implementation of both approaches in Chapter 2. The biological sample
preparations and microfluidic channel surface modification are explained in Appendix A. An

67
experimental schematic is shown in Figure 3.1.3.1. The biological sample flow in the microfluidic
channel is monitored under computer 1 and the OFM device is connected to computer 2 for imaging
acquisition. When the biological sample is about to enter the OFM imaging area, the capture card will be
triggered to start recording the image frames. In experiments with DC electrokinetics, the microfluidic
channel is usually connected to a multi-meter for current monitoring.

The maximum throughput of the sample in test is about 20 cells per minute. We observed that the
OFM device can typically operate for about 30 minutes before debris accumulation begins to have an
impact on the uniformity of the flow velocity. This relatively long operational lifetime is attributable to
the PEG coating treatment of the microfluidic channel, which reduces debris deposition. The microfluidic
channel can be flushed and rinsed with DI water via a vacuum pump. The on-chip OFM can then be
stored under DI water, ready for repeated use.

Figure 3.1.3.1 An illustration of the experiment setup to evaluate the performance of on-chip OFM
device using DC electrokinetics to drive the flow of biological samples
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Several OFM images of three different samples (namely, Chlamydomonas, mulberry pollen, and
10 µm polystyrene microspheres), are shown respectively in Figure 3.1.3.2(a)–(e) in comparison with
images acquired with an inverted microscope (Olympus IX-71) under a 20μ microscope objective in
Figure 3.1.3.2(f)–(j). We also imaged a number of G. lamblia cysts and trophozoites with our compact
collection-aperture OFM device. Figure 3.1.3.3(a)–(d) and (g)–(j) are OFM images (NA = 0.4, focal plane
resolution = 800 nm) of several G. lamblia cysts and trophozoites respectively. Figure 3.1.3.3(e) and
Figure 3.1.3.3(k) are conventional optical microscopy images of similar G. lamblia cysts and trophozoites
acquired with an inverted light transmission microscope (Olympus IX-71) under a 40μ objective (NA =
0.65, focal plane resolution = 420 nm). We can see that the OFM images compare well with standard
microscopy images. The subcellular content and the trophozoites’s flagella are clearly discernable in the
OFM images.

I further compare the performance of our OFM device to the simple direct projection imaging
scheme. In this experiment, we placed some G. lamblia cysts and trophozoites directly onto a high density
CMOS sensor chip (Micron Tech, MT9P001) and allowed the specimens to settle on the pixel surface.
With a sensor pixel size of 2.2 µm, this is the highest pixel density sensor chip that is currently
commercially available at that time. Representative images of the targets are shown in Figure 3.1.3.3(f)
and (l). The relatively low quality of the images when compared with OFM images can be attributed to a
number of reasons. First, due to the planar design of the CMOS sensor chip and the fact that each sensor
pixel fill factor is normally less than unity, we expect these images to be sparsely sampled. In comparison,
the OFM method actually allows us to oversample our targets by simply choosing a slower flow speed
than the sensor frame rate and by ensuring that the line scans associated with the apertures overlap
spatially. The latter can be accomplished by choosing a shallow tilt angle for the aperture array versus the
microfluidic channel. Second, the transparent protective coating on the sensor deteriorates the achievable
resolution. We estimated that this layer is about 400 nm thick based on typical manufacturing practices.
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As the highest resolution is achieved in direct projection imaging by placing the targets as close to the
sensor pixels as possible, this relatively thick coating deteriorates the achievable resolution quite
significantly [5]. The purpose of this passivation layer is to prevent dielectric breakdown when DC
electric field is applied. This passivation layer can be omitted when we are using pressure difference or
AC electrokinetics to drive and control the biological sample flow. Some efforts have been made to use
other materials for passivation, for example, the incorporation of spin-on-glass coating. However, the
application protocol of this passivation coating is found to be incompatible with OFM fabrication due to
the high-temperature curing process.

Figure 3.1.3.2 An experimental demonstration of several cell and microsphere images. (a)–(e) Images
acquired from the on-chip OFM driven by DC electrokinetics of Chlamydomonas (a) and (b), mulberry
pollen spores (c) and (d), and a 10 µm polystyrene microsphere (e). (f)–(j) Images acquired from a
conventional light transmission microscope under a 20  objective of Chlamydomonas (f) and (g),
mulberry pollen spores (h) and (i), and a 10 µm polystyrene microsphere (j)
(Scale bars: 10 µm.)

70

Figure 3.1.3.3 An experimental demonstration of several G. lamblia cysts and trophozoites images. (a)–
(f) Images acquired from the on-chip OFM device of cysts (a)–(d) and trophozoites (g)–(j). Images taken
from a conventional light transmission inverted microscope with a 40 objective of cysts (e) and
trophozoites (k). Direct projection images on a 2.2 µm CMOS imaging sensor chip of cyst (f) and
trophozoite (l) for comparison
(Scale bars: 10 µm)
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3.1.3.1

Optical Resolution, Acceptance Angle and Image Contrast

The optical resolution characterization of a single-layer aperture-based OFM system is studied
extensively in references [5, 6]. A NSOM tip less than 100 nm, which can be approximated as a point
source, is scanned across the apertures at different heights from the surface of the aperture. The signal
response is detected by the underlying sensor pixel. By this, we can extract the point spread function
(PSF) of the OFM collection-aperture at different heights. The PSF is broadened as a function of
increasing height from the sensor pixel and the diameter of the aperture. Note that the best resolution of
my collection-aperture OFM system was 800 nm (with the 400-nm-thick PMMA coating above the metal
layer accounted for) and the resolution degraded to 2 µm at a height separation of 2.5 µm. The result of
the NSOM study reveals that the collection-aperture OFM device achieves its highest resolution in the
plane that is just above the aperture array. Thus, the single-layer OFM system is similar to a conventional
microscope, in which the focal plane is locked at the plane that is just below the sample object. Another
study is conducted to characterize the acceptance angles of small circular apertures [7]. By examining the
full width at half maximum (FWHM) of the acceptance angle as a function of the aperture size, we show
that the acceptance angle of a circular aperture reaches a minimum of 67° before rebounding around the
transition between single-mode and multimode transmission (approximately 400 nm). This study is
important because it characterizes the depth of focus of OFM collection apertures.

The OFM image contrast mechanism shares some similarities with the contrast in conventional
microscopy images. In bright field imaging, the light field at the detection plane is a superposition of both
the unscattered illumination light and light from scatterers in the biological sample. This effect is best
illustrated with the pollen spore OFM images shown in Figure 3.1.3.2(c),(d). The dark boundary at the
border of the pollen spores is due to the decrease in light intensity resulting from the presence of the

72
pollen cell wall, which scatters light away. The bright ring next to that dark boundary is due to the
increased intensity of light diffracted from the cell wall of the pollen spore. The above observation is
based on the assumption that the near-field light component is not significant. We find this assumption is
valid, since the smallest collection aperture we used in OFM imaging is 500 nm and the closest sample
distance from the aperture is 400 nm. Assuming an average illumination wavelength of 500 nm, the
Fresnel number is closed to unity. In this regime, the near-field effect is not important. We also note that
it is possible to achieve better resolution in OFM imaging by using smaller apertures with sub-wavelength
size. However, there are two intrinsic difficulties to achieving sub-wavelength resolution imaging in
collection-mode OFM systems. First, when the aperture size becomes smaller than the wavelength of the
illumination light, the light transmission is very weak. In this regime, the light transmission scales to the
power of fourth with the aperture diameter; this implies we may need to use a very strong illumination
light. Using high power illumination can cause evaporation and bubble generation in the microfluidic
channel, which is not desirable for biological sample translation. Second and more importantly, since we
are using microfluidic flow for biological sample transition in the OFM imaging method, the sample
motion is unavoidably affected by Brownian motion. The motion fluctuation will introduce image blur or
distortion in the final OFM image formation.

It is worth noting that, similar to a conventional transmission microscope, in principle there is no
upper limit to the sample thickness that the OFM device can process. However, in practice the OFM will
fail to acquire an image if the biological sample is too optically scattering or absorptive to permit
sufficient light to transmit through the collection OFM apertures. We believe this problem can be solved
if we are allowed to incorporate a tightly focused light spot for illumination.
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3.2

Two-Layers Structure

In the first part of this chapter, we studied and discussed the characteristics of single-layer structure
collection-based OFM systems and we successfully demonstrated high-quality bright field imaging with
submicron sized circular apertures fabricated at the bottom of the microfluidic channel to collect light
from the target samples for image formation. From an optics point of view, although this imaging scheme
can overcome optical resolution by physically limiting the size of a CMOS imaging sensor pixel, it is still
based on shadow imaging, in which illumination light from the top along the propagation direction passes
through every part of the biological sample before being collected by the OFM aperture for detection. In
essence, we are still imaging the light projection of the biological sample, regardless of the fact that the
slanted OFM aperture array improved both the optical resolution and the sampling density of the shadow
images. This imaging scheme actually implies several limitations. First, the spatial resolution of the image
decays approximately linearly if the biological samples are translating further away from the channel
bottom, due to the broadening PSF [6]. To ensure distortion-free and good-resolution imaging, we have to
make sure that the biological samples are flowing constantly without tumbling and rotation in close
proximity to the channel bottom. One way to achieve this is to build a microfluidic channel with height
comparable to the size of the flowing objects, in order to geometrically confine the biological samples
into flowing in close proximity to the channel bottom. However, the throughput rate can be significantly
hindered due to the frictional interaction between the biological samples and the channel surface. Channel
blockage can easily occur due to the same reason. In addition, most biological species have a distribution
in size and shape, for example, normal human red blood cells (RBCs) have standard size of about 6–8
μm. It is very difficult to accommodate all cells of different shapes and sizes in a single microfluidic
channel and make sure all of them are rendered with good optical resolution in a single-layer collectionaperture-based OFM system. This problem becomes more severe if we want to image different biological
species in a mixture of cell suspension. It is possible to use advanced microfluidic technology or the
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incorporation of other external forces—for example, optical or electric force [8, 9]—to manipulate the
biological samples to orientate and translate in close proximity to the collection apertures at the channel
bottom. Unavoidably, however, this will cause our OFM prototypes to become more complicated and
nullify the advantage of an OFM system being a simple and compact device. Second, in collectionaperture-based OFM systems, since the highest resolution plane is locked just above the aperture array at
the channel bottom, we are not allowed to set the focal plane location to different planes of the biological
samples. If we are imaging thick or optically highly scattering or absorptive biological samples, there is
not enough light to be collected by OFM apertures, causing deterioration of image contrast. These
limitations on the first prototype of OFM systems motivated me to rethink and improve the imaging
scheme. I started to think about expanding the design from single-layer to two-layer structures. This way
we will be able to optically relay the focal plane at the collection apertures sitting immediately on top of
the imaging sensor pixel to a different depth in the microfluidic channel by the proper design of optical
elements at the second layer. The two-layer structure actually enables another degree of freedom for
optical arrangement. We showed that, by tilting the angle of illumination light, it is possible to achieve
dark field imaging in an OFM context. The incorporation of relay optics in OFM imaging allows us to
collect light locally at a desired position, for example, at the mid-plane of the microfluidic channel. In this
case, we no longer require the biological samples to flow in proximity to the channel bottom to ensure
good image resolution. Thus, we can employ a much simpler microfluidic control configuration—for
example, a well-developed three-dimensional hydrodynamic focusing unit—to force the flow of
biological samples along the channel mid-axis, where the velocity profile has zero or minimal vorticity.
The rotational motion of biological samples is reduced to minimum, regardless of the shape and
orientation. We can also build a taller microfluidic channel to accommodate biological samples with
different sizes and shapes. This allows us to image a mixture of different biological species in a single
microfluidic channel with good image resolution and quality. The chance of channel clogging is reduced,
due to the absence of flowing-object and channel-surface interaction. In fact, the implementation of relay
optics shares a certain similarity with the role of a pinhole aperture in confocal microscopy. The pinhole
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aperture in confocal microscopes is usually placed in front of a photodetector to reject out-of-focus light
and collect only in-focus light by relay optics. This enables sectioning capability in confocal microscopy.
Modern laser scanning confocal microscopes use very sophisticated mechanical actuation mechanisms
(for example, a Galvo mirror or even an MEMS scanning mirror/lens [10]) to direct a tightly focused light
spot at different locations on the specimen and then relay the light spots by collection optics to the
photodetector pixel. The OFM imaging method instead uses a simple microfluidic flow to deliver
biological samples across an array of collection focal spots for optical scanning. This highly simplifies the
optical scanning mechanism. One remark here is that a complete confocal OFM system requires an effort
to integrate both illumination and collection optical units with the microfluidic channel. In this chapter,
we limit our discussion and experimental findings to collection-mode OFM systems only. The details and
challenges of implementing a miniaturized version of a confocal OFM prototype will be discussed in
Chapter 5.
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3.2.1 Using a Fresnel Zone Plate as a Light Collection Unit in OFM Imaging

The optical collection unit of an on-chip OFM device is composed of two parts: a pinhole aperture
fabricated directly on top of the CMOS imaging sensor and a focusing unit to relay the point of interest to
the aperture. Usually light focusing is through an optical convex lens which transmits and refracts light,
converging the light beam to a focal point. However, micromachining of the lenslet or micro-mirror array
[11, 12] usually requires a well-controlled thermal annealing or micro-molding process to prevent
aberration and ensure good focusing property. The fabrication process of a lenslet or micro-mirror array is
not very compatible with the building of OFM devices. I started to look for alternatives. Unlike other
optical lenses, FZP focuses light by diffraction instead of refraction. Amplitude-modulated FZP is
composed of a set of concentric rings with increasing line densities, known as Fresnel zones, which
alternate between opaque and transparent. When a monochromatic light hits the zone plate, it will diffract
around the opaque zones. The zones are designed and spaced such that the diffracted light constructively
interferes at the focus, creating a light spot. In the other words, we can regard the FZP as a circular
grating. Similar to any other kind of grating, the FZP has multiple diffraction orders, resulting in multiple
foci. The fabrication process of amplitude-modulated FZP is more compatible with standard
micro/nanofabrication technique, due to its planar nature.

