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ABSTRACT

OPTICAL DETECTION METHODS FOR MICROFLUIDIC DEVICES

Optical technology is a common tool integrated onto microfluidic devices to aid in data collec-
tion and counting for biological and chemical research. In this study, a simple optical technique
was investigated as a detection method for microfluidic impedance cytometry (MIC) devices. The
MIC devices were designed to characterize size and structure of parasite eggs through electrical
impedance measurements. This data could directly benefit the medical and veterinary communities
by providing information to aid in addressing helminth infections in humans and animals. The cur-
rent MIC device and instrumentation does not provide a robust way to validate which impedance
changes correlate to parasite eggs passing through the electrodes. To address this, an optical detec-
tion method was designed, implemented and tested on two different types of microfluidic devices:
a glass device and printed circuit board (PCB) device.

The optical hardware was accompanied by a trigger circuit that was used to process and ma-
nipulate the detected light signal. The circuit was designed with a sensitivity that would detect
small changes in light from strongyle-type eggs flowing through the microfluidic channel. The
trigger circuit was composed of multiple stages of signal amplification and oscillation suppression
techniques so the changes in light could clearly be detected by the electronics. This method proved
to be successful in detecting voltage changes ranging from 1.7 mV to 6.8 mV which resulted from
strongyle egg sized particles (63-75 pm in diameter) flowing through the microfluidic channel.

Adaptations for the optics, bench set-up and microfluidic device design were investigated to
transfer this method to different laboratory settings. This study outlines the process of utilizing
basic lab tools and components to create an easy to implement optical detection method for a

variety of chip designs and laboratory set-ups.
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Chapter 1

Introduction

Microfluidics research is a growing field in chemical and biological sciences and is a technol-
ogy used to control and manipulate fluids flowing through a microchannel. In a field of microflu-
idics called microfluidic impedance cytometry, micron size particles are studied by suspending the
particles in liquid and passing them through a microchannel [1, 2]. Microfluidics can incorporate
various measuring techniques which includes electrical and optical [3, 4]. Microfluidic chips pro-
vide a simple, compact and cost effective alternative to large traditional equipment used for cellular
and micron sized studies [5].

Microfluidic impedance cytometry (MIC) is a label-free technique used to count and charac-
terize various types of cells through electrical measurements [6]. In the research accompanying
this thesis, MIC was being investigated as a method to study parasite eggs. The impedance data
acquired from parasite eggs is expected to provide measurements concerning the exterior and in-
terior structure of the egg. This information could directly benefit the medical and veterinary
communities in addressing and studying helminth infections in humans and animals.

Optical integration onto microfluidic devices is another common measurement technique. Flu-
orescence based measurements, optical scattering, microscopy and miniaturized flow cytometers
are a few of the ways optical methods have been used in molecular and cellular microfluidic anal-
ysis [7]. Optical systems are generally bulky, expensive and require trained personnel to operate,
which can limit the availability of this technology to some laboratories. Miniaturization of optics
such as micro-lenses and small diameter optical waveguides have been one way researchers have
successfully incorporated optics onto these devices [7, 8]. While implementing micro-optics onto
microfluidic devices reduces the size of the optics, issues such as scattering and unwanted reflec-
tions make integration of the optics difficult [7] and still requires trained personnel to operate and

integrate the optics.



1.1 Motivation

The goal of our MIC chip was to provide a portable and label-free method for determining
helminth infections in livestock. Using an MIC device to study and count parasitic loads in animals
could lead to the elimination of bulky equipment which would allow for untrained personal to test
their own animals in a cost effective way.

The design of our MIC data acquisition instrumentation did not have a robust method for taking
impedance data for every egg/glass bead (used for testing) passing through the channel [9]. A
field programmable gate array (FPGA) took impedance measurements in 4 second intervals with
an additional 4 second off-loading interval of data onto the computer [9] where no impedance
data could be collected. This could lead to missing measurements of objects flowing through the
channel during that off-loading period. This could yield an inaccurate count of eggs in a test
sample. While an average count of eggs/beads could be obtained by taking the average events that
occur in each time period, clumping of eggs/beads and the non-uniform dispersion of particles in
the medium could offset this average count. The only form of verification of the impedance data
was a live video feed where the times of events were recorded separately and then later correlated
to the collected data. This created some uncertainty on whether the impedance data recorded
corresponded to an egg/glass bead, debris, bubble or the suspending solution as the exact times
recorded based on the live video feed varied slightly from the time on the recorded data. An
optical trigger could alleviate these problems by providing a signal when an egg passed through
the electrodes. This signal could then be correlated to the impedance data and be used to initiate
data acquisition. The optical signal of a parasite egg passing through the channel could also provide
the ability to obtain an absorption profile of the egg. This absorption profile would be an additional
measurement in characterizing the size and shape of the egg and could be used to compare against
the impedance data. This could reveal trends between the two types of data potentially providing

more information for helminth research.



1.2 Overview of Chapters

The information outlined in this document provides the methods used to establish an optical
detection system to enhance data collection for the MIC devices and presents the results of the de-
sign capabilities. Multiple design stages of the light detection and trigger circuits were conducted
using different microfluidic devices, test samples and optical set-ups. These stages are summarized

in Table 1.1 and detailed explanations can be found in the corresponding sections.

Table 1.1: Summary of circuit design stages. TIA: Transimpednace Amplifier, LPF: Low Pass Filter, HPF:
High Pass Filter and PCB: Printed Circuit Board.

o ) o ) Manuscript
Circuit Microfluidics Test Sample Optics
Section
TIA Glass Stationary Glass Bead | Microscope 1 4.2
TIA Glass Moving Glass Bead | Microscope 1 4.2
TIA and
None Opaque Card Microscope 1 4.3
Inverting Amplifier
LPF
None Opaque Card Microscope 1 5.2
without Buffer
LPF
None Opaque Card Microscope 1 5.2.1
with Buffer
LPF with
None Opaque Card Microscope 1 5.2.1
Amplifier
HPF None Sewing Thread Microscope 2 5.3
Paint Spot on Plastic Fiber
HPF PCB 442
Fishing Line Optic Cables
HPF and LPF at
None Sewing Thread Microscope 2 54
Comparator Output




Chapter 2 provides a background of the current methods used to test for parasitic infections,
technology of microfluidic systems (specifically MIC) and optical sensing methods for microflu-
idic devices. Discussion in this chapter focuses on the inconsistencies and difficulties with the
current methods for diagnosing helminth infections and how the use of MIC devices can help
mitigate those issues. An optical addition to microfluidic devices could be used to enhance data
collection by providing cost effective and sensitive measurement techniques in addition to other
data collection methods on the chip.

Chapter 3 discusses the apparatuses used to carry out the experiment. This chapter outlines
the design of microfluidic devices used for testing and the optical set-ups for each device. The
motivation behind the different samples used for testing the apparatus and circuit are outlined at
the end of this chapter.

Chapter 4 describes the design of the light detection circuit. The design process and corre-
sponding results for each design phase are discussed and presented here. Test results from samples
described in Chapter 3 are presented here.

Chapter 5 outlines the design for the input voltages for the operational amplifier comparator
trigger circuit. Multiple designs were tested to determine an effective technique to create a refer-
ence voltage for the comparator circuit. Simulations and breadboard tests were done to guide and
troubleshoot the various designs.

Chapter 6 discusses the procedure for designing and adapting optical detection systems for dif-
ferent styles of microfluidic devices and different laboratory environments. Design considerations,
methods for testing and errors to be aware of are discussed in this chapter to guide users on how to
design and tailor an optical detection system to their specific microfluidic needs.

Conclusions and future work are discussed in Chapter 7.



Chapter 2

Background

2.1 Introduction

Parasitic infections in livestock and humans is one of the world’s leading cause of mortality
[10]. Specialized tests and training is required to properly diagnose helminth infections and there
has been little advancement in the methods of testing [11]. A parasitic load in a host (animal,
human or other organism harboring a parasite) is the number of parasites present in the host.
Determining the parasitic load is important to establish the level of the infection which in turn
will guide necessary treatment. Many methods for diagnosing target specific species of parasites
and require intensive lab processing to obtain accurate results [11]. This makes diagnostic tests
expensive and can limit reliability and availability.

Microfluidic impedance cytometry is a label-free method that can be used to characterize many
kinds of cells [6], and one study has used this method to identify and analyze giardia at the oocyst
level [12]. The current design of our MIC device aims to collect impedance measurements of
parasite eggs passing through a 200 ym wide channel [9]. The impedance measurements of the
eggs could lead to accurate counts and characterization of different kinds of parasitic loads and can
be done by passing a small fecal sample through this simple device that would not require special
training or education to use. The addition of an optical detector to this device could confirm
which impedance measurements correspond to parasite eggs and yield greater confidence for data
analysis.