The working principle of the FZP-aperture-collection unit in the compact OFM system is very
straight forward. It consists of a pinhole, fabricated directly on top of the middle of a CMOS imaging
sensor pixel as illustrated in Figure 3.2.1.1(a), (b). An FZP is then fabricated on top of a spacing layer and
acts as an optical lens to relay light from the point of interest on the target object to the collection
aperture. The purpose of a transparent spacing layer is to provide room for light propagation. The
thickness of this spacing layer determines the magnification of the object and plays an important role in
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the design parameter of the FZP. Note that FZP is a diffraction-based optical element. To avoid
significant chromatic aberration, the illumination light should be monochromatic, for example, a laser
source. Figure 3.2.1.1(c) is a schematic illustrating the working principle of a collection-FZP-aperture
unit. The pinhole aperture accepts only light in focus (solid line) collected by the FZP, and rejects light
out of focus (dotted line). This configuration results in the increase of spatial resolution both in the lateral
direction (x,y) and axial direction (z). The combination of the aperture and FZP effectively forms a pair of
conjugate focal spots between the point of interest in the object plane and the collection aperture.

Figure 3.2.1.1 An illustration of collection-FZP-aperture unit: (a) from a perspective view, (b) from a
side view, (c) for the working principle

Here I am going to briefly explain the construction and certain characteristics of FZP. We start
with the simplest configuration, where we want to focus a monochromatic plane wave to a focal spot. As
shown in Figure 3.2.1.2, to design and construct an amplitude-modulated FZP, the basic idea is to
introduce a path difference of one  between successive zones (open areas) so that the light transmission
through the zones will have a constructive interference at the desired focus spot. If one draws a right
triangle with the focal length f as one side and the radius of any zone rm as a second side, the hypotenuse
should have the length of f + m/2. The zonal radius can be found by the following relation:

78

rm 

 m 
mf  

 2 

2

.

(3-1)

The numerical aperture (NA) of a conventional microscope objective lens, assuming the propagation
medium is air, in which the refractive index is equal to 1.0, is defined as:

NA = sinθ

(3-2)

where θ is the half angle of the largest cone of light that can be collected by the microscope objective
lens.

Figure 3.2.1.2 An illustration of the FZP under a collimated laser illumination: (a) from perspective view,
(b) for the working principle

Under Rayleigh’s criterion, RRayleigh denotes the resolution limit of such lens-based imaging systems.

R Rayleigh  0.61


NA

(3-3)
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By paraxial assumption, and if the total number of zones is sufficiently large, the optical resolution of
FZP can be roughly approximated by:

R Rayleigh  1.22r

.

(3-4)

Thus, the optical resolution of the FZP is principally determined by the width of the outermost ring, ∆r.
Another important parameter that characterizes the degree of convergence of an optical lens or an
imaging system is the depth of focus. One way to characterize depth of focus is by Gaussian beam
approximation, which has been largely adopted by the optics and laser community [13]. The depth of
focus, zR, in Gaussian beam is defined as the distance travelled by a light beam along the propagation
direction from the beam waist to the location where the area of the cross section is doubled (or the beam
radius is increased by a factor of ◊2):

02
zR =


(3-5)

where  is the wavelength and 0 is the beam waist, the radius at its narrowest point. We find that the
application of FZP is mainly within the soft X-rays and extreme ultraviolet radiation domain and not
extensively used in optical microscopes or other imaging devices in the visible spectrum [14]. Only
recently have researchers started to realize the potential of using FZPs [15-17] in optofluidic imaging or
sensing devices.

One major reason why FZP is not widely used in full-field imaging in optical microscopy is that
FZP suffers from serious aberrations beyond the paraxial region [18, 19]. FZP also has multiple higherorder diffraction focusing along the propagating axial direction, although the intensity of these higherorder diffractions is sufficiently less than the first-order diffraction (at least ten times weaker [14]).
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Nevertheless, in our collection-FZP-aperture unit, the arrangement of the pinhole aperture can effectively
block higher diffractions and off-axis aberration and collects light from the focal point under normal or
tilted illumination.

In amplitude FZP, 50% of the incident light is blocked by the opaque zones and 25% of the light
transmits to the forward direction and only 10% goes to the first order focus. The efficiency can be
improved to 40% by replacing the opaque rings with transparent rings of a thickness to introduce a phase
change of . This is the so-called phase-reversal zone plate [20]. However, the fabrication of phasemodulated FZP involves a much more sophisticated fabrication process. One possible approach is by
nano-imprinting [21]. The precise tolerance control of the thickness is critical for the diffraction
efficiency. Nonetheless, the incorporation of phase FZP is very appealing to fluorescence OFM
application in which photon budget is critical for light collection.
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3.2.2 Design and Fabrication Process

Here we have a basic understanding of the working principle and diffraction properties of FZP. Next, we
are going to work on the details in the design parameters of the FZP and aperture. The collection aperture
size is selected to be 1 m. In principle, we can possibly obtain a better contrast and spatial resolution
(both vertical and horizontal) if we choose a smaller size aperture. However, the amount of light we
collect will be significantly reduced. More importantly, it also requires a higher degree of precise
alignment between the FZP and collection aperture, which is difficult to achieve in our current fabrication
approach. Thus, an aperture size of 1 m is a result of the compromise of these two factors.

In the preceding sections we have considered the focusing conditions for a FZP from a uniform
plane wave illumination. However, in designing the collection-FZP-aperture unit, we used the FZP to
relay a point source from the object plane to the aperture. We should consider a point object at a finite
distance q from the zone plate, to an image plane at a distance p, as illustrated in Figure 3.2.2.1. Since we
are building the FZP-aperture on the chip-level, we need to take into account the difference in the
refractive index for the materials we used in the device construction. The object distance is given by:

q  q water  q PMMA

(3-6)

and image distance is given by:

p  p SU 8

.

(3-7)

The zonal radius rm,[collection] is expressed as the follows:

rm ,[ collection ]  rm , water  r m , PMMA

(3-8)
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rm, water
qwater

 tan  water  sin  water

and

rm,PMMA
qPMMA

 tanPMMA  sinPMMA .

(3-9)

Here we made an assumption for small angle refraction or para-axial approximation, i.e., tan  sin. By
Snell’s law, the refraction angle and refractive index are related as:
(3-10)

 water sin  water   PMMA sin  PMMA
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rm,[collection]  rm,water 1  water  m,PMMA  where qm , water  qwater  rm , water
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(3-12)

Rearranging the algebraic terms gives:

p m , SU 8 

2

p SU 8  rm ,[ collection ]

rm,[ collection]
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qwater  PMMA .

(3-14)
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The same design rule as in collimated laser illumination is applied to construct the successive zones of the
collection-FZP unit: alternately transparent and opaque, so as to add half of the wavelength, /2mean, to
successive path lengths. It gives:

q m , water  q m , PMMA  p m , SU 8  q water  q PMMA  p SU 8 

m
2  mean

(3-15)

where the mean refractive index, mean is given by:

 mean 

q water  water  q PMMA  PMMA  p SU  8  SU  8
q water  q PMMA  p SU  8

.

(3-16)

The terms from Equations (3-6), (3-7), (3-13), (3-14), and (3-16) are substituted into Equation (3-15).
Equation (3-15) cannot be solved analytically to obtain a closed-form solution. The zonal radius of the
collection-FZP unit is determined numerically by a trial-and-error approach. We chose the following
parameters for the construction of the collection-FZP unit:
The object and image distances are qwater = 5 m, qPMMA = 5 m, pSU-8 = 25 m.
The magnification is M = q/p = 2.5.
The refractive index of water, PMMA, and SU-8 are 1.33, 1.49, and 1.65, respectively.
The zonal radius of the collection-FZP unit is listed in Table 3.2.2.
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rm,PMMA
qm,PMMA
PMMA
qm,water
water

rm,water

pm, SU‐8
rm,[collection]
SU‐8

qwater
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qPMMA

PMMA

pSU‐8

SU‐8

Figure 3.2.2.1 An illustration in design of the zonal radius of the collection FZP

Table 3.2.2 A summary of two sets of the zonal radius design in collection FZP
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I have described the detailed formulation of the design parameters of FZP. The next step is
determining how to implement such design in on-chip OFM systems. FZP can be cost-effectively
fabricated with micro- or nanofabrication techniques such as standard optical or electron-beam
lithography. However, in our implementation, we cannot use standard optical lithography since the size of
the zone is on a submicron level and the typical resolution of standard optical lithography is about 2 m.
Electron-beam lithography is another option. However, the secondary electrons generated in the electronbeam process can deteriorate the performance of the CMOS imaging sensor since we are conducting the
fabrication on-chip. Thus, we chose to use FIB for the fabrication of the pinhole and FZP layers.

The cross section of the collection-FZP-aperture OFM device is shown in Figure 3.2.2.2. The
starting substrate is a 2-D CMOS imaging sensor array (Aptina, MT9M001C12STM). The first half of the
fabrication process is very similar to that of the single layer collection aperture OFM device as described
in Section 3.1.2. After partial planarization of a thin layer of PMMA, the sensor chip is then coated with a
thin gold layer. The CMOS sensor chip is sent to the FIB to mill two lines of 160 circular aperture
arrays—1 m in diameter with a separation of 15.6 m, which is equivalent to 3 pixels—at the center of
the imaging sensor pixel. This separation is chosen to prevent the overlapping of successive FZP units in
the metal layer afterwards. These two-line arrays of collection apertures have a lateral shift of 5.2 m,
equivalent to the pitch size of one CMOS sensor pixel. A set of alignment marks is patterned on the first
gold layer to allow sequential alignment for the FZP layer. Then, a layer of SU-8 with a thickness 25 m
is spin coated on the aperture gold layer, forming the relay spacing layer. This SU-8 layer is then
patterned with a window opening to expose the alignment patterns on the first gold layer. A second gold
layer of thickness of 200 nm is then deposited on the SU-8 layer using thermal evaporation. The substrate
is placed in the FIB machine again to fabricate two-line arrays of FZP units on the second gold layer. In
the FIB imaging mode, we can still discern the alignment mark on the first collection aperture metal layer
clearly in the open window, allowing us to align the FZP units precisely with the collection aperture

86
underneath. The tolerance of misalignment is estimated to be around 1 m for every 20 FZP units. An
illustration of the collection-FZP units by SEM and FIB imaging is shown in Figure 3.2.2.3. Two lines of
FZP arrays are fabricated, with the first line of FZP designed with object distance, qwater, of 10 m and the
second line with distance 5 m, measured from the FZP plane. These two lines have a lateral shift of 5.2
m, equivalent to one sensor pixel. The voltage of FIB is set to be 30 kV, but the ion current is increased
to 3.0mA. Although we sacrifice the control of roughness on the Au layer, the processing time to mill
FZPs is 10 times faster. After the fabrication of the FZP arrays, a layer of 5 m PMMA is spin coated on
the substrate for the protection of the FZP metal layer. A PDMS microfluidic channel with height of 15
m is aligned under the contact aligner and bonded with the PMMA coating temporarily so that the
PDMS microfluidic channel can be separated and bonded again for cleaning if channel blockage occurs to
enable repeated use. The inclination angle of the microfluidic channel with respect to the direction of the
FZP-aperture array is chosen to be 2. This alignment and bonding process is identical with the singlelayer collection-aperture device.

inlet

outlet

PDMS

SU‐8
FZP[collection]

pinhole

PMMA

CMOS pixel

Figure 3.2.2.2 A schematic of the cross section of the collection-mode FZP-aperture OFM device
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(a)

(b)

(c)

(d)

Figure 3.2.2.3 An experimental illustration of collection FZP fabrication by FIB nano-machining (a) in
high magnification SEM imaging mode, (b) in FIB imaging mode, (c) in high magnification FIB imaging
mode, and (d) in low magnification FIB imaging mode to show the alignment of the collection FZP units
array
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3.2.3 Demonstration in Bright Field FZP-aperture OFM Imaging

I first evaluated the collection-FZP-aperture bright field OFM imaging by using a coherent normal
illumination. The on-chip collection-FZP-aperture OFM device was mounted on a platform on the optical
table. A laser (Excelsior-532-200-CDRH, Spectra Physics, with wavelength of 532 nm and power of 200
mW) was used as the light source. The laser was attenuated, and expanded to a collimated Gaussian beam
with 1/e2 beam diameter of 21.3 mm. I used only the center portion of the beam (diameter is 12 mm and
has a power of about 1 mW). The illumination light can be regarded as a plane wave. Before the
experiment, I adjusted the alignment of the light path so that the pixel response reached its maximum to
ensure the illumination was normal to the FZP-aperture pixel array.

I generated the cell flow by pressure and DC electrokinetics in a similar way as with the singlelayer collection-aperture OFM system. During the image acquisition process, the average flow speed of
the biological samples in the experiment was about 350 μm·s-1. The imaging sensor was operated at a
frame rate of 2000 frames per second. The pixel exposure time was set to be 0.4 ms. The pixel spacing (or
size) of the OFM images is δx = 0.33 μm and δy = 0.33 μm. The acquisition time for the OFM images
was typically less than 1 second. We observed that occasionally, upon the application DC electrokinetics,
gas bubble generation occurred at the edge of the microfluidic channel. This problem became more severe
when gas bubbles were trapped in the microfluidic channel in the ‘fill-up’ process due to the channel
roughness after several photoresist patterning processes. Since I still relied on the previous microfluidic
control mechanism, which used the channel height to confine the sample flow at a fixed vertical position
in the microfluidic channel, it was expected that some biological samples, especially those with smaller
size compared to the channel height, would be randomly dispersed at different heights in the microfluidic
channel during the translation. Thus, some of the acquired OFM images are defocused for this reason.
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Figure 3.2.3 shows an image collection of pollen spores, 10 m microspheres, and Cyanophora
paradoxa, a fresh-water alga with two cyanelles or chloroplasts, acquired from the collection-FZPaperture OFM device and a conventional light transmission optical microscope using both normal
coherent and incoherent illumination. Figure 3.2.3(a), (b) shows images of the pollen spores that are
acquired with a microscope (Olympus BX-41) through a 20μ objective with focal plane resolution of 650
nm under coherent and incoherent illumination, respectively. Figure 3.2.3(c) is the FZP-aperture OFM
image of pollen spores. We also display the images in a similar manner for 10 m microspheres and
Cyanophora paradoxa in Figure 3.2.3(d)–(f) and Figure 3.2.3(g)–(i), respectively. All the OFM images
are acquired based on the second-line FZP array with qwater = 5 µm.

We notice that the background of the collection-FZP-aperture OFM images appears to be more
similar to the incoherent illumination conventional-microscope image than the coherent illumination
conventional-microscope image, despite the fact the FZP-aperture OFM device is actually using a
coherent source for illumination. The speckle background in Figure 3.2.3(a), (d), (g) is a result of the
interference of stray light components scattered and reflected from various interfaces in the compound
microscope objective lenses in the conventional microscope and from the biological sample. We notice
the speckle pattern varies spatially but not temporally since the biological samples are static in
conventional microscope images. We do not observe such speckle patterns on the background in
incoherent illumination in Figure 3.2.3(b), (e), (h). In incoherent illumination, light is composed of a
spectrum of visible wavelengths. The interference causes speckle patterns produced by each individual
wavelength that has path-length differences. The speckle patterns from each wavelength will average each
another out in incoherent illumination. The absence of the speckle background in the FZP-aperture OFM
images can be explained by noting that each horizontal line in the acquired images represents a time trace
of transmitted light in the array of focused spots. If there is no object appearing in the focused spots, the
light transmission collected by the FZP through the collection aperture will remain unchanged in time,
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assuming the laser fluctuation is negligible. Thus, the intensity variation observed in the FZP-aperture
OFM images along the flow direction is insignificant. Across the flow direction, while the intensity
collected by each sensor pixel is normalized with respect to each other in the OFM image, which is
originally intended to correct for small variations in the collection pinhole size, FZP-aperture unit
collection efficiency and CMOS imaging sensor pixel sensitivity. The impact of speckle background in
collection-FZP-aperture OFM imaging is effectively eliminated as well. However, the effect of mutual
light interference from multiple scatters within the target sample should still remain in the collection-FZPaperture OFM images since the entire biological sample is flooded everywhere with the plane wave
illumination light. The speckle effect within the target samples will be greatly minimized when we use
focused light spots for illumination. This is the major motivation to pursue the implementation of a
complete confocal OFM device.

We also observe there is jittering in the bright field FZP-aperture OFM images. This artifact is
more apparent for relatively large samples, for example, the pollen spores in Figure 3.2.3(c). We believe
the jittering artifact in collection-FZP-aperture OFM images is likely attributed to the optical performance
variation in individual collection-FZP-aperture units in the OFM device. The fabrication tolerance of the
FZP and collection aperture and the alignment between the FZP and aperture arrays affects the optical
property of individual collection FZP-aperture unit. The variation of the optical performance of individual
FZP-aperture in a dissembled collection FZP-aperture OFM device is studied experimentally and in
numerical simulations in Appendix A.4. We also observed a certain degree of image distortion in the
FZP-aperture OFM for small biological samples, like Cyanophora paradoxa in Figure 3.2.3(i). The image
distortion artifact can be attributed to the sample translational fluctuations due to Brownian motion or the
non-uniformity of flow speed due to microfluidic channel roughness. Notice that small objects are more
subject to flow fluctuation in a microfluidic channel, as explained in Section 2.2.
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Figure 3.2.3 An experimental demonstration of several bright field images. Images acquired from a
conventional light transmission microscope under a 20μ objective with normal laser and halogen
illumination, respectively, of mulberry pollen spores (a),(b), 10 µm polystyrene microsphere (d),(e), and
Cyanophora paradoxa (g),(h). Images acquired from the FZP-aperture OFM by normal laser illumination
mulberry pollen spores (c), a 10 µm polystyrene microsphere (f), and Cyanophora paradoxa (i)
(Scale bars: 10 µm)
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3.2.3.1

Optical Resolution and Depth of Focus

A set of experiments have been conducted to characterize and investigate the optical property of the
collection-FZP-aperture unit in comparison with other configurations. Four different cases are studied as
illustrated in Figure 3.2.3.1.1. A laser (Excelsior-532-200-CDRH, Spectra Physics, with wavelength of
532 nm and power of 200 mW) is used as the light source. The laser is attenuated and expanded to a
collimated Gaussian beam. The beam is then focused by a 60μ microscope objective (NA = 0.95) to
create a tightly focus spot with focal plane FWHM of 340 nm. I scanned the tightly focused light spot in
the x-direction at different heights in z-direction, measuring from the sample substrate surface. Then, I
plotted the intensity profile from the CMOS imaging sensor and fitted the curve with a Gaussian profile,
in order to determine the PSF of the optical system. Using that profile, we calculated the FWHM in xdirection as shown in Fig 3.2.3.1.2. In order to determine the PSF of an optical system, we should use an
infinitesimal point source, which is difficult to implement in our current experimental setup. Thus, a
numerical study with a point source is used to simulate and compare with experimental findings. The
details of the numerical scheme formulation are described in Appendix A.3. I also incorporated a
Gaussian beam with the beam waist and focus of depth similar to the 60μ microscope objective for cross
validation. Four sets of devices are fabricated for this study. The first device has no structure, which is a
plain CMOS sensor pixel. The second device has a zone plate designed with object distance p = 10 m
and image distance of q = 25 m on a spacing layer with a thickness of 10 m but without the pinhole
aperture. The third device has a pinhole, with 1 m diameter at the center pixel, which is similar to the
single-layer collection aperture device studied in the first half of this chapter. The fourth design is the
FZP-aperture, which consists of both the pinhole and FZP. Since we are conducting this characterization
experiment in air (air = 1.0), the protective PMMA layer is omitted and the zonal radius of the FZP has
been modified to accommodate this change. The FZP is designed to have object distance p = 10 m and
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image distance of q = 25 m. The magnification is M = q/p = 2.5. The pinhole diameter is 1 m. For the
first configuration, where there is no structure. As expected, the best resolution is about the pitch of one
pixel of the CMOS imaging sensor and the focal plane is on the CMOS pixel surface. For the second
configuration where we incorporate the use of FZP, the best spatial resolution is similar to the first case,
where there is no structure. However, in this case, we can move the focal plane to a height of about 10 m
above of the FZP plane, which is as consistent with our design. In the third case, where we have a pinhole
aperture for collection, the FWHM is about the size of the aperture and the focal plane is closed to the
surface. This result is complementary to the NSOM study [7]. In the last case, for the collection-FZPaperture configuration, the FWHM at the focal plane (z = 11 m) is 650 nm in experiments and 475 nm in
simulations. I believe the slight shift of the focal plane (originally designed to be on z = 10 m) is due to
the lumped refractive index assumption in the zone plate design. In general, the experimental and
numerical results match reasonably well. In Figure 3.2.3.1.2(a), which should act as the benchmark
scheme of this study, it is a bit surprising that the experimental FWHM values match better to the
simulation results with a point source than with the Gaussian beam propagation. I proposed two reasons
to explain this. First, in numerical simulations, I use the entire pixel area for collection (fill factor = 1),
which may not reflect the real situation in experiment. Second, I did not remove the microlens on top of
the sensor pixel and it may have focusing effect on the diverging Gaussian beam and lead to a smaller
FWHM value. In Figure 3.2.3.1.2(c), when we limit the active collection area to a 1 µm aperture, the
FWHM experimental data matches well with the numerical result of Gaussian beam. This agrees with our
expectation. We also observe a noticeable deviation of normalized intensity reading between
experimental and numerical results shown in Figure 3.2.3.1.2(a),(b). This deviation can be attributed to
the presence of micro-lens on top of the sensor pixel, which facilities the light collection at different
heights near the focal plane. The Rayleigh range of the optical systems of FZP-aperture is estimated to be
2.6 m in experiments and 3.4 m in numerical simulations. A normalized peak intensity pixel reading
from is plotted complementary to each data point with the FWHM value. Note that the above
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experimental results are based on a collection-FZP-aperture unit with the purpose to characterize and
study the PSF of the optical system. The collection FZP-aperture unit is not bonded with the microfluidic
channel to form an OFM device. The characterization of the variations in optical performance of
individual collection FZP-aperture unit in the bonded OFM device will be presented in Appendix A.4.
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Figure 3.2.3.1.1 An illustration of the experimental setup to determine the FWHM of the PSF at different
heights by a light spot (340nm) tightly focused by a 60 μ objective for several collection optics
configurations on the CMOS pixel (a) no structure (b) FZP (c) aperture and (d) FZP-aperture

96

(a)

(b)
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(c)

(d)
Figure 3.2.3.1.2 A set of plotting illustrating the FWHM of the PSF and the intensity response at different
heights for several collection optics configurations on the CMOS pixel (a) no structure (b) FZP (c)
aperture and (d) FZP-aperture in comparison with numerical simulation results [circles represent
experiment data points and broken lines represent numerical results; z is measuring from the sample
substrate surface]
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3.2.4 Demonstration in Dark Field FZP-Aperture OFM Imaging

Although optical resolution is one of the most important parameters in determining the image quality of
an optical system, there are other factors affecting the ultimate image quality. One of those factors is
image contrast. In standard bright field optical microscopy, light that impinges on the biological sample
has to be scattered or absorbed by features in the sample in order to provide image contrast. In other
words, the image always has a bright background and the features always appear to be darker. This can
impose a limitation in image contrast and mask weak scattering or absorbing features even their size is
already larger the optical resolution limit. This limitation can be attributed to the following reasons. First,
the bright background from the illumination light source can introduce a proportionate noise term and
intensity decrement by scattering or absorption that the features must exceed to be observable. Second,
our eyes or the recording camera in an optical microscope have a limited dynamic range that can be
adjusted to the bright background. As the bit depths of most measurement systems are finite, if the
decrement brightness of the optical scatterers or absorbers versus the background is smaller than this
scale, the sample feature will simply be indistinguishable from its bright background. For this reason, in
bright field microscopy, biological samples sometimes need to be artificially stained to enhance the image
contrast. However, dye staining often causes death in biological samples, preventing us from visualizing
transparent living materials.

Dark field microscopy can enhance the image contrast in unstained samples by blocking the
illumination light and collecting only the scattering light from biological samples. In conventional dark
field optical microscopy, as shown in Figure 3.2.4.1(a), rather than illuminating the biological sample
with a filled cone of light as in bright field microscopy, a dark field patch stop is positioned before the
condenser to form a hollow cone of light. The outer ring of illumination is then focused by an objective
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lens onto the biological specimen. As the illumination light enters at an off-angle to the sample, most of it
is directly transmitted and blocked by the illumination block in front of the collection objective. Only
scattered light from the biological samples will enter the objective and produce the image. Dark field
images appear to be bright against the dark background. The collection FZP-aperture can be operated in
dark field mode by correctly tilting the illumination angle. As illustrated in Figure 3.2.4.1 (b), under the
tilted plane wave illumination, the illumination light will form a focus in the spacing SU-8 layer and the
collection aperture in the FZP-aperture unit will block a significant large amount of the illumination light
(marked with a solid line). The FZP collects side-scattered light from the biological sample at the
conjugate focus and the scatter from the sample enters the aperture, forming the dark field image (marked
with a dotted line).