Optical sensing and detection methods are commonly used with microfluidic research as there
is a breadth of techniques that can be applied to obtain various kinds of data. Optics have been used
to measure changes in light intensity, wavelength and phase to create profiles of the particles of
interest [13]. It has also been used for mechanical processes such as cell sorting and manipulation

on microfluidic devices [14]. Optical technology can be miniaturized with reduced fabrication



costs making it a favorable addition to microfluidic devices. Micro-optics are not widely used
as the miniaturization compromises performance and sensitivity of the optics through coupling,
reflective and other types of losses [14, 8, 13]. While on-chip optics is commonly integrated into
high level microfluidic research, due to the specialized design requirements, optics are still not a

routine practice for commercialized microfluidic devices [13].

2.2 Parasitic Diagnostic Methods

Parasite diagnostics have changed little in the past 20-30 years [11] and most tests rely on bulky
and specialized equipment to accurately diagnose a parasitic infection. Fecal flotations, blood tests,
molecular assays and microscopy methods are amongst the most commonly used techniques, but
these methods often yield inaccurate results due to human error in interpretation of the data, incor-
rect sampling and poor preservation of the sample. This can often lead to a false diagnosis [15].
In some cases, a multitude of tests are required to accurately diagnose a helminth (parasitic worm)
infection due to the specialization of tests for different species, lack of sensitivity, compromised
samples and human error. Future development in diagnostic technologies for helminth infections
look towards reliable, cost effective, user friendly and more portable devices for diagnosis [10].

Accurate parasite tests for livestock, animals and humans is a key factor for the progress of ad-
dressing and treating various types of helminth infections. Tests aid in determining geographical
origins of parasites which help determine how they are spread and gives way to development of the
most effective treatments [15]. There are many tests available to determine parasitic loads in ani-
mals that range from clinical tests to specialized tests that need to be conducted in the laboratory.
Practitioners can carry out fecal floatation, in-house immunochromatographic and coproantigen
tests. The conventional microscope tests (such as fecal flotation) are not able to distinguish be-
tween different species of parasites of the same genus within a single sample [10]. Laboratory
tests include immunofluoresence antibody tests (IFAT), enzyme-linked indirect serology assays
(ELISA) and molecular methods such as polymerase chain reaction (PCR). The laboratory tests

are highly sensitive and rely upon proper handling of samples and trained scientists to run tests



and interpret results [10]. In addition, these methods of diagnosis can be over $100 per test panel
[10] and are not as available as other lower cost tests. Most tests can identify a range of parasites,
but extra tests may be required if other helminth issues are suspected. Nearly all tests are unable to
identify between mild, severe and reoccurring infestations and require specialized equipment and
trained personnel to carry out diagnosis [11, 15].

Microscopy 1is the leading technology for parasitic diagnosis compared to other widely used
techniques such as assays, fecal floatation and serological based tests [15, 10]. Microscopy is one
of the main practices for parasite diagnostics because it provides a range of methods that can be
implemented for testing [10]. Some microscopy tests can be inexpensive making it more accessible
to low income areas or research, but is not conducive for incorporating sensitive and precise testing
instrumentation [11, 10]. Samples for microscopy studies range from invasive collection such as
blood, bone marrow, tissue, lymph node and cerebrospinal fluid [11] to non-invasive collections
such as fecal samples [11, 15, 10]. While there are many options in microscopy for testing, success
of tests still relies on knowledgeable staff, financial support and proper handling of the samples
which causes variability in accuracy of the results [10]. Changes in the technology could improve
the accuracy of test by eliminating the margin for error when handling, storing and interpreting the

data.

2.3 Microfluidics

Cellular research is paramount in understanding biology and the biological process of life,
but the small size and diverse population of cells make them difficult to study. Microfluidics has
been an integral tool in cellular research since the 1990s [16] that utilizes small amounts of flow-
ing liquid through tiny channels and can incorporate a variety of cell detecting and measurement
techniques [16, 5]. It is predominately used for research in medicine, biology and chemistry [5].
Microfluidic devices hold multiple advantages in studying and analyzing cells over tradition labo-

ratory techniques as they are small volume diagnostic tools, inexpensive, have short reaction times



and high throughput for data analysis [5]. The versatility of microfluidic chips allows for progress
in niche cellular research lending advances in the understanding of cellular biology.

A variety of detection and analysis techniques can be implemented onto microfluidic devices.
Optical and electrical are the most widely used techniques and have been used to study and an-
alyze the morphology and interactions of cells [4, 6, 3]. Common optical measurements include
absorbance and fluorescence. Electrical based microfluidic measurements are label-free methods
that provide an electrical model of cells yielding information on morphology and structure. These
measurements are based on the impedance properties of a single cell at various frequencies [6]. In
depth detail on electrical based microfluidic technology is discussed more in Section 2.4. Mechan-
ical stimuli can also be implemented onto microfluidic devices which studies the cellular morphol-
ogy response to stress and strain, co-culture interactions and response to different environmental

stimuli [16].

2.4 Microfluidic Impedance Cytometry

Microfluidic impedance cytometry (MIC) is a label-free and non-invasive technique used to
count and characterize single cells and has successfully been used to study mammalian and bac-
terial cells [6, 9, 4]. The cells flow through a microfluidic channel where they are measured at
high and low frequencies. The “polarizations of the cells induced by an AC field, cause charges
to accumulate between the cell membrane and suspended solution which have different dielectric
properties”’[6]. As the AC frequency applied to cell changes, the polarization of these built up
charges change, and when measured, provide an impedance profile of the cell [6].

MIC is based on the Coulter Principle where the change of impedance of a conductive fluid
between electrodes is proportional to the volume of the particle obstructing the path of the current
[17]. The electrical properties of the cell reflect information regarding the physiology of the cell
such as the morphology of the membrane, cell size and characteristics pertaining to the cytoplasm
[4]. A range of AC frequencies can be applied to an electrolytic solution to identify impedance

changes in that solution. As a cell passes through the applied field, charge accumulates between



the cell membrane and solution due to their difference in dielectric properties [6] which causes a
change in resistance of the field. At low frequencies the cell membrane is essentially opaque (pro-
vides no current flow) and yields information on the cell size and volume. At high frequencies the
cell membrane is seen as transparent and information regarding the internal structure and composi-
tion of the cell can be obtained [6]. These measurements can provide structure, size and composi-
tion information of each individual cell letting scientists distinguish between different populations
[6]. This can give scientists and doctors a wide range of information regarding cellular processes

and can be applied to clinical studies of drug screening and diagnosis for cellular pathologies [6].

2.5 MIC for Parasite Egg Analysis

In a proof-of-concept study, a MIC device was designed with the aim to collect impedance
data on parasite eggs to provide an advanced testing apparatus for parasitic loads in livestock.
Diagnosis and antihelminth treatment for large populations of livestock is highly dependent on
fecal egg count reduction tests (FECRT) [9]. These tests can be costly due to shipping of samples
and the need for trained scientists to interpret data and also involves time lags between sample
collection and testing that could destroy the integrity of the sample [9]. This study consisted of
fabricating a glass MIC device with a 100-200 ym wide channel with electrodes connected to a
field programmable gate array (FPGA).

This MIC device utilizes multiple AC frequencies to gather information such as size, compo-
sition and structure of cells creating a full profile of the egg based on its electrical measurements
[9]. The structures of the cell each have different polarizations so when an AC field is applied, it
causes a charge accumulation between the membrane of the cell and the medium it is suspended
in due to their different dielectric properties [6]. Fig. 2.1 shows the change in impedance (A Z)
versus the AC frequency.

When lower AC frequencies are applied to the channel, the shell of the parasite egg acts as
an insulator and blocks current flow through the egg providing information regarding the size and

shape. At higher AC frequencies, current passes through the shell of the egg and thus can provide



a profile of the internal structure of the egg. The multiple AC frequencies are necessary to provide
a full profile of the egg due to the the different structures of the egg being opaque at different

frequencies as discussed in Section 2.4 [9].
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Figure 2.1: Illustration of the impedance change (A Z) versus the AC frequency. At lower AC frequencies,
the shell of the egg acts as an insulator and no current flows through the particle. Higher AC frequencies do
penetrate the egg shell providing internal structural information. Reproduced from proposal figure created
by Kevin Lear.

An initial test of impedance data acquisition was done using glass beads with diameter sizes
ranging from of size 63-75 pum, (approximately the same size as strongyle eggs at 65-100 pm[18])
combined with saline solution, that was pushed through the channel. The preliminary glass bead
study was done to provide a beta test for the experiment. The results showed that the glass beads
resulted in an increased impedance as they passed through the electrodes [9]. The impedance

profiles of the glass beads are shown in Fig. 2.2.
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Figure 2.2: Time profiles of the change of impedance of a glass bead flowing through the microfluidic
channel. The time profiles of impedance change at (a) 10 MHz and (b) 0.5 MHz demonstrate the different
profiles of the bead when probed at the different frequencies. (c) Image of a glass bead as it passed through
the 100 um wide channel. Image from J. Nejad, et al, Multifrequency Microfluidic Impedance Cytometry
Using a Field Programmable Gate Array for Parasite Egg Analysis [9].