PDMS
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PMMA
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Figure 3.2.4.1 An illustration of dark field imaging scheme. (a) The planar geometry and the aperture
array arrangement of the on-chip OFM. (b) A cross-sectional scheme of the OFM device. (c) A photo of
the fabricated on-chip OFM device
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To evaluate the optical performance of collection-FZP-aperture devices for dark field imaging, a
rotation stage with a reflection mirror has been incorporated into the experimental setup, as shown in
Figure 3.2.4.2. The illumination angle, , calculated at the air/PDMS interface, was tilted from normal to
30 and the intensity response of the CMOS sensor pixel is plotted in Figure 3.2.4.3 in comparison with
numerical simulation results. The intensity reading is collected by averaging 4000 data points with an
exposure time of 0.5 ms on a single pixel. A tilted illumination angle of 24 was selected since the pixel
reading of the CMOS imaging sensor has been significantly suppressed to 1% compared with normal
illumination, which is the lowest of all the data points. This value is about 4 times of that of the pixel dark
current reading.

Figure 3.2.4.2 An illustration of experimental setup for tilted illumination in dark field collection-mode
FZP-aperture OFM imaging
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Figure 3.2.4.3 A plotting of light intensity detected versus the incident angle in illumination light
suppression for dark field collection-mode OFM imaging

Under tilted illumination with inclination angle of 24, a set of dark field images of pollen spores,
10 m microspheres, and Cyanophora paradoxa were acquired from the collection-FZP-aperture OFM
device and compared with a conventional light-transmission optical microscope. In tilted coherent
illumination comparison, the condenser of the optical microscope is removed and the plane wave laser
light is illuminated at an inclined angle to the biological specimen. For incoherent illumination, a highintensity fiber light is used as the light source. Figure 3.2.4.4(a), (b) shows dark field images of the pollen
spores acquired with a microscope (Olympus BX41) through a 20μ objective with focal plane resolution
of 650 nm under coherent and incoherent illumination, respectively. Figure 3.2.4.4(c) is the FZP-aperture
OFM image of pollen spores. We also showed the images in a similar manner for a 10 m microsphere
and Cyanophora paradoxa, in Figure 3.2.4.4(d)–(f) and Figure 3.2.4.4 (g)–(i) respectively. All the OFM
images were acquired based on the second FZP line array, with qwater = 5 µm.
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Figure 3.2.4.4 An experimental demonstration of several dark field images. Images acquired from a
conventional light transmission microscope under a 20μ objective with tilted laser and halogen
illumination respectively of mulberry pollen spores (a),(b), 10 µm polystyrene microsphere (d),(e), and
Cyanophora paradoxa (g),(h). Images acquired from the FZP-aperture OFM by tilted laser illumination
of mulberry pollen spores (c), a 10 µm polystyrene microsphere (f), and Cyanophora paradoxa (i)
(Scale bars: 10 µm)
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In the dark field FZP-aperture OFM images shown in Figure 3.2.4.4(c) and (i), the cell walls of the
biological samples are clearly distinguishable from those from a conventional microscope (Figure
3.2.4.4(a), (b) and (g), (h)). The boundary of microspheres is less distinctive since the optical material
within the sphere is homogeneous and the refractive index is uniformly distributed. Our implementation
of dark field microscopy is by tilted illumination, rather by placing a patch stop in front of the condenser
to create a hollow cone of illumination. Thus, a lensing effect is observed in the microsphere images in
Figure 3.2.4.4(d), (e) in one light spot at one side of the microsphere. For the same reason, the bright ring
structures on the cell walls of the biological samples in Figure 3.2.4.4(a), (b) and (g), (h) are not circularly
symmetrical. We observed a similar effect for the FZP-aperture dark field images.

We also observed that the FZP-aperture images appear to have horizontal line patterns in the
background along the microfluidic flow direction. This problem is attributed to the variation in the
imaging sensor response on an individual pixel in low-intensity detection. I believe this issue can be
solved by a more careful intensity normalization process between each pixel line. In dark field imaging,
the background of the image should be zero and the features within the biological samples should always
appear to be brighter than the background. However, we find that in the dark field FZP-aperture images
some parts of the internal features are darker than the background. This means the illumination light is not
fully suppressed in the tilted FZP-aperture dark field OFM implementation. We should be able to
suppress the illumination light even more by increasing the tilted angle for illumination. An ideal
situation would be a side-illumination mode. This implementation will require a better optical design in
building the OFM device.

Finally, we find that there are some limitations on dark field imaging in OFM implementations.
Since optical scattering light from biological samples is usually very weak, the illumination light intensity
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has to be raised at least 100 times compared to the intensity used in normal illumination. This can cause
overheating or even bubble generation in the microfluidic channel. Furthermore, since dark field imaging
relies on a tilted or side illumination, the actual size of biological specimens can be impacted or the width
of target objects can be exaggerated. This problem is more apparent if we want to image thick specimens.
Last, since dark field imaging boosts the image contrast, the sample solution may have to be filtered
contaminants in the cell suspension do not overlap with the OFM images and cause confusion.

105
References

[1] X. Cui, M. Lew and C. Yang, “Quantitative differential interference contrast microscopy based on
structured-aperture interference,” Applied Physics Letters 93, 091113 (2008)
[2] G. Zheng, X. Cui and C. Yang, “Surface-Wave-Enabled Darkfield Aperture: A method for
suppressing background during weak signal detection,” Proceedings of the National Academy of Science
of the United States of America 107, 9043–9048 (2010)
[3] E. A. Ash and G. Nicholls, “Super-resolution aperture scanning microscope,” Nature 237, 510–512
(1972)
[4] U. Dürig, D. Pohl and F. Rohner, “Near field optical scanning microscopy,” Journal of Applied
Physics 59, 3318–3327 (1986)
[5] X. Heng, X. Cui, D. W. Knapp, J. Wu, Z. Yaqoob, E. J. McDowell, D. Psaltis and C. Yang,
“Theoretical modeling and experimental characterization of the collection of light through a nanoaperture
from a point source,” Optics Express 14, 10410–10425 (2006)
[6] X. Cui, L. M. Lee, X. Heng, W. Zhong, P. W. Sternberg, D. Psaltis and C. Yang, “Lensless highresolution on-chip optofluidic microscopes for Caenorhabditis elegans and cell imaging,” Proceedings of
the National Academy of Science of the United States of America 105, 10670–10675 (2008)
[7] Y. M. Wang, G. Zheng and C. Yang, “Characterization of acceptance angles of small circular
apertures,” Optics Express 17, 23903–23913 (2009)
[8] L. M. Lee, X. Cui and C. Yang, “The application of on-chip optofluidic microscopy for imaging
Giardia lamblia trophozoites and cysts,” Biomedical Microdevices 11, 951–958 (2009)
[9] X. Heng, E. Hsiao, D. Psaltis and C. Yang, “An optical tweezer actuated, nanoaperture-grid based
optofluidic microscope implementation,” Optics Express 15, 16367–16375 (2007)
[10] J.-A. Conchello and J. W. Lichtman, “Optical sectioning microscopy,” Nature Methods 2, 920–931
(2005)
[11] D. Daly, R. F. Stevens, M. C. Hutley and N. Davies, “The manufacture of microlenses by melting
photoresist,” Measurement Science and Technology 1, 759–766 (1990)

106
[12] A. Tripathi, T. V. Chokshi, and N. Chronis, “A high numerical aperture, polymer-based, planar
microlens array,” 17, Optics Express 19908–19918 (2009)
[13] A. E. Siegman, Lasers, University Science Books (1986)
[14] D. T. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation: Principles and Applications,
Cambridge University Press, 1st edition (2007)
[15] J. Wu, X. Cui, L. M. Lee and C. Yang, “The application of Fresnel zone plate based projection in
optofluidic microscopy,” Optics Express 16, 15595–15602 (2008)
[16] E. Schonbrun, A. R. Abate, P. E. Steinvurzel, D. A. Weitz and K. B. Crozier, "High-throughput
fluorescence detection using an integrated zone plate array," Lab on a Chip 10, 852–856 (2010)
[17] E. Schonbrun, P. E. Steinvurzel and K. B. Crozier, “A microfluidic fluorescence measurement
system using an astigmatic diffractive microlens array,” Optics Express 19, 1385–1394 (2011)
[18] R. M. Henkelman and J. J. Bronskill, “Imaging extended objects with a Fresnel-zoneplate aperture,”
Journal of the Optical Society of America A 64, 134–137 (1974)
[19] M. Young, “Zone plates and their aberrations,” Journal of the Optical Society of America A 62, 972–
976 (1972)
[20] A. R. Jones, “The focal properties of phase zone plates,” Journal of Physics D 2, 1789–1791 (1969)
[21] H. Lan, Y. Ding and H. Liu, Nanoimprint lithography: principles, processes and materials, Nova
Science Pub, Inc. (2011)

107

Chapter 4: Illumination-mode Optofluidic Microscope

In the previous chapter, I reported the successful development of one-layer and two-layer collection-mode
OFM prototypes. Here I would like to extend my study to the illumination mode of OFM prototypes. The
first implementation of illumination-mode OFM was demonstrated in 2008 in an off-chip scheme [1]. An
optical tweezers was used to translate targeted samples in close proximity with a 2D grid of nano-aperture
illumination structure. Light transmitted through the sub-wavelength-sized (100 nm) apertures are
collected by a conventional microscope objective onto a high-speed CCD camera, generating subwavelength high-resolution images. In my implementation of chip-level illumination-mode on OFM
imaging, the diffractive optical elements are completely integrated with the microfluidic channel and the
CMOS imaging sensor. The illumination light field can be modulated through several different means,
such as a holographic plate or FZP array from the top of a microfluidic channel to create line arrays of
tightly focused spots, with submicron size, in the microfluidic channel. When a biological sample is
flowing across and intersects with the line array of focused spots, the light intensity change of the light
spot will be detected by the undressed CMOS imaging sensor pixel at the bottom of the microfluidic
channel. In illumination-mode OFM systems, the image resolution is fundamentally determined by the
size of the focused light spots. In this chapter, I will start by presenting my effort to incorporate a
holographic recording and playback approach to permanently generate a focused light-spot array in the
compact OFM device. Although we can occasionally demonstrate relatively good quality of OFM images,
we cannot generate repeatable results mainly due to the incompatibility in microfabrication technique and
alignment difficulty in the bonding process. Another method to generate a focused light-spot array in a
microfluidic channel is the FZP approach. By proper design of the focusing property of the FZP, I have
shown improvements in both the generated focused-spot size and fabrication repeatability. I believe my
effort in developing the illumination mode of a chip-level OFM prototype has paved the way for the
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successful implementations of fluorescence-enabled OFM and complete confocal OFM systems at the
chip-level. In fluorescence-enabled OFM, an optical filter is spin coated on the CMOS sensor pixel to
block excitation light and allow emission light from the fluorescent biological sample to pass through for
OFM image formation. Since there are no collection optics associated with the chip-level illuminationmode OFM systems, if the focused light spots are positioned significantly above the bottom of the
microfluidic channel, we will not be able to collect all the light, due to the limited sensor-pixel size. We
will present these findings at the end of this chapter. The defocusing problem actually motivates us to
develop a complete confocal OFM system.
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4.1

Holographic Approach to Create Focused Light Spots

The most common approach to generating an array of focused spots is by micro lenslet. Microlenses
focus light by refraction with an optical resolution limit of about 1aµm, for a relatively large focal length
of about 100 µm. However, the fabrication of a microlens array usually requires a very well controlled
photoresist hard-bake reflow process [2]. Commercially available lenslets are made in high quality with
high spot-to-background ratio. Some companies can even customize the focusing property. However, the
manufacture cost is expensive and the process usually takes a long time. Furthermore, it is impossible to
pack individual microlens units to create closely separated light spots. Most commercial lenslets have a
pitch size of 150 µm [3]. It also takes a substantial amount of effort to develop a reliable and repeatable
bonding and alignment scheme to integrate the microlens platform with compact OFM systems, due to
the compatibility problem with standard microfabrication technique. All these restrictions motivate us to
explore alternatives to generate a line array of tightly focused spots. One approach is by in-line
holography [4]. The recording of inline holography involves interference of two coherent laser beams.
The adaptation of such holographic recording scheme in on-chip OFM application is shown in Figure
4.1(a). The reference beam is the direct transmission of the incoming collimated laser beam through a
mask coated with a thin metal film, and the sample beam is the transmission of the laser through the lines
array of small apertures fabricated on the mask. The interference of the two laser beams is then recorded
by a holographic plate positioned behind the mask. The thickness of the gold metal mask is set at 200 nm.
The attenuated light intensity from the mask matches that diffracted from the aperture to achieve the best
recording result. The holographic plate and the metal masks are clumped together with a hard contact.
Two lines of aperture arrays are fabricated on the metal mask. A layer of SU-8, 15 µm thick is spin coated
on the metal mask and a window is opened on one line of the aperture array. In the playback scheme
shown in Figure 4.1(b), this configuration allows the generation of two lines of different depths inside the
microfluidic channel. By design, the first line of holographic focused light-spot array, in which the
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apertures are covered with SU-8 in the holographic recording, will focus at a depth of 12 m (measuring
from top wall of the microfluidic channel in the playback). The second line in the holographic recording
is not covered with SU-8 and exposed to air. This line of holographic generated light spots is designed to
have a focal plane at depth of 18 m in the playback. These 2 lines have a lateral shift of 5.2 m, which is
equivalent to the pitch of one pixel.

hard contact

holographic material

glass plate n = 1.5

SU‐8, n=1.8, after hard‐
baking, h=15m

mask
air, n=1.0, h=15m

plane wave, 532 nm

(a)

plane wave, 532 nm

UV epoxy, h~1 m
PMMA, h=3m
water/buffer

SU-8, h=20m
CMOS sensor pixel

(b)
Figure 4.1 A schematic of the fabrication process for the illumination-mode holographic OFM device in
holographic plate (a) recording and (b) playback

111
For the fabrication of the holographic illumination-mode OFM, the holographic plate (Integraf,
Inc., JD-2 kit) is developed, bleached, and diced. The holographic illumination unit is then aligned and
bonded with the OFM substrate under a contract aligner. The microfluidic channel is designed to be about
20 µm tall and 40 µm wide. Before the bonding of the OFM device, the diced holographic plate is placed
under a conventional microscope to determine the size of the light spot. A collimated laser beam at 532
nm is adjusted in a normal incident angle. Under a 40μ water immersion objective, the first line of
holographic plate, the focused light spot measured an average size of 630 nm FWHM at its focal plane.
The light spots decayed to 1.4 m FWHM when we moved the detection planes 6 m apart. The second
line of holographic plate measured an average light-spot size of 740 nm FWHM at the focal plane and
decayed to about 3 m FWHM when we moved them 6 m apart. For each line, there are 120 focused
light spots with a separation of 10.4 m, equivalent to two CMOS sensor pixels. The slanted angle
between the lines of focused spots and the microfluidic channel is 2.
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4.1.1 Demonstration in Bright Field Holographic OFM Imaging

A collimated laser beam, with wavelength of 532 nm, diameter 12 mm, and power approximately 1 mW,
is used as the illumination source. The laser beam is adjusted to a normal incident angle by observing the
reflection from the top surface of the holographic plate. The OFM device is operated with a frame rate of
2000 per second and an exposure time of 0.5 ms. The biological samples are driven in a similar way as
the collection mode OFM device, as discussed in Chapter 3. The average microfluidic flow speed is 600
m·s-1. Two illumination-mode bright field holographic OFM images on mulberry pollen spores are
shown in Figure 4.1.1(a),(b). Both OFM images are acquired from the first line of the holographic
illumination spot array, in which the focal depth is 12 µm, measuring from the top channel wall. For
comparison, three images of a pollen spore at different focal planes acquired with a conventional
microscope (BX-45) under a 20μ objective, with focal plane resolution of 650 nm and NA = 0.5, are
shown in Figure 4.1.1(c)–(e). The samples are incoherently illuminated under a halogen lamp source. The
focal plane of the microscope is positioned at three different points, with a step size of 4 m. While we
can still discern the internal features of the illumination-mode holographic OFM images quite well, the
cell walls of the pollen spores appear to be blurry compared with those acquired by conventional optical
microscopy. The problem may be that the pollen spores are not flowing exactly on the focal plane of the
illumination holographic spots. This may be due to the fact that the height of the microfluidic channel is
actually taller than designed, since there is no guarantee of quality control in the curvature of the
holographic glass plates. I also expect there is some variation on the thickness of UV epoxy (SK-9,
Summers Optical) in the bonding process. In addition, I also experienced a lot of difficulties in the
alignment of the holographic plate with the microfluidic channel since I could only rely on the diffraction
patterns on the holographic plate for alignment. I spent a lot of effort calibrating the separation of
illumination light spots to match the CMOS pixels in the metal aperture mask fabrication and holographic
plate recording.
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Figure 4.1.1 An experimental demonstration of mulberry pollen spore images from (a),(b) the bright field
holographic OFM device (c)–(e) a conventional optical microscope under a 20μ objective with focal
plane resolution 650 nm and NA = 0.5 (zref = 0) at different detection planes (scale bar: 10 m)
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4.2

FZP Approach to create Focused Light Spots

Since the holographic approach cannot produce consistent results, I switched to using FZP to generate
tightly focused illumination spot arrays. The design of illumination FZP is actually simpler than that of
collection FZP in Chapter 3. In plane wave illumination, the formulation of the FZP zonal radius was
discussed in Section 3.2.1. The only modification here is to adapt the formulation to the medium of water
along the light propagation direction, as shown in Figure 4.2.1.

rm,[illumination]
f+m/2water

f

water
Figure 4.2.1 An illustration of the working principle of the illumination FZP unit under a collimated laser
beam
The zonal radius of illumination-FZP can be found as follows:
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(4-1)

where λ is the illumination wavelength and µwater is the refractive index of water. Several zonal radii of
FZP design for different focal lengths under an illumination wavelength of 532 nm are listed in Table 4.2.
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Table 4.2 The zonal radius of an illumination FZP design under a collimated laser source at 532nm

The FZP illumination focused-spot arrays are fabricated on a high-resolution chrome mask by
Photronics, Inc. Line arrays of FZPs with different focal lengths are patterned on the chrome mask, with a
line resolution limit of 400 nm. The chromium layer of the glass mask is 100 nm, which is thick enough
to block almost all light transmission. In the illumination FZP design, the diameter of FZP is chosen to be
less than 15.6 µm to prevent the overlapping of individual FZP units. The chrome mask is diced, drilled
with holes for inlet and outlet ports, and used directly to form the top of the microfluidic channel, with the
chromium side facing down. The FZP array illumination glass pieces are bonded with the CMOS imaging
sensor in a similar manner to the holographic approach, forming the OFM device using UV epoxy.
Figure4.2.2 (a) shows a pair of illumination FZPs with focal length of 10 µm under a 40× water
immersion object with incoherent illumination in a conventional microscope. With a laser beam
illumination of wavelength 532 nm, no light-focusing effect is observed at the FZP plane, as shown in
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Figure 4.2.2(b); a pair of tightly focused spots is also formed at the focal length, which is 10 µm apart
from the plane of FZPs as designed. An average FWHM of 360 nm is measured as shown in Figure
4.2.2(c). Note that the value is close to the line resolution limit of the chrome mask, which is 400nm
since; FZP, the optical resolution is fundamentally determined by its size of the outermost zonal ring.

Figure 4.2.2 An experimental demonstration of a pair of illumination FZP units with focal length of 10
µm: (a) under a incoherent illumination (zref = 0m) denotes the plane of the illumination FZP), (b),(c)
under a coherent collimated laser illumination at 532 nm (scale bar: 10 m)

The FZP approach is a more reliable method to generate tightly focused spot arrays in chip-level
OFM systems. FZP-enabled, illumination-mode OFM schemes have directly led to the implementation of
fluorescence microscopy imaging of biological samples in fluid media. This fluorescence-enabled OFM
system uses a slanted line array of illumination FZP units to generate an array of focused light spots
within a microfluidic channel, under a collimated laser illumination with wavelength matching the
excitation spectrum of the fluorophore. As a fluorescence-tagged biological sample flows along the
microfluidic channel, intersecting the line array of focused light spots, the fluorescence emissions from
the sample are collected by a fluorescence-filter-coated CMOS sensor at the channel floor. The collected
data can then be processed to render fluorescence microscopy images with optical resolution comparable
to a bench-top microscope. This implementation has very recently been reported [5].
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4.3

Talbot Approach to create Focused Light Spots

Other than holographic and FZP methods, there exist other methods to generate uniform, focused lightspot arrays based on diffractive optics. One of these approaches is by Talbot effect [6]. In the Talbot
approach, a periodic 2-D array of apertures is fabricated on a metal mask and the mask is illuminated with
a collimated laser beam. Light transmission through the aperture mask grid reproduces the same grid
pattern at a regular distance from the mask. The distance interval, named the Talbot distance (ZT), can be
calculated as:

ZT 

2d 2



(4-2)

where d is the period of the aperture pattern and λ is the illumination wavelength. The periodic light grid
pattern reproduces itself at an integral increment of one unit of Talbot distance. The Talbot approach has
several advantages. First, the focus grid on the metal mask can be manufactured more reliably. Similar to
FZP implementation, the aperture mask can be readily fabricated by standard semiconductor
microfabrication technique, and the mask can be used directly for illumination in contrast to the
holographic approach. Second, the focused light spots are more uniformly illuminated. Since each
focused light spot is a contribution from each aperture on the metal mask, the variation of light
transmission through an individual aperture does not ultimately affect the formation of the focused light
spots too much, due to this averaging effect. It is a major advantage over the holographic and FZP
approach. Third, the Talbot effect allows tunable capability when we change the illumination wavelength.
As shown in Equation (4-2), when we change the illumination wavelength, the Talbot distance, or plane
of tightly focused grid, will change accordingly. However, the Talbot approach also suffers from several
limitations making its integration with chip-scale OFM technology difficult. One limitation is that the
Talbot effect usually has a long ‘focal length’. For example, if we have a focused spot period of 15 µm
and an illumination wavelength of 532 nm, the Talbot distance is about 1 mm. In chip-scale OFM
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systems, the height of the microfluidic channel is usually made on the order of tens of microns. It requires
a well-controlled alignment process to ensure that the replicate focus of the grid falls accurately at the
desired depth in the microfluidic channel. In addition, the size of the focused light spot is usually larger
than the aperture size on the mask, the smallest light spot size created by Talbot effect demonstrated in
our group is about 1 µm with an aperture size of 800 nm. The Talbot approach is not as attractive as the
FZP approach, in which we have already shown that we can achieve an illumination light-spot size of less
than half a micron.

Figure 4.3 An illustration of Talbot effect
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4.4

Limitations on Illumination-mode OFM Imaging

In this chapter, I presented my effort to integrate illumination optical elements in OFM devices on a chipscale. In the holographic method, I successfully developed a novel recording and playback method to
create two lines of focused light-spot array with an average spot size of 650 nm FWHM at different
depths inside the microfluidic channel. However, due to incompatibility with standard microfluidic
fabrication technique, I failed to produce repeatable results in the OFM device fabrication. The major
difficulty arises from the variation in the flatness of holographic glass plates. This not only alters the
bonding process, but also hinders precise height control of the microfluidic channel. Then, I switched to
using FZP arrays to create illumination-focused light spots for OFM imaging. Since the FZP arrays are
fabricated on a chrome glass mask used in standard semiconductor microfabrication, the roughness of the
glass plate has better quality control; leading to a higher success rate in device fabrication. Furthermore,
an improved optical resolution of the focused light spots was recorded: with 360 nm FWHM on average.

In addition to these technical challenges and constraints in the microfabrication process described
above, illumination-mode OFM has a serious deficiency in optical configuration. Since there is no
collection optics associated with illumination-mode OFM systems, we are essentially detecting defocused
light at the detection plane. Thus, when designing illumination optical elements, the focused light spots
have to be positioned either close enough to the undressed CMOS sensor pixel to prevent excessive
spreading of light, or be sparsely separated to prevent crosstalk between successive light spots. Both cases
are undesirable in OFM imaging and defeat our original intention to optically move the focal plane
sufficiently far above the CMOS imaging sensor pixels to increase the separation of successive
illumination spots and the length required for OFM imaging. The diffraction pattern from two lines of
illumination spot arrays from a two-line array of FZP units with focal length 10 m and 15 m is shown
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in Figure 4.4(a). Under a collimated laser illumination at 532 nm, the focus is positioned at the detection
plane, 20 m from the plane of the FZP array, with a 40μ water immersion objective under a
conventional microscope (BX45, Olympus). In Figure 4.4(b), the CMOS sensor pixel readout from a
bonded illumination-mode holographic OFM device is illustrated. The microfluidic channel was filled
with water. From the readout of the CMOS sensor, it is difficult to identify the center of the defocused
diffraction pattern in bright field imaging formation.

Figure 4.4 An experimental demonstration of (a) diffraction of two lines of illumination spots array from
a two line arrays of FZP units with focal length 10 m and 15m where the detection plane is positioned
20 m from the plane of the FZP array under a collimated laser illumination of 532 nm, and (b) the
corresponding CMOS sensor pixel readout from an illumination mode holographic OFM device
(scale bar = 10 m)

Nonetheless, the effort to incorporate illumination optics is an important milestone for the
development of chip-level OFM systems. The defocusing problem actually motivates us to integrate
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illumination and collection optical elements in OFM imaging, leading to a complete confocal OFM
implementation.