While the structure and composition of the glass beads differ from that of strongyle eggs, these
results provided confidence moving forward that particles of the same size and similar density
would cause a change of the impedance. This would make it possible to count and study parasite
eggs using this technique.

This MIC device was designed with electrodes fabricated using a lift off process onto glass
slides joined by a double sided, laser cut adhesive tape channel 100-200 pm wide. This adhesive

channel allowed the two glass slides to be combined to create the entire device. Headers for the
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electrodes were placed on the side of the slides and used to connect to the FPGA for applying
frequencies to the channel and to record impedance data [9]. The transparency of the glass slide
allowed a camera image of the channel to verify the contents as well as provide an off-chip optical
detection technique to improve data collection. The optical detection technique is discussed in

Chapter 3, 4 and 5 of this manuscript.

2.6 Optical Sensing for Microfluidic Devices

Optical sensing technology is commonly integrated onto microfluidic chips and used for data
collection and counting [7]. There are two main kinds of optical detection methods and can be
implemented on or off the microfluidic device. On-chip optics allow for precise measurements but
require special equipment and training to integrate correctly while off-chip optics require bulky
and expensive equipment, but are generally easier to integrate [13]. Sensitivity of optical methods
is reduced when implemented on the micro scale due to smaller optical path lengths and a decrease
in size of the sensors [8].

Optofluidics is the integration of optical technologies onto microfluidic devices. Common im-
plementations of chip integrated optics includes fluorescent based measurements, optical scattering
and various forms of spectroscopy [16, 7] and incorporates labeled and label-free techniques. The
design goal of optofluidics is to reduce size and complexity of the traditional bulky and expensive
optical systems. One technique that is used involves placing optical waveguides onto the device
oriented close to the channel. This miniaturizes the optical detection equipment and eliminates
the need for manual alignment. Possible scattering and unwanted reflections off the surrounding
surfaces are a result of these on-device waveguides which can limit the accuracy of data collected.
To remedy this, micro lenses are designed to focus the light to reduce the scattering and surface
reflections [7]. On-chip optical sensing also requires access to microtechnology and the ability to
accurately incorporate it onto a microfluidic chip [8]. The on-chip design does allow for a more
compact device and is cheaper to produce in the absence of expensive and high-powered equipment

[8].
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Off-chip techniques are much easier to incorporate to microfluidic devices as there is very
little, if any, microengineering involved. The off-chip optical technology generally consists of
larger high-powered equipment that requires special training and specific environments to operate.
Off-chip optical devices require proper alignment by the user and can be much less sensitive than
that of on-chip devices as more background interference can be collected in detection [8]. While
this is less than ideal for micro-detection research, off-chip devices can be easily coupled with
more sensitive equipment to reduce errors in data collection. Off-chip techniques can be used for
sensing which includes probes, sorting and manipulation technologies. These methods generally
require high powered lasers. Off-chip methods are not ideal as they require external alignment and
tend to be less accurate [14]. The research discussed in this manuscript tests both on and off-chip
approaches for optical integration to microfluidic technology.

Applications for optical data collection falls into two categories: measuring the change in
light intensity and change in wavelength [13]. The change in light intensity measurements in-
clude absorbance, fluorescence and chemiluminescence and generally are conducted using macro
scale optical technology. Absorbance measurements are some of the most widely taken measure-
ments as they are easy to implement off-chip and can do so at a low cost. To increase accuracy
and sensitivity for absorbance-based measurements, optical waveguides can be directly integrated
onto the microfluidic device which eliminates discrepancy in alignment and minimizes background
signals. Fluorescence is another common technique used and is more sensitive than absorbance
measurements. Laser induced fluorescence provides the ability to focus on small regions (like a
microchannel) while maintaining a high energy beam. Simpler methods for fluorescence measure-
ments in microfluidics include implementing a laser emitting diode (LED) as the light source, as
described in an experiment by Miyaki et al [19]. The benefit of the LED based method is that it
requires lower power light sources that are cheaper and easier to obtain [8, 19]. A majority of mea-
surements taken using the fluorescence based techniques do require labeling of the particles which
can be undesirable as it limits the kind of particles that can be studied due to limited availability

of the fluorescent particles and fluorophores that can be bound to particles. Chemiluminescence
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is a highly sensitive method for optical measurements of particles using simple instrumentation
and eliminates the need for an external light source. This method requires chemical regents to be
mixed with the analytes on the device for proper detection which limits the types of samples that
can be studied and increases the complexity of the microfluidic chip design [8]. Other methods
that have been done with optics are measuring the change in the wavelength, phase or polariza-
tion. Changes in phase have been measured using “miniaturized interferometers and resonators for
refractive-index-based detectors” as discussed by K. Mogensen and J. Kutter [13]. This is a much
more sensitive technique but prone to inaccuracies caused by temperature and fluctuating wave-
lengths. Measuring changes in wavelength requires very precise and compact on-chip optics for
light manipulation which allows for more sensitive measurements but are much harder to design
and manufacture.

Miniaturized versions of flow cytometers are a common off-chip design used with microfluidic
devices and have been developed to measure fluorescent scattering of cells. Flow cytometers work
by shining laser light at a stream of particles and measure either the scattered light at various angles
or fluorescent emissions. These flow cytometers can distinguish between populations within the
same sample, obtain data of targeted characteristics of individual particles and measure the flow
speed of particles using two lasers. These devices are reliable tools for analysis but are bulky,

costly and require trained operators [3, 7].
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Chapter 3

Microfluidics, Optical Apparatus and Samples

3.1 Introduction

The apparatus for the optical detection method integrated into this microfluidic research con-
sisted of different microfluidic chips, microscopes and optical components used to collect and
transmit light. The microfluidic channel was illuminated from below and the light was collected
by either an objective lens or fiber optical cable that was then coupled into a photodiode (Optek
OPF482, please see Appendix E for data sheet) operating in the photoconductive mode. A core di-
ameter of 1 mm was chosen for the fiber optic cable as it allowed for a large area of light collection
from the channel to improve the signal to noise ratio of the optical signal. The 1 mm optical fibers
were already assembled with an ST connector to fit the photodiode which eliminated unnecessary
purchasing and assembly time.

The two microfluidic devices used were a glass microfluidic device developed by Colorado
State University (CSU) PhD candidate Jasmine Nejad and a printed circuit board (PCB) device
developed by CSU graduate student Lakshmi Abburi. Each device used a variant method for de-
tection to accommodate the different opacity of the materials of each device. This chapter outlines

each experiment set-up and the types of samples used for testing the apparatus.

3.2 Microscope Set-Up

Two different microscope set-ups were used for this research. The first microscope included a
stage with a micrometer mount which allowed the user to manually adjust the lateral position of the
stage. The illuminated light source was either a blue fiber coupled LED or a white light lamp. The
blue fiber coupled LED was used during tests with parasite eggs because a better camera image of
the eggs was obtained due to biological tissues being more absorbent in the spectral range 400 nm

to 500 nm [20, 21]. The white lamp was used at all other times as the opacity of the glass beads
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were not wavelength dependent and the white light provided a better camera image than the blue
fiber coupled LED. A beam splitter was placed after the objective lens to send light to a camera as
well as to the photodiode. The first microscope bench set-up was located in the CSU laboratory

and is shown in Fig. 3.1.
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Figure 3.1: The bench set-up of the first microscope used for data collection.Two light sources were used
during testing: one blue LED light coupled into a fiber optic cable and a white light lamp.

In March 2020, the severe acute respiratory syndrome coronavirus 2 (more commonly referred
to as COVID-19) pandemic caused Colorado State University (CSU) to close campus and all lab-
oratories. The remainder of this project was conducted remotely and the initial microscope set-up
in the lab was no longer available and was replaced with a smaller, personal microscope. The sec-

ond microscope consisted of a 20 W incandescent bulb illuminating the microfluidic channel from
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below. The light was directly collected by the photodiode from the objective lens and fiber optic

cable. The second microscope set-up is shown in Fig. 3.2.

Fiber Optic .

Cable
Microfluidic Chip
Light
Source
To
Oscilloscope Circuit

Figure 3.2: The bench set-up of the second microscope used for data collection. The illuminating light
source on this microscope set-up was a 20 W incandescent bulb.

The glass microfluidic device needed to be modified to accommodate the smaller size of the
second microscope. The device was modified by removing the exit tubing to fit between the ob-
jective lens and microscope stage. The working distance of the 4 x/0.1 NA (numerical aperture)
objective lens was found to be approximately 1.3 cm and the room required for the exit tubing
lifted the glass device too close to the objective lens and out of this working distance. The device

was lifted by 0.5 cm thick pieces of cork to allow the liquid to flow out of the channel unobstructed
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by the stage. Lifting also alleviated possible pressure changes in the channel caused by the contact
between the microscope stage and exit of the channel. The removal of the tubing and the added
lift did not affect the fluid flow through the channel or the process of data collection. The modified

MIC device is shown in Fig. 3.3.