122
References
[1] X. Heng, E. Hsiao, D. Psaltis and C. Yang, “An optical tweezer actuated, nanoaperture-grid based
optofluidic microscope implementation,” Optics Express 15, 16367–16375 (2007)
[2] D. Daly, R. F. Stevens, M. C. Hutley and N. Davies, “The manufacture of microlenses by melting
photoresist,” Measurement Science and Technology 1, 759–766 (1990)
[3] http://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2861
[4] J. Wu, L. M. Lee and C. Yang, “Focus grid generation by in-line holography,” Optics Express 18,
14366–14374 (2010)
[5] S. Pang, H. Chao, L.M. Lee and C. Yang, “Fluorescence microscopy imaging with a Fresnel zone
plate array based optofluidic microscope,” submitted to Lab on a Chip (2011)
[6] J. Wu, G. Zheng, Z. Li and C. Yang, “Focal plane tuning in wide-field-of-view microscope with
Talbot pattern illumination,” Optics Letters 36, 2179–2181 (2011)

123

Chapter 5: Illumination and Collection-Mode OFM

The effort to integrate collection and illumination optics in a chip-level OFM system has been discussed.
We find that a Fresnel zone plate is an ideal optical element as a focusing unit for both light illumination
and collection since the fabrication process is highly compatible with standard IC microfabrication
processes. Thus, it is a natural progression to combine both illumination and collection optics to build a
complete confocal OFM system, in which the image resolution, contrast, and SNR will be improved. FZP
is an optical diffraction element, in which, by proper design of zonal radius, the light illumination or
collection property can be manipulated, allowing another degree of freedom in OFM imaging. In this
chapter, I will first demonstrate that with a set of both bright field illumination and collection zone plates,
a confocal bright field imaging scheme can be implemented. With a set of bright field illumination and
dark field collection zone plates, a confocal dark field OFM imaging scheme can potentially be realized.
By incorporation of an illumination zone plate and a longer focal length bright field collection zone plate,
a high resolution confocal fluorescence OFM imaging scheme can potentially be achieved by addition of
an optical fluorescence filter. Although the motivation and advantages to integrate both illumination and
collection optics in OFM systems is obvious, the implementation is not straightforward. The major
difficulty arises from alignment issues. In confocal OFM systems, the target optical resolution of the
confocal OFM image is about 0.5 µm. However, the tolerance of semiconductor fabrication by standard
photolithography is about 2 µm. Furthermore, the height control of the microfluidic channel also plays an
important role in axial alignment between the illumination and collection units. Despite those technology
barriers, I believe successful integration of illumination and collection optics with advanced microfluidics
technology will enable miniaturized flow cytometry for very large-scale imaging-based biological study
and analysis.
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5.1

Confocal Bright Field OFM Imaging

The schematic of confocal bright field configuration is shown in Figure 5.1. In Chapter 4, we
demonstrated that the illumination FZP can create focused light spot size down to 360 nm FWHM under a
plane wave laser illumination. In Chapter 3, the collection-FZP-aperture unit is able to collect light at the
focal point with a FWHM of 650 nm. In a confocal OFM aperture configuration, the ultimate image
resolution will be determined by superimposing the optical resolution of both illumination- and
collection- FZP-aperture unit. This confocal configuration will not only increase the image resolution,
both in the lateral and axial direction, but also enhance the contrast and SNR of the image. Since the
illumination light is focused down into a tiny spot, contrary to the case of the collection-mode OFM
systems, in which a plane wave is used as the illumination and the biological samples are flooded with
illumination light, the image artifacts due to internal reflections within the biological samples and laser
speckles are expected to be reduced.

Figure 5.1 An illustration of bright field confocal OFM aperture configuration
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5.1.1 Demonstration in Bright Field OFM Imaging

I have built a confocal OFM device to incorporate a set of illumination and collection FZPs to
demonstrate bright field imaging. The fabrication process is similar to the collection-FZP-aperture OFM
device presented in Chapter 3. The illumination-FZP array on a chrome glass piece is then bonded with
the collection-FZP-aperture substrate using UV epoxy, which substitutes for the PDMS microfluidic
channel in the implementation of a collection-FZP-aperture device. The alignment between the
illumination- and collection-FZP arrays is performed under a contact aligner in a cleanroom. The height
of the microfluidic channel is estimated to be about 20 µm. To ensure a normal incident angle, the
collimated laser beam is tilted until maximum intensity readout is recorded in the CMOS sensor pixel of
the confocal OFM device. Since there is no microfluidic control on the compact confocal OFM device,
we cannot guarantee the biological samples are flowing at the focal plane of the FZP array. Nonetheless, a
confocal OFM image on mulberry pollen spore is shown in Figure 5.1.1(a). The confocal OFM image
seems to be distorted. I believe the high-resolution region is acquired from the part where the
illumination- and collection-FZP array aligns well with each other, while the low-resolution region is
from the part where the illumination- and collection-FZP arrays do not match. A set of conventional lighttransmission microscopes under a 60× objective, with an optical resolution limit of 340 nm and NA =
0.95, when the focal plane is locked at different reference heights, is shown in Figure 5.1.1(b)–(d). We
find that the high resolution region of the confocal OFM image is similar to the conventional optical
microscope image when it is in focus, while the low-resolution region of the confocal OFM image is
likely to be defocused.
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Figure 5.1.1 An experimental demonstration of mulberry pollen spore images from (a) the bright field
confocal OFM device (b–d) a conventional optical microscope under a 60μ objective with focal plane
resolution 330 nm and NA = 0.95 (zref) at different detection planes (scale bar: 10 m)
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5.1.2 Alignment Issues

I believe the distortion of the bright field OFM image is due to the misalignment between the illumination
and collection-FZP arrays, as illustrated in Figure 5.1.2. In Figure 5.1.2(a), under a 20× objective, the
microscope is focused at the collection-FZP array located at the bottom of the microfluidic channel. In
Figure 5.1.2(b), the microscope is focused at the illumination-FZP array located at the top of the
microfluidic channel in the confocal OFM device. The misalignment at this portion of the array is
estimated to be about 6–8 µm between these two FZP arrays. We notice that there is a certain portion of
the array with good alignment and the bright field OFM image is acquired from that portion. At this
moment, we do not have a good solution to ensure a reliable and repeatable the planar alignment between
the illumination- and collection- FZP arrays. I performed the alignment and bonding under a contact
aligner for standard photolithography, in which the tolerance and resolution limit is on the order of about
2 µm. However, our target optical resolution is about half of a micron. Thus, the alignment and bonding
by standard photolithography is not enough to meet the precision alignment requirement of the confocal
OFM system. On top of that, the control of the microfluidic height is also critical, in addition to the planar
alignment between these two arrays. A microfluidic molding method by hot embossing may be a better
approach compared with UV epoxy bonding, since the channel height is more controllable by this
approach [1]. The alignment issue is critical for good imaging formation in confocal microscopy.
Misalignment leads to loss of optical resolution and distortion of the OFM image. The alignment
precision in diffractive optical elements in dark field confocal OFM imaging implementation is
particularly important.
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(a)

(b)
Figure 5.1.2 An experimental demonstration of misalignment problem between with the collection and
illumination FZP arrays in bright field confocal OFM device with plane of observation located at (a) the
collection FZP array, and (b) the illumination FZP array (scale bar: 10 m)
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5.2

Confocal Dark Field OFM Imaging

Here I would like to propose an approach to achieve confocal dark field imaging under the context of a
compact OFM system. The operation principle of the confocal dark field unit is quite intuitive. It is
composed of a set of bright field illumination FZP and a dark field collection FZP. As shown in Figure
5.2, when there is no scatterer, the dark field collection-FZP-aperture unit rejects all light at the focal
point and gives zero intensity on the CMOS imaging sensor pixel. Thus, the background of the OFM
image is dark. In contrast, when there is a scatterer, the illumination zone plate focuses light at the focal
point and impinges on the scatterer. This disrupts the electric or intensity field distribution at the plane of
the dark field collection zone plate. The dark field collection zone plate collects the scattered light to the
aperture and rejects illumination light. This gives intensity response to the CMOS imaging sensor pixel in
the presence of a scatterer. There are basically two ways to determine the zonal radius in design in the
dark field collection-FZP unit. The first approach is to calculate the electric field distribution on the dark
field collection-FZP plane based on Fresnel-Kirchhoff diffraction from the plane of illumination-FZP,
based on the simulation scheme described in Appendix A3. The design parameter of the dark field
collection-FZP can be found by a binarization process of the electric field distribution [2].

Figure 5.2 An illustration of dark field confocal OFM aperture configuration
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5.3

Confocal Fluorescence OFM Imaging

The implementation of confocal fluorescence OFM imaging can simply be achieved by replacing the
spacing SU-8 layer with a fluorescence filter. This SU-8 layer is 25 µm thick and this thickness is enough
for most interference and absorption optical filters. The illumination-FZP array is designed based on the
illumination wavelength, and the collection-FZP array is designed based on the emission wavelength of
the fluorophore. As shown in Figure 5.3, when there is a fluorophore flowing along the microfluidic
channel intersecting the illumination focused light spots, the fluorophore will be excited and emit light
matching the wavelength of the collection-FZP array. The fluorescence filter effectively blocks the
illumination wavelength and allows the emission light from the fluorophore to pass through and be
collected by the confocal aperture. I believe this OFM imaging scheme has advantages over the
illumination-mode fluorescence OFM systems. The incorporation of collection optics increases the
collection efficiency of emission light, which is critical in fluorescence imaging. The pinhole also allows
confocal or sectioning capability in fluorescence imaging of the biological samples.

Figure 5.3 An illustration of fluorescence confocal OFM imaging device
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Chapter 6: Biological Applications of Optofluidic Microscopy

Microscopes and other optical microscopy devices are used extensively in all aspects of medicine and
biological research. In a medical setting, clinicians typically prepare smears of fluid samples (e.g., blood
samples). The slides are used to view and analyze the fluid samples under a microscope. Preparing slides
takes time, potentially contaminates the samples, and adds cost to the analysis and diagnosis of illnesses.
Further, conventional microscopes, upon which the slides are viewed, can be costly and relatively bulky.
Optofluidic microscopy provides an attractive alternative in conventional optical imaging, due to its
compactness and high throughput rate. In this chapter, I will pinpoint a few potential biological or
biomedical fields that optofluidic microscopy technology is suitable for, namely quantitatively phenotype
characterization in model organisms, water/environmental quality monitoring, blood-cells diagnostics,
and virus detection.
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6.1

Bioscience Studies – Quantitative Phenotype Characterization

A flow chart of a method of performing quantitative phenotype characterization of C. elegans, a widely
adopted model organism in developmental biology, is shown in Figure 6.1.1. This method can be used to
automatically image and analyze different phenotypes of C. elegans. For example, phenotypes at different
stages of development or mutated strains of object phenotypes can be analyzed. This method provides an
inexpensive means for conducting automated and quantitative phenotype characterization in biological
studies. Although the biological sample being characterized in this illustrated example is C. elegans, any
suitable entity can be characterized using this method. Notice that by placing multiple OFM devices, we
can achieve a much higher throughput rate by taking advantage of parallel processing. The quantitative
phenotype characterization process starts by immobilization or fixation of the C. elegans. The C. elegans
can be immobilized by placing the worms in a heat bath or introducing an immobilizing drug into the
suspension fluid medium. This immobilization process may be performed in an on-chip manner with an
immobilization unit being integrated with the OFM microfluidic device, or by off-chip preparations. The
fluid suspension containing C. elegans is introduced into the microfluidic channel of the OFM device by
gravity-driven flow, as described in Section 2.3.3. After the C. elegans are introduced into the
microfluidic channel, the OFM device will generate a series of images in microscope-level resolution, as
described in Chapter 2. The OFM images generated can be used to analyze the morphology of C. elegans
worms in order to determine value of the morphological characteristics or structures.

Suitable

morphological characteristics include length, width, general shape, or internal features. Figure 6.1.2
includes images of three phenotypes of C. elegans, which were generated using an OFM device. The C.
elegans in the top image is Wild-type, the middle image Sma-3 phenotype, and the bottom image, Dpy-7
phenotype. Using the values of the morphological characteristics, we can perform a quantitative
phenotype characterization to determine the number of C. elegans in the sample suspension belonging to
the different phenotypes. The characterization and sorting of different strains is through a comparison
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with a library of stored morphological characteristic values for particular phenotypes or images of
phenotypes. After the phenotypes are recognized, we can determine the statistical averages and the
variations of each phenotype characteristic in the sample. The average values and the statistical variations
for the phenotype characteristics of three strains of C. elegans—namely, wild-type, Sma-3 and Dpy-7,
based on their length and width, are shown in Figure 6.1.2.

Immobilization of C.
elegans in heat bath

Flow C. elegans into the
compact OFM devices

Analyze the morphology
of the C. elegans OFM
images

Quantitative phenotype
characterization of C.
elegans into different
strains

Figure 6.1.1 A flow chart of a method of performing quantitative phenotype characterization of C.
elegans in OFM system
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Figure 6.1.2 The quantitative phenotype characterization of three strains of C. elegans based on length
and width

Since OFM systems can render microscope-level resolution images, we can use the images to recognize
internal features and cellular or subcellular compartments of micro-organisms or single cells (for
example, the digestive tract or the pharynx of C. elegans, or the nucleus of single cells). We can use these
traits for quantitative phenotype characterization of bio-species as well.

(This section is largely adapted from part of a published paper in reference [1].)

136
6.2

Water/Environmental Quality Monitoring — Towards Telemedicine

OFM systems can also be used for water or environmental monitoring. A flow chart which describes a
method of detecting microbial cells in a water sample is shown in Figure 6.2.1. The method is used to
detect microbial cells of a size < 10 µm (e.g., oocysts and Giardia lamblia cysts) in water sample and
determine whether the level of these microbial cells in the water sample is safe for human consumption.
Microorganisms of other suitable sizes or other objects can be detected for other purposes.

filtering

immuno‐
labeling

color or
fluorescent
OFM

Figure 6.2.1 A flow chart of a method to detect microbial cells in a water sample

The method starts by filtering larger objects or contaminants from the water sample. In the
illustrated example, the suspended particles being filtered from the fluid sample are objects with a
predefined size greater than 20 µm such that the fluid sample is left with objects less than 20 µm in size.
This can prevent clogging of the OFM device. Filtering may be performed by a microfluidic filter
integrated with the OFM device. Some examples of the filtering scheme can be found in [2]. In Figure
6.2.2, a schematic drawing of a filter for a water testing sample is shown. In this example, the filter
prevents the larger objects from passing and allows microbial cells Type I and II to pass through the
microfluidic filter. As the fluid sample flows through the channel, the filter removes the larger objects.
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filtering

large objects
cell 1

cell 2

flow direction
filter

Figure 6.2.2 An illustration of a filtering scheme of a water sample

Next, the filtered microbial cells in the fluid media are labeled as shown in Figure 6.2.3, for
example, by immunolabeling, which refers to the process of tagging conjugate antibodies and introducing
them to the fluid sample to bind themselves to the membrane of microbial cells having the primary
antigens corresponding to the tagged conjugate antibodies. Certain suitable tagging methods can be used
such as fluorescent staining, gold beads, or epitope tags. By tagging the conjugate antibodies, the objects
having the primary antigens corresponding to the conjugate antibodies are also tagged. For example, a
fluorescent stain may be applied to conjugate antibodies and the stained conjugate antibodies added to the
fluid sample. The stained conjugate antibodies bind to the membrane of the objects having the primary
antigen corresponding to the conjugate antibodies. Labeling may be performed by a device entirely
separate from the OFM system, or incorporated into the OFM system. After the tagged conjugate
antibodies bind to the objects, the fluid sample is flushed with a buffer solution. Flushing the fluid
sample removes a substantial portion of the unbound conjugate antibodies.
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immuno-labeling
flushing with
buffer

labeling

cell

labeled
antibodies

labeled
cell

Figure 6.2.3 An illustration of an immune-labeling scheme for microbial cells in a water sample

In this example, a first-tagged conjugate antibody and a second-tagged conjugate antibody are
introduced into a microfluidic chamber with the fluid sample having microbial cells Type I and II. The
first-tagged conjugate antibodies are represented by triangles and the second-tagged conjugate antibodies
are represented by rectangles. Once the tagged conjugate antibodies are introduced into the fluid sample,
they bind specifically to the membranes of target microbial cells. The sample suspension is then flowed to
a second chamber and flushed with a buffer to remove the unbound tagged conjugate antibodies. (An
example of a microfluidic device used to perform immunolabeling for microbial cells from a water
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sample can be found in [3].) After labeling, the cell suspension solution is introduced into the OFM
device to generate images of the cells. An excitation light of a certain wavelength (e.g., blue light)
illuminates the objects in the microfluidic channel. In the implementation of a fluorescence OFM system,
the excitation light excites the fluorophores in tagged conjugate antibodies which re-emit light with longer
wavelength. An optical filter blocks the excitation and allows emission light from the fluorescent-labeled
immune microbial cells to pass through. The fluorescence OFM system is able to render fluorescence
image with microscope level resolution. We can also incorporate two different optical fluorescence filters
into the OFM device and use illumination of two different wavelengths. By doing this, it is possible to
conduct fluorescent imaging for two different types of microbial cells with different immune expressions.
Alternatively, a non-fluorescent stain can be used to tag the cells. One example is the H&E stain widely
used in histology. In this case, a white light is used as the illumination, and the color or RGB filters can
be used to render color images of the cells. Then, the images can be used for cell identification and
counting purposes as shown in Figure 6.2.4. We can also measure the intensity of the images to quantify
the immuno expression level of the cells. This information tells us the number of microbial cells
appearing in the water sample and how toxic the water is. We can then compare these results with a
threshold value to determine whether the water source in test is good for human consumption. Since OFM
systems can be made very compact in size, the can be readily integrated onto a cell phone and information
can be sent through the cell phone network for further analysis or reporting. I believe the OFM imaging
method can enhance the advancement of global health [4].

(This section is partially adapted from a published paper in reference [5].)
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Color or fluorescent OFM
Cell 2

Cell 1

Cell 1

Cell 2

Figure 6.2.4 An illustration of the color or fluorescence OFM scheme for cell identification and counting
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6.3

Blood Diagnostics — Imaging Based Blood Analysis on a Chip

A flow chart of a method of analyzing a blood sample in fluid form is shown in Figure 6.3.1. This method
can be used to analyze a blood sample and diagnose an illness or to determine whether certain cells or cell
structures are present in the blood sample. OFM devices provide an inexpensive means to automate blood
analysis and/or illness diagnosis without the need for slide preparation or skilled technicians.

Separation of blood cells

Fixation of the blood cells and
immuno‐labeling if applicable

Flow different fractions of
blood cells into OFM device

Blood cell analysis and disease
diagnostics based on the OFM
images

Red blood
cell analysis
Malaria &
anaemia
diagnostics

White blood
cell analysis:
HIV/AIDS,
Leukemia
monitoring &
diagnostics

Early cancer
detection:
circulating
tumor cells
(CTCs) in
blood

Stem cells
detection and
isolation

Figure 6.3.1 A flow chart of a method for a blood sample analysis
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The method begins by separating a blood sample into fractions associated with specific types of blood
cells, such as red blood cells, white blood cells, plasma and platelets; one common separation method is
by centrifuge. One or more fractions may be selected for further analysis. Next, the cells in the blood
sample with the selected fractions are fixed through injection of formalin. Next, the blood cells are
labeled (such as by immunolabeling). The staining dyes or the tagged conjugate antibodies to the cells,
and then are flushed with buffer to substantially remove unbound dyes or antibodies. Labeling may not be
necessary when the cells are not transparent or have color; for example, red blood cells contain
hemoglobin which has a color dependent on the oxygen content of the cells and may not require
immunolabeling in order to image the cells. After labeling, the blood sample is introduced into the OFM
device. The OFM device then generates blood cell images for analysis or diagnosis. OFM imaging can be
an essential component in blood-on-a-chip systems [6].

An OFM device can be used to analyze the red blood cell fraction in a blood sample to diagnosis
certain illnesses such as anaemia and malaria. Malaria is a disease caused by protozoan parasites that
infect red blood cells. The infected red blood cells have a different morphology than normal healthy red
blood cells and contain parasites Plasmodium falciparum and/or gametocytes within which are opaque
and can be imaged. We can use the OFM images to determine whether the red blood cells have a healthy
biconcave shape and whether they are smaller than healthy red blood cells or in low quantity as with
anemia.

An OFM device can also be used to analyze the white blood cell fraction in a blood sample to
diagnose certain illnesses such as HIV/AIDS or Leukemia. Typically, immuno- or other labeling is used
to differentiate types of white blood cells (leukocytes) such as neutrophils, lymphocytes such as T-cells (T
lymphocytes), B-cells, or monocytes and certain proteins (e.g., glycoproteins) within the cells, such as
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CD4 and CD8. The OFM images of the white blood cells can be used to determine the number of certain
types of white blood cells. Using the OFM device, we can also analyze the morphology of the white
blood cells to determine the number of immature and abnormal cells in the suspension. Thus, an OFM
device can monitor or diagnose HIV/AIDS or Leukemia.

OFM devices can be used to analyze a blood sample for early cancer detection. Tumor cells
generally have a larger nucleus and a higher light absorption coefficient than healthy cells. Circulating
tumor cells in blood can indicate an early stage of malignant cancer. Based on detection by OFM device,
physicians may determine that more aggressive therapy or treatment is needed, which may improve
patient care and survivorship.

Finally, OFM devices can be used to detect and isolate stem cells in a blood sample. Stem cells
can be differentiated by immuno-labeling. The OFM device detects the stem cells in the sample solution
by recognizing the tagged conjugate antibodies on the stem cells. Fluorescent dyes can be used to tag
different compartments or organelles in cells, such as the nucleus, cytoskeleton, and membrane proteins,
and to tag certain cytoskeleton structures in cells such as actin filaments and microtubules. The OFM
device generates high resolution images. We can use the OFM images of the tagged cytoskeleton
structures to differentiate between different species in order to provide information for cytoskeletonrelated studies and diagnose cytoskeleton-related diseases such as muscular dystrophy. Fluorescent dyes
can be used to tag certain membrane proteins. Several membrane proteins are important in the regulation
of physiology of the cells such as sodium/potassium ion pumps and the G-proteins. Using the generated
images of the tagged membrane proteins, OFM device can detect membrane proteins and diagnosis
diseases caused by certain membrane proteins such as cystic fibrosis. In addition, membrane receptors
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like nicotine receptors can be tagged. OFM images of the nicotine receptors can be used to study the
relationship between smoking and cancer based on these images.
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6.4

Virus Detection — Subwavelength Resolution Optofluidic Microscopy

The resolution of an OFM system is fundamentally limited by the aperture size. In principle, by making
smaller (subwavelength) apertures, OFM systems have been demonstrated to resolve images down to ~
110 nm [7]. Such resolution can useful for virus detection and diagnostics. Usually, identification of
viruses is conducted with PCR (polymerase chain reaction) and ELISA (enzyme-linked immunosorbent
assay) test; however, this technique can be quite tedious due to frequent virus mutation rates, spurred by
the hundreds of millions of new infections occurring every year. But viruses can be identified by their
morphology within minutes, irrespective of the virus in question. Virologists and clinicians can use
subwavelength OFM devices to detect and identify these viruses based on high-resolution OFM images,
providing a low cost alternative to scanning electron microscopes (SEM) and transmission electron
microscopes (TEM).
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Chapter 7: Conclusions and Future Works

In my PhD thesis, I have presented the technology development and implementation of optofluidic
microscopy on a chip level. Optofluidic microscopy can be defined as a miniaturized optical scanning
imaging method using microfluidics for sample transport. Miniaturization of the conventional microscope
has advantages in reduction of manufacturing cost and integration with lab-on-a-chip functionalities.
Several microfluidic flow mechanisms have been studied extensively to ensure a constant-rotation and
tumble-free biological sample translation. We find that simple application of a constant DC electrical
field can lock spherical or ellipsoidal biological entities at constant orientation during their translation. A
complete on-chip OFM device has been built by fabrication of a slanted line array of 500 nm diameter
apertures on a CMOS imaging sensor. An optimal optical resolution of 800 nm is achieved when the
biological samples are flowing in close proximity to the apertures in the microfluidic channel under
incoherent plane wave illumination. Several single-cell entities and micro-organisms have been imaged at
subcellular-level resolution using this dime-sized microscope. I further expand OFM technology
development in an attempt to enable focusing capability. A line array of diffractive optical element, FZP,
is fabricated with good alignment on top of the aperture line array, with a spacing layer between to relay
light collection from the plane of the CMOS sensor pixel aperture to the focal plane in the microfluidic
channel. An optical resolution of 650 nm is recorded at the focal point under a coherent laser source. By
tilting the illumination angle, a dark field imaging scheme is implemented in experiment. In this thesis, I
also outline that with the combination of illumination FZP, we are able to focus a coherent plane wave
light source to a tightly focused spot of 360 nm. I believe that the combination of illumination and
collection optics will lead to a complete confocal OFM system if we can overcome the alignment
difficulties in the fabrication process. In this ending chapter, I am going to analyze the challenge and
investigate the role of optofluidics technology in the miniaturization of optical imaging to chip-level.
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7.1 Optical Imaging on a Chip

Several novel scanning-based microscopic imaging techniques have been developed and commercialized
in the 20th century. Two ground-breaking advancements include scanning electron microscopy (SEM) and
atomic force microscopy (AFM). SEM uses a high-energy electron beam to raster scan the sample surface
for imaging. The electrons interact with the atoms of the sample, producing signals that contain
information about different properties of the sample, for example, the surface topography. In SEM, the
resolution is limited by the wavelength of the electron beam and the aberration associated with the
focused electron beam by a set of electromagnetic lenses. SEM is able to produce very high resolution
images of a sample surface less than 1 nm. AFM consists of a silicon or silicon nitride cantilever beam
with a sharp tip beneath its end. The tip is brought in close proximity to the sample surface, which is the
set-point position, using a piezoelectric actuating scanner. The interactions between the tip and the sample
surface cause the cantilever to deflect as the scanner moves across the sample. A laser spot is emitted onto
the top of the cantilever and reflected to a set of split-array photodiodes. The deflection of the cantilever
beam is monitored by the change in the intensity signal received by the split photodiodes. A feedback
loop controlled by an electronic system directs the piezoelectric scanner to move the tip back to the setpoint position, and the relative movement of the tip is recorded in this way. AFM can reach a lateral
resolution of 1 nm and a vertical resolution of 0.1 nm. These two microscopic imaging techniques can
achieve a resolution at least 1000 times better than diffraction-limited conventional optical microscopy.