— ' _
—_——

Figure 3.3: The modified glass MIC device used on the second microscope set-up. The exit tubing was
removed, and the chip was raised to allow liquid to flow out of the channel without any obstruction and
pressure changes caused by the contact with the microscope stage.

The two bench set-ups gave insight on modifications required when using this design of a
simple optical detector on changing systems. These adaptations are discussed more in Chapter 6

of this manuscript.

3.2.1 Optical Considerations

The intensity change of the light collected by the photodiode was dependent upon the optical
equipment being used. Each microscope set-up had different magnification and NA values. The
magnification and NA determined the resolution of an image and the depth of focus which could
alter the intensity of the light collected. The fiber optic cable was placed at a fixed distance from
the objective lens and had no additional lens to focus all the light into the cable.

On the smaller at home microscope set-up, the vertical translation of the stage had a significant

effect on the level of the voltage recorded by the circuit. As the distance between the objective lens
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and stage changed, the baseline voltage changed creating an offset between the reference voltage
on the comparator and the incoming signal. The second microscope set-up had an additional lens
in the aperture on the microscope stage that was believed to have contributed in the change of the
baseline voltage. This offset compromised the ability for the comparator to detect any changes in
voltage.

For the 4x/0.1 NA objective lens used on the second microscope set-up, the total distance
of stage translation was approximately 3.18 cm and the total distance between the objective lens
and the light bulb used for illumination was an unchanging 11 cm. It was found that as the the
distance between the the stage and objective lens decreased, the baseline voltage of unobstructed
light increased. A change of approximately 124 mV was recorded for the full vertical translation
the microscope stage. This behavior is shown in Fig. 3.4.
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Figure 3.4: Voltage change that is linearly related to the power of the light entering the photodiode as the
distance between the microscope stage and objective decreased. A change of 124 mV was recorded for a
full vertical translation of 3.18 cm of the microscope stage. The increase in voltage corresponds to the stage
moving closer to the objective lens. This was enough to compromise the ability of the comparator to detect
changes in voltage.
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A test of the optics was done by measuring the change in voltage at various distances between
the objective lens and microscope stage. The data taken supports the trend in Fig. 3.4 that a smaller
separation between the objective lens and the stage yields a higher baseline voltage. The voltage
data recorded at various separation distances of the objective lens and microscope stage are shown
in Fig. 3.5.
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Figure 3.5: Voltage values recorded at various separation distances between the objective lens and the
microscope stage. The smaller the separation between the lens and the stage, the higher the baseline voltage
value. This plot demonstrates a full vertical translation of 3.18 cm of the microscope stage. The output
voltage in this plot is recorded from the output of the transimpedance amplifier of the circuit which is
discussed more in Section 4.2.

The glass device was then moved through the light detection area on the microscope to de-
termine if the adhesive material along the channel had any effect on the baseline voltage. As the
glass device passed through the light, there was a decrease in voltage when the edges of the glass

and edges of the adhesive passed through the beam. This caused the light to scatter decreasing the
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amount of light entering the objective at that moment. This change in voltage as the glass device

passed through the beam is illustrated in Fig. 3.6.
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Figure 3.6: Baseline change in voltage as the glass device was passed through the optical detection area. A
decrease in baseline voltage occurred at the edges of the glass and edges of the adhesive causing the light to
momentarily scatter and thus not all the light was collected by the objective lens.

To avoid baseline changes in voltage due to the optics, the microfluidic channel had to be

aligned with the detection area and the stage height had to be set so the channel was imaged by

the objective lens onto the fiber. This helped to avoid possible scattering from the edges of the

adhesive tape. To do this, the height of the stage was set to a separation distance of 1.27 cm

between objective lens and microscope stage which was at the working distance of the objective

lens. A focus was found by back propagating laser light through the optical fiber and onto the

microscope stage. The microscope stage was then adjusted to where the back propagated light
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spot came to a focus. The inside of the microfluidic channel was positioned in that focused area so
the objective collected all the light coming from the channel.

The change in the baseline voltage shown in Fig. 3.4 and 3.5 was a key factor in accurate
operation and detection of the trigger circuit used in this research. As the distance between the
objective lens and microscope stage changed, this baseline voltage changed which resulted in an
offset between the inputs on the operational amplifier (op-amp) comparator circuit. The offset due
to the changing height of the microscope stage, along with other additional factors contributing to
the offset, were alleviated by filtering the signal before it was input to the comparator. The effect
on the data, and the design steps taken to eliminate the offset between signals is discussed in detail

in Chapter 5 of this manuscript.

3.3 Glass Microfluidic Device

The glass microfluidic device was fabricated using two glass microscope slides bonded to-
gether by a microfluidic channel. Complete fabrication details of the glass MIC device, including
electrodes is outlined in detail by J. Nejad et al [9]. The transparent properties of the glass drove
the design for an off-chip optical detection method. The glass microfluidic chip required no modi-
fications to apply the optical detector as light could easily be shone through the glass and collected
by a microscope.

The foundation of the glass MIC device was assembled based on designs developed by Jas-
mine Nejad [9] and composed of three main components: two glass microscope slides, a laser cut
double-sided adhesive channel and flexible polymer tubing. Exit and entrance holes for the chan-
nel were drilled onto opposing sides using a diamond coated drill bit. The polymer tubing was
aligned to the drilled holes and glued to the slides. Once the glue holding the tubing to the slides
dried, the laser cut adhesive was aligned with the holes and adhered to one of the slides. The glass
slides were then secured together using the laser double-sided adhesive channel. The construction

of the device is outlined in Fig. 3.7.
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Figure 3.7: A CAD layout of the three main layers of the glass MIC device: electrode slide (bottom),
double-sided adhesive channel (middle) and slide with drilled entrance and exit holes (top). For testing the
optical device, the bottom slide was generally a plain glass slide without electrodes. The device tested for
the optical technique had entrance and exit hole drilled onto opposing slides instead of the same slide as
shown in this image. Image reproduced from [9] created by Jasmine Nejad.

For the purpose of testing the optical detection technique for the glass slide, the bottom slide
of the device was generally a plain glass slide without electrodes. The addition of the electrodes

had no effect on the functioning of the optical detector.

3.4 PCB Microfluidic Device

The microfluidic PCB device was designed by CSU graduate student Lakshmi Abburi. The
PCB device consisted of two printed circuit boards joined together by a double-sided adhesive
channel. These PCBs were manufactured by a third-party company and then assembled with the
double-sided adhesive channel and polymer tubing in the lab. The components of the PCB MIC

chip and completed device are shown in Fig. 3.8.
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(b) (©

Figure 3.8: (a) The PCB chip consisted of a double-sided adhesive microfluidic channel and two PCB
boards. Penny shown for scale. (b-c) Assembled PCB microfluidic device. PCBs and parts shown were
provided by Lakshmi Abburi.

The opacity of the boards required the optical methods to be incorporated on-chip as opposed
to the off-chip method described in Section 3.2 and 3.3. Modifications to the original PCB design
were required to successfully implement optical detection technology onto the chip. Holes with a
diameter of 0.3 mm were designed to align with the channel on each board to allow for the integra-
tion of optical fibers used for illumination and detection and were drilled during the manufacturing

process of the boards.
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3.4.1 Optic Connections

To use optical detection methods on the PCB microfluidic device, the optical approach was
altered due to the opaque nature of the the PCB. Plastic optical fibers (POF) were used for light
collection on this device and were attached directly to the microfluidic device through the 0.3 mm
drilled holes.

The optics were added by aligning and inserting a 0.25 mm diameter POF cable into each of
the 0.3 mm diameter drilled holes above the channel. The POF cables were added to the boards
before the adhesive channel was secured on the board. POF cables were chosen over glass fiber
optic cables for their user-friendly qualities regarding cutting and melting. This allowed for easy at-
home modifications to be done without special equipment. Three methods were tested to determine
the most effective way to secure the POF to the PCB. The first method was done by gluing the fiber
directly into the hole. Tape was placed along the channel side of the board to inhibit the spread of
glue from the hole onto the board and to ensure that the edge of the fiber set up flush to the board’s
surface. A small amount of glue was added to the top of the board and the board was set to dry
channel side up to use gravity to prevent glue from settling onto the channel side. The end of the
fiber was successfully secured into the hole and flush to the board. Under microscope inspection of
the hole incorporating the fiber onto the board, it was found that the glue leaked onto the channel
side and that the end of the fiber had been covered in glue yielding a non-uniform surface shown
in Fig. 3.9 (a). This non-uniformity could cause unwanted refraction and obstruction of the light
in the channel which would not be conducive for detecting micron sized particles.