However, we still find that optical microscopy is a dominant approach in bioscience and
biomedical imaging. There are several reasons for this: First, both SEM and AFM either require sample
preparation or cause damage to the biological samples. The SEM imaging method requires that the
sample be electrically conductive to prevent charge accumulation on the surface which scatters the
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electron beam and makes the resulting image blurry. If the specimen is not electrically conductive, as
most biological specimens are not, the sample has to be coated with a thin film of conductive layer (for
example, gold or chromium) prior to the SEM examination. Recent development of environmental SEM
allows for the system to operate at a higher vapor pressure and for the introduction of gas (for example,
water molecules) into the chamber to lower the charging effect. Nevertheless, the high-energy electron
beam can still cause damage to the biological specimen. AFM reveals the topology of a specimen by
scanning the sample surface by mechanical probe, thus biological molecules, such as RNA or collagen
must first be absorbed or deposited to a substrate [1, 2]. To prevent excessive damage to the biological
entities, AFM application for biological imaging is usually operated in non-contact or tapping mode.
AFM can also be used to study the interaction force between conjugate biological molecule pairs, for
example, the specific binding by antibody and antigen in immunoassay [3]. Conventional optical
microscopy, limited by the diffraction of visible light wavelength usually cannot render resolution as high
as SEM or AFM. However, optical microscopy is less invasive and does not require complicated sample
preparation, thus the throughput rate of optical imaging can be much higher.

OFM imaging shares some similarities with AFM and SEM as a scanning imaging technique. In
theory, aperture-based OFM can potentially break the diffraction limit by using a collection aperture
smaller than the wavelength of visible light, such as 100 nm, which is approaching the resolution limit of
NSOM. However, in practice, the microfluidic motion of translating biological samples is subjected to
Brownian fluctuation, causing image blur and distortion. OFM systems smartly combine microfluidic
technology in the sample translation and a slanted-line aperture array for imaging, which highly simplifies
the scanning scheme. OFM imaging can achieve a very high throughput rate when combined with
advanced microfluidic control systems, enabling very large scale imaging-based analysis. It also enables
integration of other lab-on-a-chip functions, for example, sorting and harvesting for stem cells or
circulating tumor cells (CTCs). However, OFM imaging has a major limitation: since the biological
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samples have to be suspended in a liquid medium, OFM imaging is not applicable for attached samples
on a microscopic slide. In addition, the biological samples have to maintain a constant orientation and
shape during the microfluidic translation for good imaging formulation. This greatly hinders the
possibility for cell-dynamic studies in OFM systems. Recently, a few interesting miniaturized lensless onchip imaging prototypes have been demonstrated in cell-division and micro-organism-movement tracking,
water quality monitoring, sperm mortality study, blood cell analysis, detection of cardiotoxicity, and
point-of-case diagnostics and tissue engineering [4-13]. I believe these miniaturized microscopes form a
major component in BioMEMS and lab-on-a-chip systems and can promote the advancement of global
health.
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7.2 Optofluidic Imaging Platform on a Chip

We have studied extensively the use of microfluidics flow to control biological sample motion in order to
ensure good OFM image quality. Can we incorporate the usage of microfluidics to advance on-chip
optical imaging? Liquid is incompressible but deformable, this property is very favorable for building a
reconfigurable microsystem, since liquid can change its shape but maintain a constant volume upon the
application of external force. In the last section of my thesis, I would like to revisit an article we first
published in 2006 [14] to search for some inspirations for the development of a reconfigurable optofluidic
imaging platform as shown in Figure 7.2.

Figure 7.2 A schematic of an adjustable-focal-depth optofluidic transmission microscope, the light source,
the condenser, the spectral filters, and the imaging system
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There are two components in the reconfigurable optofluidic transmission microscope platform to
which I think it is appropriate to apply microfluidics technology. The first one is the integration of a
microfluidic switching light source. In the recent development of a multi-color fast-switching
microfluidic droplet dye laser, a train of alternating droplets containing solutions of different fluorescent
dyes is generated in a microfluidic channel. These fluorescent droplets act as the lasing medium and are
stimulated by a pulsed laser operating in whispering gallery mode. This dye laser is able to switch the
wavelength of its emission between 580 nm and 680 nm at frequencies of up to 3.6 kHz [15]. This
approach is particularly attractive for fluorescence applications in on-chip imaging if we need to switch
the excitation wavelength to excite different fluorophores on the same chip. The second component is the
imaging system. In on-chip optical imaging microscopy, we have to make sure the biological samples are
in close proximity to the imaging sensor pixel to ensure good optical resolution. We can potentially
overcome this problem by incorporation of a liquid lens, in which we can move the focal plane by
changing the radius of curvature of the liquid interface. Optofluidic lenses have been developed quite
extensively in the past ten years, relying on different operation mechanisms [16, 17]. I find that an
electrical-based optofluidic lens is particularly suitable for on-chip imaging applications due to its fast
response time [18-20].
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Appendix A.1: Microfluidic Channel Surface Modification and
Biological Sample Preparations
PEG Grafting Process to Promote the Flow of Samples in OFM Microfluidic Channels
To facilitate smooth flow of our biological samples in the device and to prevent debris adhesion to the
microfluidic channel walls, we conditioned the channel walls through the following process. First, the
microfluidic channel is filled up and flushed with a 10% poly(ethylene glycol) (PEG) solution, 0.5 mM
NaIO4, and 0.5% (by weight) benzyl alcohol. The OFM device is then placed under a UV light source for
1 hour to promote PEG deposition onto the channel walls. This process is similar to the one developed in
[1]. The PEG-grafted surface prevents nonspecific adsorption with biological entities and lubricates the
object flow. The device is then rinsed with deionized water, dried, and stored under ambient condition
(the PEG-grafted surface has long-term stability).

Biological Sample Preparations for OFM Experiments
Chlamydomonas cells (8–16 µm) were purchased from Carolina Scientific. Before use, the cells are
immobilized by heat bath at 50ºC for 10 minutes. The cell is suspended in the culture buffer provided by
the company and then used directly without dilution. Mulberry pollen spores (11 µm to 16 µm) were
purchased from Duke Scientific, and polystyrene microspheres (10 µm) from PolyScience respectively.
These are suspended in 1.0 mM phosphate buffer saline (PBS). The cell suspensions are sonicated before
use. The suspensions of G. lamblia cysts and trophozoites (H3 isolate) were purchased from WaterBorne,
Inc., USA. They are fixed and preserved in 5% Formalin/PBS at pH 7.4/0.01% Tween 20. The G. lamblia
cyst has an oval shape, about 7–10 µm in width and 8–13 µm in length, while its trophozoite form has a
particular pear shape and is approximately 10–20 µm in dimension. Before use, the suspensions were
sonicated and filtered with a 40 µm cell strainer (BD Falcon, USA). The number concentration of targets
in the suspensions is approximately 106 per ml.
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Appendix

A.2:

Advanced

Microfluidic

Control

for

High

Throughput Applications

The incorporation of a hydrodynamic focusing system to OFM can not only control the motion of the
biological samples in the OFM image-acquisition region, but also increase the throughput of the OFM
systems dramatically. The hydrodynamic focusing unit is composed of an injection unit where the sample
cell suspension is introduced to the system, and two focusing units which create sheath streams to focus
the cells to the core (the mid axis of the microfluidic channel). In Chapter 2, we discussed that when the
biological samples are translating in the channel mid-axis, their vorticity is exactly zero. In theory, the
flowing sample will not experience any rotational motion regardless of its shape or orientation. After
passing the focusing region, the cells will reach a steady state in the OFM region for good image
acquisition, as shown in Figure A.2. Notice that this illustration is for 2-D hydrodynamic focusing. We
have already demonstrated in experiment that with a simple 3-D hydrodynamic focusing unit, the
microfluidic flow of 10 µm microspheres focused to the channel mid-axis less than 1 mm under
optimized conditions. The building of 3-D hydrodynamic focusing is similar to [2] in including additional
sheath flow channels from the top and bottom of the sample flow channel. The rate of the cell flow is
determined by the flow rate of the focusing units, the differential pressure before the focusing units and
the injection units and the concentration of the sample cell suspension. Although we do not expect the
throughput rate of our OFM system, assisted with the hydrodynamic focusing unit, to be as high as most
commercially available flow cytometers (which can have a throughput rate up to a few thousands cells per
second), we think it is very possible to have a throughput rate of about one thousand cells per minute. It is
worth mentioning that there are recent developments of an exciting microfluidic self-focusing technique
using inertia microfluidics [3]. Biological samples with different shapes can be aligned hydrodynamically
in a certain orientation by inertial effect. It has been demonstrated that inertial microfluidics requires a
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simple planar configuration in the design of the microfluidic channel, which can be readily adapted to
OFM applications [4, 5]. We also notice that there exist other approaches for focusing biological samples
in a microfluidic channel, for example, by electrokinetics or acoustics [6, 7]. Although these
implementations require a more complicated design, they deserve a close look to evaluate the suitability
of adapting these techniques to OFM applications.

sample flow
focusing region

OFM region

Figure A.2 A hydrodynamic focusing unit for high throughput OFM applications
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Appendix A.3: Numerical Simulation Scheme

A numerical simulation scheme has been implemented to determine the PSF of the collectionFZP-aperture unit as shown in Figure A.3.1. The purpose of this numerical simulation study is to validate
with the experimental result in Section 3.2.3.1. The electric field distribution from a point source at the
object plane is calculated in the zone plate plane. A Fresnel zone plate with zonal radii based on the
formulation in Section 3.2.2 is imposed in the zone plate plane. The transparent zone transmits the electric
field while the opaque zone blocks the electric field from the point source. This electric field distribution
truncated by the zone plate is propagated in free space. With the paraxial approximation, the diffraction
pattern in the detection plane can be calculated using the Fresnel-Kirchhoff diffraction integral
formulation [8]. The intensity distribution in the detection plane of the diffraction pattern is calculated by
simply taking the square of the absolute value of the electric field. The light intensity collected by the
aperture is determined by integration of the intensity distribution enclosed by the collection area in the
detection plane. The detailed formulation of this numerical simulation scheme is illustrated in Figure
A.3.2. Note that the simulation scheme is based on scalar diffraction theory, which neglects the
fundamental vectorial nature of light as an electromagnetic wave described by Maxwell’s equation. The
scalar theory is able to yield highly accurate results under the following conditions: (1) the size of the
diffraction aperture or grating must be large compared with the wavelength and (2) the detection plane of
the diffraction pattern has to be placed sufficiently far enough from the plane of the aperture or the zone
plate [9]. It is possible to use commercial numerical simulation tools such as, COMSOL or CST Studio,
which is based on FEM or FDTD numerical methods to solve the complete Maxwell’s equation. However,
given the large size of propagative free space in our problem, the numerical computation is expected to be
very demanding.
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Figure A.3.1 A numerical simulation scheme based on Fresnel-Kirchhoff diffraction integral
formulation to determine the focusing property of the FZP-aperture unit
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Figure A.3.2 The formulation process based on Fresnel-Kirchhoff diffraction integral to determine
the focusing property of the FZP-aperture unit
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Appendix A.4: Characterization of Different Factors affecting the
Optical Performance of Collection FZP-aperture Unit

Characterization of individual Collection FZP-aperture unit - experiment

A set of experiments has been conducted to characterize the focusing property of individual zone plates in
the collection-mode FZP-aperture OFM device. Note that the characterization is conducted using a 40 μ
water immersion with NA=0.8 and focal point resolution of 330nm. The mean FWHM values of 12 FZPaperture units is 1.1m and the standard derivation/mean = 7%. We find that there is a noticeable
disagreement between these values and those in Section 3.2.3.1. The reasons can be attributed to the
following. The FZP-aperture units tested in this study are actually come from a dissembled collectionmode FZP-aperture OFM device. This set FZP-aperture array coated with a PMMA layer of 5m and the
PSF characterization was conducted in a water immersion objective. In addition, I also experienced some
difficulties to search the focal plane for every FZP-aperture units in a single scan using the motion
controller with a scanning distance about 200 m. We may be able to achieve a higher optical resolution
with a better optical setup. Nonetheless, this set of study illustrates that the variation of the focusing
property of individual FZP-aperture unit is not significant successive 12 FZP-aperture units in the OFM
device.
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Figure A.4.1 A plotting showing the FWHM and intensity variation for individual FZP-aperture
in the collection-mode OFM device
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Variation in the refractive index of photoresist – numerical simulations
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Figure A.4.2 A plotting showing the effect on the normalized FWHM and intensity of the
collection FZP-aperture when there is a deviation in the refractive index of the photoresists
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Variation in the thickness of photoresist – numerical simulations
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Figure A.4.3 A plotting showing the effect on the normalized FWHM and intensity of the
collection FZP-aperture when there is a deviation in the thickness of the photoresists
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Variation in refractive index of photoresist – numerical simulations
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