The second method was done by placing the POF through the hole and melting it back until
the plastic expanded (or bubbled). This allowed the cable to rest in the hole on the channel side of
the board. The melted plastic would not adhere to the PCB so a small amount of glue was added
and dried the same as described above. The expanded plastic on the channel side of the board
served as a block to prevent any leakage of glue onto the board. The expanded plastic was then cut
using a hot wire knife to make the POF flush with the PCB surface. Under microscope inspection,

the terminal end of the POF was not obstructed by a mask of glue as shown in Fig. 3.9 (b). The
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non-uniformity of the surface of the hole in Fig. 3.9 (b) is from the glue filling in the 0.05 mm gap
between the fiber and the hole and not caused by uneven melting. In both cases, the end of the POF
could not be polished as that could have altered the flat surface of the board which would lead to
leaks in the channel.

The third, and most effective method, was done by using the tip of a soldering iron to melt back
the POF into the hole. This method was able to melt the POF completely flush with the surface and
eliminated the need for glue to hold the POF into place as the melted POF adhered to the board.

The microscope image of the POF in the hole using the third method is shown in Fig. 3.9 (c).

(@) (b) (©)

Figure 3.9: The integration of the POF cable for the three different methods (a) glued into place, (b) burned
back and secured into place with super glue and excess plastic removed using a hot knife and (c) soldering
iron used to burn POF flush with the board. The method using the soldering iron provided the most uniform
and unobstructed terminal end of the POF.

The output light from the POF secured to the board using the soldering iron method was in-
spected for uniformity by projecting the laser light shone through the cable onto a white sheet of
paper. The 0.25 mm diameter size of the POF made it difficult to project and inspect an image. To
obtain an image that was large and bright enough to inspect, the maximum distance between the

terminal end of the cable and paper was approximately 2 cm. Fig. 3.10 (b) shows that the light
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leaving the POF was uniform and circular which verified that the terminal end of the fiber had no

obstructions that could cause false detections or block events.

(b)

Figure 3.10: (a) A maximum distance of 2 cm between the terminal end of the fiber and paper was used to
inspect the uniformity of the image output of the solder burned POF. (b) The output of the POF was uniform
and circular verifying that there were no obstructions on the terminal end of the fiber. The tear drop shape
in the photo is due to the backward slant of the paper so a photo of the image could be taken.

The breakdown of the assembly of the POF onto the PCB board is illustrated in Fig. 3.11.
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Figure 3.11: (a-c) Assembly of the POF cable onto the board. (a) Materials for POF integration onto
the PCB. A 0.25 mm cable was used to insert into the hole on PCB and the 1 mm was inserted into the
photodiode. (b) The 0.25 mm end inserted through the hole and (¢) melted back into the hole using a
soldering iron. (d) Device with assembled POF cables. Red arrows point to the POFs inserted into the PCB.

For the photodiode to better collect the light from the fiber in the absence of an ST connector-
ized fiber, a 1 mm POF cable was desired for ease of alignment into the photodiode. It was more
difficult to guarantee the accuracy of manually aligning a 0.25 mm diameter cable into the ST
connector on the photodiode than it was with a larger fiber core diameter. The 0.25 mm cable was
melted to a 1 mm section of POF cable that was then fed into the photodiode. The soldering iron
was used to melt and smooth the two POF cables together. This did not decrease the quantity of
light entering the photodiode, but it did decrease the structural integrity of the fibers at the junction.
Extra care was required when handling the melted cables. The junction of the melted 0.25 mm and

1 mm cables is demonstrated in Fig. 3.12.
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(b)

Figure 3.12: (a) The 0.25 mm and 1 mm POF cables melted junction. The two cables were melted together
via the tip of a soldering iron. (b) This did not decrease the quality of light entering the photodiode, but it
did decrease the structural integrity of the fibers at the melted junction.

Under microscope inspection, it was noted that the drilled hole was offset by 0.1 mm with
respect to other features on the PCB. The offset of each hole could cause a misalignment of the
holes when the PCBs were secured together which could lead to either no detection of events in
the channel or create a very small detection area. For POF alignment reference, Fig 3.13 (a) shows

the unobstructed hole compared to the fiber integrated holes on the PCB.
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Figure 3.13: The end of the POF on the channel side of the PCB board when (a) no fiber was secured into
the hole, (b) the fiber was glued into the hole and (c) when it was melted into the hole with a green laser
shining through the cable showing that the POF end was unobstructed.

3.5 Samples for Testing

Multiple types of samples, including glass beads, sewing thread, metal shavings and fishing
line were used during testing of the optical apparatus and detection circuit. The initial tests for
the glass microfluidic device were done using glass beads 63-75 pum diameter mixed into a saline
solution with a concentration of 50 beads/p:L [9]. This solution was pushed through the channel at
a rate of 25 pL/minute using a syringe pump.

The move to the second microscope bench set-up posed some challenges and required modi-

fications to how the trigger system was tested. The microscope bench set-up in the CSU lab with
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simultaneous video feed to optic measurements, allowed the user to confirm when objects of in-
terest were flowing through the detection area in the channel which would then be referenced to
the signal change seen on the oscilloscope. The sensitivity and functionality tests of the circuit
were able to be conducted using a glass bead/saline solution to accurately simulate parasite eggs
flowing through the channel. Without image verification on the second microscope set-up, it was
difficult to use the glass bead/saline solution for testing purposes. For testing on the glass device,
a 0.33 mm diameter sewing thread was passed in and out of the detection area to simulate a small
moving particle. The sewing thread was chosen as it was the smallest diameter object available
that allowed easy manipulation for speeds and time for testing to mimic beads passing through
the channel. The thread at 0.33 mm in diameter was approximately 4 times larger than a typical
strongyle-type parasite egg at 65-100 pm in size [18]. The length of the thread spanned the entire
diameter of the detection area which is contrary to the space a strongyle-type egg would occupy.
The decrease in voltage from the thread, which was amplified by an inverter with gain -15, fell
within the range of the changes in photocurrent recorded from the glass bead which confirmed the
thread to be an adequate substitute for glass bead tests in the microfluidic channel. These tests are
discussed in Chapter 4 of this document.

The optics on the PCB microfluidic device could not be tested using the sewing thread method
stated above. Tests using glass beads could not be used on the PCB device for the same reason
they could not be used for the glass device. Multiple samples were tried including a metal shaving
from a steel horseshoe nail taken from a metal rasp, fishing line with a mark on the line and fishing
line with a dried spot of paint. The metal shaving was tested by moving through the channel using
and external magnet, but proved to be difficult and yielded questionable results. The methods and
results for the metal shaving are discussed in Appendix D. The marker spot on the fishing line
would smear and rub off and also provided inconclusive results. The dried paint spot proved to
be the most accurate test of the optics for the PCB device. The paint spot, approximately 0.6 mm
wide, was dried onto the clear fishing line which spanned the entire length of the channel. The

ends of the fishing line were fed through the entrance and exit holes of the PCB device and the
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paint spot was pulled in and out of the detection area using the exposed ends of fishing line. An

illustration of the PCB test set-up is shown in Fig. 3.14.

To,Photodiode

0.25 mm diameter
POF (detection)

<~ e = |

| |
Dried Paint Spot Fishing Line

0.25 mm diameter
POF (illumination)

| )
Illumination Source
Green Laser 550 nm

Figure 3.14: Illustration of the set-up used to test the optical apparatus on the microfluidic PCB device. A
spot of paint that spanned the width of the channel was dried onto fishing line and place into the channel.
The ends of the fishing line were threaded through the entrance and exit holes of the device and were used
to externally pull the dried paint spot in and out of the detection area.

As the paint spot passed through the optical detection area it completely blocked the light which
was not an accurate simulation of micron sized particles in the channel, but was a testable sample
that provided conclusive results. The dried paint spot imaged next to the 0.3 mm detection hole in

the PCB is shown in Fig. 3.15.
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Figure 3.15: Paint spot dried onto fishing line that was used for optical tests on the PCB device. The paint
spot was pulled through the channel using the external leads of the fishing line.

Smaller objects that would better mimic the size of glass beads or strongyle-type eggs, such
as the metal shavings were available but difficult to collect, place in the channel and manipulate.
Using the dried paint spot on the fishing line was done as an initial test to confirm that the inte-
grated optics could detect objects moving inside the microfluidic channel on the PCB device. The
sensitivity of the on-chip optical detection method could not be accurately quantified as the test
sample of the dried paint spot blocked most or all of the light in the channel while pulled through.
To accurately test if additional optics would be needed to detect objects, tests using flowing micron

sized particles need to be conducted.
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Chapter 4

Light Detection Circuit

4.1 Introduction

The change in light intensity due to an object passing through a microfluidic channel can be
used as a trigger signal or marker to improve data acquisition techniques. By utilizing a light
detection circuit, changes in photocurrent were amplified and processed in order to be used for
the trigger circuit discussed in Chapter 5. This chapter outlines the design of the transimpedance
amplifier and other amplification techniques that were used to modify the the signal from the
microfluidic channel. Test results of the circuits are discussed in Section 4.4 of this chapter using

the samples presented in Section 3.5.

4.2 Transimpedance Amplifier

The incoming light signal generated a photocurrent that was passed through a transimpedance
amplifier (TTA), which converted the photocurrent to a voltage with some gain measured in units
of V/A. The gain of a TIA is determined by the value of the feedback resistor, and in this design
a resistor value of 10 M{2 was chosen. The current output of the photodetector was expected to
be on the order of nano-amps so the large valued feedback resistor was used to obtain an output

voltage of approximately 10 mV. The gain of the TIA was calculated by

(4.1)

A resistor value of 10 MS2 was sufficient to amplify and convert a 1 nA photocurrent to 10 mV.

A schematic of the first design of the TIA is shown in Fig. 4.1.
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Figure 4.1: Schematic of the first design of TIA showing the photodiode in photoconductive mode at 9 V.
The feedback resistor had a value of Rf = 10 M.

The functionality of the TIA was tested by inputting the light signal from the microscope to
a photodiode. This photodiode was operated in photoconductive mode at 9 V and was connected
to the inverting pin of the op-amp. The op-amps used in this ciruict are LM358 from from Texas
Instruments (please see Appendix F for data sheet) . A benchmark test was done to determine
the change in voltage resulting from an absolute change in light entering the photodiode. The light
entering the photodiode via the microscope objective lens was completely blocked using a business
card, and it was determined that the TIA responded to the change in photocurrent to produce a
change in output voltage of approximately 20 mV. This absolute change was initially recorded
using a multimeter and when inputted to the oscilloscope the change in voltage was difficult to
distinguish above high frequency oscillations present on this signal. Changes less than 20 mV

would be obscured by these oscillations and not be useable for a trigger-generating circuit.

4.2.1 Oscillation Suppression

The high frequency oscillations observed on the output signal of the TIA were suppressed

using capacitors in parallel with various parts of the circuit. To suppress any oscillations that may
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be coming from the power supply, by-pass capacitors, Cb, with values of 0.1 yF were added in
parallel with each battery. Oscillations in the photodiode current were suppressed using feedback
capacitors, C1 and C2, added in parallel to the feedback resistor, Rf, of the TIA. Capacitors in
parallel with a feedback resistor serve as a short circuit to high frequency oscillations to reduce
or eliminate oscillations on the output. Modifications made to the TIA to suppress high frequency

oscillations are shown in Fig. 4.2.
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Figure 4.2: Final TIA schematic including two by-pass capacitors, Cb, each with a value of 0.1 uF, two
feedback capacitors with values of C1 = 10 nF and C2 = 100 pF and a feedback resistor, Rf, with a value of
10 M€.

A single 1 nF feedback capacitor was placed in parallel with the feedback resistor and the
high frequency oscillations were recorded to be approximately 50 mV peak-to-peak as shown in
Fig. 4.3 (a). The 1 nF feedback capacitor was replaced with a higher valued capacitor of 10 nF
which further reduced the high frequency oscillations to 7 mV shown in Fig. 4.3 (b). To further
suppress these oscillations, a second feedback capacitor with a value of 100 pF was added in
parallel with a 10 nF capacitor and feedback resistor. This reduced the high frequency oscillations

to approximately 2 mV as shown in Fig. 4.3 (c).
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Figure 4.3: High frequency oscillations after the addition of (a) single feedback capacitor of value 1 nF
yielding 50 mV oscillations and (b) single feedback capacitor of value 10 nF yielding 7 mV oscillations and
(c) two feedback capacitors of values 10 nF 100 pF yielding oscillations of 2 mV. Approximate frequency
for oscillations in (a-c) is 60 Hz.

The total feedback capacitance of 10.1 nF was chosen because it suppressed the oscillations
while maintaining the small changes in voltage from glass beads. While a larger total feedback
capacitance could measurably suppress all the oscillations, it also suppressed any 1-5 mV change in
voltage resulting from a glass bead. These oscillations could have been due to parasitic oscillations
which occurs when the output of the amplifier is coupled into the input. This coupling can cause
mutual inductance between the input and output which causes a changing magnetic field and thus
oscillations on the output. The frequency of oscillation shown in Fig. 4.3 was around 60 Hz which
is the standard frequency for domestic electrical outlets and wiring in the United States. This

means an additional cause of these oscillations could be from the electrical wiring in the lab. The
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feedback capacitors were added to allow these higher frequency oscillations to be bypassed through
these capacitors. With the combination of the by-pass capacitors and the two feedback capacitors,
small changes in light were distinguishable above the high frequency oscillations. When the op-
amp comparator was implemented into the circuit design, the original photodiode used for the
experiment stopped functioning and was replaced with a brand new component. The oscillations
were almost eliminated with the addition of the new photodiode so some of the oscillations on the

signal could have been due to the break-down of the internal components of the older photodiode.

4.3 Signal Amplification

The voltage output of the TIA had to be manipulated by an inverting amplifier and filters
to create a strong enough signal that would trigger the comparator when an egg or bead passed
through the channel. When the light was obstructed, the output voltage of the TIA decreased so
a change in the polarity of the signal was required for the comparator to output “HIGH” when it
detected a change in voltage that was greater (not less) than the reference voltage. An explicit value
of amplification was not necessary for the overall function of the circuit so the inverting amplifier
was designed with a gain of -10 (and later -15) to easily confirm on an output signal. A schematic
of this circuit is shown in Fig. 4.4.

The gain was achieved by using an input resistor, Rinl, of 1 k{2 and a feedback resistor, Rf1, of
10 k2. This configuration sufficiently inverted and increased the magnitude of the voltage signal
inputted into the comparator. In later iterations of the circuit design, the gain on the inverting
amplifier was changed to be -15 using a feedback resistor, Rf1, of 15 k2. This change was made
because the baseline voltage of unobstructed light was variable on the second microscope due to
the different optics and stage height (discussed in Section 3.2.1) which caused a greater offset
between the signal and reference voltage on the comparator. A higher gain helped compensate for
this offset. A gain of -15 was chosen as any larger gain resulted in a failure of the amplifier to

output any signal.
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Figure 4.4: Schematic of the TIA and inverting amplifier circuit. Values for Rf, Cb, C1 and C2 are the same
as presented in Fig 4.2 with added components Rinl = 1 k{2 and Rf1 = 10 k2 (15 k2 on later iterations of
the circuit).

4.4 Signal Results

The function of the light detection and signal amplifying circuit was tested using the glass bead
suspension, sewing thread and fishing line outlined in Section 3.5. Each test was preceded by a
benchmark analysis of the decrease in voltage that resulted from fully blocking the light. The data
from the test samples were compared to the benchmark test to determine the percent change in
voltage that a glass bead and similar sized object would cause. This could later help distinguish
beads/eggs from bubbles or other debris. The data of voltage changes from glass beads and other
materials presented in this section helped drive the required sensitivity of the trigger-generating

portion of the circuit.

4.4.1 Glass Bead Analysis

The initial test of the TTA was conducted using the glass bead suspension pushed through the
microfluidic channel. The first test was conducted by suspending a stationary bead in the channel
and using the micrometer mount on the microscope (see Fig. 3.1) to pass the bead in and out of

the optical detection area. The TIA outputted a 6.4 mV drop in voltage when the bead was moved
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through the detection area in the channel. This was 34% of the absolute decrease in voltage of

19.6 mV when the light was completely blocked using a business card. The recorded decrease in

voltage is shown in Fig. 4.5 (a).
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Figure 4.5: (a) Recorded drop in voltage of 6.8 mV at the TIA output of a stationary glass bead manually
passed through the optical detection area and (b) camera image of an approximately 75 pm glass bead in the
150 pm wide microfluidic channel. The recorded drop of 6.8 mV from the glass bead was 34% of the total
drop in voltage of 19.6 mV when the light was completely blocked.

With the confirmation that manually moving a stationary glass bead through the detection area

caused the TIA to output a drop in voltage, the test was continued with glass beads flowing through

the microfluidic channel. The flow rate of the syringe pump was set to 25 pL/min which caused

the beads to pass through the optical detection area in approximately 0.40 seconds.
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The velocity of the glass beads was calculated using the total optical detection area on the
microfluidic channel and the duration of the intensity change recorded on the oscilloscope. The
optical detection area of the 1 mm fiber optical cable was determined by its image formed by the
objective lens onto the microfluidic channel. In the case of the 3 X objective lens, the detection area
for the objective lens and 1 mm core diameter fiber was calculated by determining the de-magnified

image of the fiber cable onto the channel by

h; = — 4.2)

where h; is the height of the image, h, is the height of the object and M is the objective
magnification. Using 1 mm as h, and 3x as M, the optical detection area was calculated to be

0.33 mm. Based on this detection area, the velocity of the beads were calculated by

distance

Velocity = “4.3)

time

A single glass bead flowing through the optical detection area was recorded to cause a 3.7 mV
drop in voltage which was 18% of the total decrease in voltage from completely blocking the light.
Fig. 4.6 shows the recorded data of a single moving bead passing through the detection area in

approximately 0.40 seconds.
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Figure 4.6: The recorded decrease in voltage of a single bead moving at 0.82 mm/second passing through
the optical detection area on the microfluidic chip. This bead caused a 3.7 mV decrease in voltage which
corresponded to an 18% decrease in the total signal when the beam was completely blocked. Red lines
show approximate location on signal to show time duration of approximately 0.40 seconds of bead through
detection area to calculate for approximate velocity.

Given the optical detection area of 0.33 mm, a 75 pm size bead should take up approximately
5.1% of that area. It is unclear why the bead that takes up approximately 5% of the detection area
blocks 18% (when moving) to 35% (when stationary) of the light. This discrepancy could be due
to different objective lens magnification used for this test than what was recorded at original set-up.
As multiple students were using this microscope, it is possible that the objective lens was changed
and left unrecorded.

Decrease in voltage from two consecutive beads passing through the channel was recorded
next. These beads accompanied a clump of other beads and were the easiest to correlate the
decrease in voltage to the time the live camera showed them passing through the detection area.

Bead 1 caused a 1.7 mV decrease in voltage, and bead 2 caused a 2.3 mV decrease in voltage.
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For the beads 1 and 2, it was difficult to accurately determine a speed for each bead. These beads
blocked 8.4% and 11.8% of the light respectively. Using optical detection area of 0.33 mm, the
beads were approximated to have diameters around 30 ;sm which is not consistent with the known
bead diameter range of 63-75 pm. The faster moving beads in a clump of other beads could have
moved too quickly for the circuit to respond to the full change in voltage or the optical detection
area could have misaligned with the channel causing some signal in the channel to be lost. As the
beads were moving close together it was difficult to determine using just the live video feed where
each bead signal exactly started and ended. The decrease in voltage from the two moving beads is

shown in Fig. 4.7.
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Figure 4.7: The decrease in voltage of two consecutive beads passing through the channel. Bead 1 caused
a decrease in voltage of 1.7 mV which was 8.4% of total decrease in voltage and bead 2 caused a decrease
in voltage of 2.3 mV which was 11.8% of total decrease in voltage. Red lines show approximate location
on signal to approximated full pass of each bead. This was determined by correlating oscilloscope reading
to live camera feed.
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The velocity of the three moving beads were compared to the approximate fluid velocity in
the channel. The approximate fluid velocity of the fluid in the channel pumped at 25 pL/min was

calculated to be 18 mm/second by

Q= Av (4.4)

where () is the flow rate, A is the area and v is the velocity. The area of a section of the channel
was approximated by the square of the width of the channel (150 ym). The velocity of the moving
beads was much slower than the estimated fluid velocity which could have been a result of the
beads sticking to the side of the channel or the flow of the fluid being impeded by clumps of beads
or other objects in the channel.

Confirmation of the TIA’s sensitivity to glass beads flowing through the channel served as a
basic design to build on for a higher sensitivity circuit. High frequency oscillations were still
measurable, but did not impede the data collection of the glass beads or compromise the accuracy
of results. After the initial photodiode used for these test was replaced with a new one of the
same make and model, all measurable high frequency oscillations were eliminated and no further
suppression methods were needed for the remainder of the project. This provided evidence that

the oscillations were possibly due in part to the dying original photodide component.

4.4.2 PCB Analysis

The opaque nature of the PCB made it hard to verify what voltage changes resulted from
particles of interest. The functionality of the integrated optics onto the PCB was tested using a
dried paint spot on fishing line that was pulled through the optical detection area using the ends of
the line.

The first test of the optics was conducted using a green laser light coupled into the illumination
fiber being blocked by a card. This served as the benchmark of an absolute change in voltage and
was recorded from the output of the inverting amplifier. The resulting voltage change from the

laser light blocked three times was recorded to be 2.03 V and is shown in Fig. 4.8.
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Figure 4.8: The output of the inverting amplifier when the green laser light coupled into the POF attached to
the board was blocked using a card. A change in voltage of 2.03 V was recorded and served as a benchmark
value for additional tests. This signal was recorded at the output of the inverting amplifier.

With the confirmation that the installed POFs were able to accommodate the photodiode de-
tecting an absolute change in light, a second test using an object in the channel was conducted. A
paint spot dried onto fishing line was passed in and out of the optical detection area by pulling on
the ends of the fishing line. The paint spot spanned the full width of the channel so it blocked most
of the light (depending upon its orientation in the channel) entering the photodiode. A change in
voltage of 0.43 V was recorded when the spot was pulled quickly through the detection area and a
change of 0.93 V when it was pulled through slower. The magnitude of the change in voltage of the
dried paint spot was much larger than that of glass beads or sewing thread. This was expected as

the dried paint spot was larger than the optical detection area on the PCB whereas the glass beads
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and thread were not. The change in voltage from the dried paint spot pulled through the detection

area twice is shown in Fig. 4.9.
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Figure 4.9: The two largest peaks in this plot are a result of a voltage change from a paint spot dried onto
fishing line passing through the optical detection area on the PCB device. The first pass yielded a 0.43 V
change in voltage and the second pass yielded a 0.93 V change in voltage. The base voltage when no object
was in the detection area varies to the base voltage shown in Fig. 4.8 because of the clear fishing line that

was used to pull the paint spot through the channel and thus continuously obstructed the light entering the
photodiode. This signal was recorded at the output of the inverting amplifier.

The baseline voltage between Fig. 4.8 and 4.9 are different by approximately 0.4 V due to
the slight obstruction of light caused by the clear fishing line. The line had to be placed along
the entire channel to be able to externally pull the dried paint spot through the detection area.
The clear material of the fishing line blocked 19% of the total light entering the photodiode. The
smaller change in signal in Fig. 4.9 was a result of moving the paint spot through the detection
area approximately twice as fast as the second, larger change in voltage. This is an approximation

based on how quickly the fishing line was manually pulled through the channel.
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4.5 Discussion

The result of a moving glass bead in the microfluidic channel causing a useable output for
a trigger circuit gave confidence that other objects of similar size, like strongyle eggs, would be
able to trigger the circuit also. The main limit for a useable output from the TIA was due to the
high frequency oscillations that overpowered small changes in light intensity. It was found that
too large of values for feedback capacitance on the TIA would not only suppress the oscillations
but also suppressed changes of 1-5 mV. Deductive testing of different capacitance values was the
quickest and most effective way to determine the necessary feedback capacitance that suppressed
oscillations without suppressing the measured signals. The use of a brand new photodiode was
found to completely eliminate any measurable oscillations on the output of the TIA which was
an example of the importance of the quality and age of components needed for nano-amp light
detection. A grounded sheet of foil placed over the circuit was used as a modified Faraday cage
used to block external oscillations coming from the electrical wiring of the lab and any other
possible external interferences. While the circuit was not noise and oscillation free, the methods
outlined above were sufficient to reduce the external effects that compromised the output of the
circuit.

The signal changes from moving glass beads through the microfluidic channel blocked approx-
imately 8% to 20% of the total light. These values are important for further designs of the circuit
to determine the range at which glass beads/eggs block the light to distinguish them from bubbles
and other debris.

This detection circuit tested for light responses on the PCB proved that lens optics were not
required to obtain an output signal. The PCB required a modified test as the contents of the channel
could not be verified visually and a particle with a diameter 7.5 x larger than a strongyle-sized egg
was used to test the efficacy of the integrated optics. Objects that are 70 - 80 pm in diameter are
difficult to obtain and difficult to manually manipulate for the preliminary tests conducted for the

integrated optics.
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4.6 Conclusion

The light detection and signal modification stage of the optical detection circuit consisted of
a TIA and inverting amplifier. The TIA was designed to amplify a current signal of 1 nA to ap-
proximately 10 mV. A large valued feedback resistor, Rf, in parallel with two feedback capacitors
amplified the signal and suppressed some of the high frequency oscillations so changes of 1-2 mV
could be distinguished on the oscilloscope. The TIA successfully output distinguishable signals
caused by a change in light from stationary glass beads and flowing glass beads in the microfluidic
channel. To further increase the magnitude of the voltage signal, an inverting amplifier was placed
at the output of the TIA. The amplification and polarity change on the signal allowed for the signal
to be used at the input of the comparator circuit that would ultimately serve as the trigger portion
of the apparatus.

Testing the accuracy of the optic’s detection abilities on the PCB device was more difficult than
testing with the glass device. The opaque material of the PCB did not allow for visual inspection
of the contents of the channel after the device had been completely constructed. An alternative
method for testing was done using a 200 pm paint spot dried onto fishing line that was externally
pulled through the optical detection area. This served as an initial test that the integrated optics

onto the PCB device could detect objects moving through the channel.
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Chapter 5

Comparator Circuit

5.1 Introduction

The function of the comparator was tested using three different configurations for the reference
voltage. When a change in signal was detected (i.e. a particle of interest passed through the optical
beam in the channel) the comparator output went from a “LOW” voltage of -8 V to a “HIGH”
voltage of 8 V. This output was a signal that could be used to trigger any data collection device.
To test the baseline operation of the op-amp comparator circuit, a potentiometer was set to the
recorded voltage of the unobstructed light that ranged from -200 mV to -90 mV on the initial

microscope set-up. The circuit schematic including the potentiometer is shown in Fig. 5.1.
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Figure 5.1: Circuit schematic of trigger circuit using a Sk Potentiometer as the reference voltage for the
op-amp comparator.

This voltage level of the illuminated light varied by 5-10 mV each test due to changes in light
from the lamp/LED and the lab lighting. A business card was used to block the light completely
from entering the photodiode causing a 20 mV change in signal, and the comparator successfully

output “HIGH”. The initial test data of the output of the comparator is shown in Fig. 5.2.

49



Comparator Circuit

5 Potentiometer Reference Voltage

_4 1 1 | 1 1 1
1 15 2 2.5 3 35 4 45
Time (s)

Figure 5.2: Output of op-amp comparator for initial circuit test using a potentiometer as the reference volt-
age. The two peaks correspond to the light being completely blocked using a business card. The comparator
output swung approximately 6 V.

Simulations of the circuit were beneficial in predicting circuit behavior and diagnosing circuit
problems. This trigger circuit was simulated in LTSpice XVII which included simulations for
stages of the circuit and the entire circuit. The output of the TIA was recorded for a knot tied in a
piece of sewing thread (approximately 0.33 mm in diameter) passing through the optical detection
area of the glass microfluidic device. This data was saved in a comma separated value (.csv) format
through a USB oscilloscope (Analog Discovery 2 from Digilent). This recorded data was inputted
into the simulation for testing. The .csv file of the data was loaded into the voltage source as a
piecewise linear function in the LTSpice XVII simulation interface.

The potentiometer method of setting the reference voltage required the voltage level to be set

each time a test was run because the baseline voltage due to the unblocked light varied run-to-run
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due microscope stage position and illumination source. The sensitivity of the turn-nob to set a
voltage on the potentiometer could cause changes of around 50 mV in output signal with a quarter
of a turn. Having to manually set the reference voltage for each test was not a conducive way to
create a trigger circuit so different filters were designed to mimic the unchanging light signal from

the channel.

5.2 Low Pass Filter

To create a more robust method of setting a reference voltage for the comparator, a LPF was

implemented following the inverting amplifier as shown in Fig 5.3.

Rf1

r. = A A A RL Vout
. 1- 37 Rinl
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Ch T OV — - = pi
- Inverting Low Pass
TIA Amplifier Filter Comparator

Figure 5.3: Schematic of the detection and trigger circuit with a LPF used to generate the reference voltage
for the comparator. All component values are the same as previously stated including additional components
RL =10 M and CL = 10 uF.

To mimic the signal of the unchanging light of the system, the RC time constant, 7, for the LPF
was designed to be much longer than the anticipated time of 1 to 10 seconds between bead/egg
events in the channel. A time constant longer than the anticipated time between events caused the
discharge of the LPF to negligibly react to the change in LPF input voltage and thus appear to

remain constant. A resistance value of 10 M2 was followed by a capacitor of 10 uF yielding a
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total RC time constant of 100 seconds (7 = RC). The output of the LPF compared to the signal is

shown in Fig. 5.4.
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Figure 5.4: The offset between the output of the LPF and the output of the amplifier. There is approximately
0.12 V gap between the two signals the would not allow the comparator to trigger for changes in voltage.

An offset of 0.12 V between the LPF output and inverting amplifier was present on the signal.
This offset could cause the comparator to not trigger from a change in voltage due to an object
blocking light in the channel. Two tests were done with an additional amplifier and then a buffer
wired onto the circuit to remove the offset between the signals. These tests are discussed in the

following section.
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5.2.1 Additional Amplifier

To remedy the offset present between the LPF and inverting amplifier outputs, an inverting
amplifier identical to the first amplifier was placed between the first inverting amplifier and the

positive pin on the op-amp comparator shown in Fig. 5.5.

Inverting
Amplifier

RF
+ Vout
m{ 1
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L_ Inverting Low Pass _ Comparator
TIA Amplifier Filter B

Figure 5.5: Schematic of the detection and trigger circuit with an identical inverting amplifier placed be-
tween the output of the first amplifier and positive input pin of the op-amp comparator. All component
values are the same as previously stated with additional components Rin2 = Rinl and Rf2 = Rf1.

This design did not eliminate the DC offset on the signal, but the additional gain applied to
the signal compensated for that offset and allowed the comparator to detect a difference in voltage
between the two inputs. Fig 5.6 compares the output of the second amplifier to the output of the
LPFE. While this method worked, it was not a reliable solution as the offset increased with the
additional amplification on the signal. The total output signal of the second inverting amplifier was
approximately 12 V when the light was fully blocked. In Section 4.4.1, it was found that glass
beads blocked 8% to 20% of the total light. With this additional amplification stage, the expected
change in voltage resulting from the beads would be around 1 V to 2.5 V which would not be

enough to bridge the offset 4 V offset.
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Figure 5.6: Output of the two inverting amplifiers compared to the output of the LPF. The DC offset of the
signal was still present, but the amplification compensated for the gap allowing the comparator to read the
change in voltage.

The offset between the signals could have been a result of loading on the circuit. Circuit loading
happens when a source has a higher impedance than the load, and when connected, the load draws
more current causing a drop in voltage. An additional cause of the offset could be due to the
Analog Discovery 2 oscilloscope added in series with the 10 MX2 resistor of the LPF. The signal
dropped as it passed across the 10 M resistor of the LPF which was then read by the oscilloscope
possibly leading to the offset between the outputs. A buffer between stages is sometimes used to
eliminate circuit loading as it raises the impedance of the load and in turn draws less current. A
circuit was simulated to determine if a buffer could eliminate the DC offset. The design of the
circuit in the simulation mimicked the physical circuit on the breadboard and included an inverting
amplifier with gain -10, inverting buffer, a LPF with a 7 = 100 seconds and an op-amp comparator.

The results of the simulation are shown in Fig. 5.7 and the circuit is shown in Fig. 5.8.
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Figure 5.7: (a) The inputted data of a knot in sewing thread recorded from the output of the TIA (signals
from the knot passing through the detection area are marked with a red dot totaling 13 events), (b) output of
the inverting amplifier with a gain of -10, (c) output of the buffer alongside LPF output (note offset between
outputs) and (d) output of comparator alongside LPF and buffer outputs showing no output from a change in
voltage. (a-c) Enlarged images of the signals presented alongside comparator output in (d). It is important
to note the decreasing green trace of the LPF in (c). This is a result of the long time constant of the filter
causing the capacitor to take a long amount of time to charge. In the simulation program there is a setting to
compensate for this time, but the computer this simulation had to be conducted on due to COVID-19 could
not handle this long of a simulation.

55



U1l

- u3 10000000

CL 0.00001
2s_outputOfTIA.txt I

S

Figure 5.8: Circuit simulated for the results presented in Fig. 5.7.

While this simulation with the inverting buffer was shown to reduce the gap between the output
of the inverter and LPF, it was not enough to cause the comparator to trigger at a change in voltage.
The use of the LPF removed the need to manually set a voltage on the potentiometer for each test
run but still yielded the undesired DC offset on the signal. A third method using a high pass filter

was tested to eliminate the DC offset.

5.3 High Pass Filter

The third method used for the reference voltage on the comparator was the implementation of
a high pass filter (HPF). The HPF followed the original inverting amplifier and removed the DC
offset of the signal. This allowed the signal to be compared to ground by the op-amp comparator
and eliminated the need of additional stages in the circuit to modify the voltage to effectively
trigger the comparator. The reduced number of components on the board reduced the possibility
for feedback within the board, drifting of the original signal, cost and makes the circuit easier to
troubleshoot.

A simple configuration using a blocking capacitor between the output of the inverting amplifier
and input of the comparator was simulated in LTSpice XVII to see if it could be an appropriate
substitution for the LPF and inverting buffer design. The motivation behind the HPF design was to
block the DC offset that was present in the signal so the AC portion of the signal could be compared

to ground on the comparator. The simulation was performed using the inverting amplifier with
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gain -10 and a blocking capacitor whose output was inputted into the negative pin of the op-amp

comparator with results shown in Fig. 5.9. This circuit is shown in Fig. 5.10.
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Figure 5.9: (a) The inputted data of a knot in sewing thread recorded from the output of the TIA (signals
from the knot passing through the detection area are marked with a red dot totaling 13 events), (b) the output
of the inverting amplifier, (c) the output of the blocking capacitor (notice the DC offset has been eliminated)
and (d) output of the comparator triggering “LOW” when the knot passed through the detection area. (a-c)
Enlarged images of the signals presented alongside comparator output in (d).

57



PVl Rf1/10000
T
 E—
9
. L U2
V3
L V2 :
e
= PWL file=thread_knot_passes_outputOfTIA.txt
9

Figure 5.10: Circuit simulated for the results presented in Fig. 5.9.

The DC offset of the signal was successfully eliminated which is shown in Fig. 5.9 (c). In
experimentation this design caused a malfunction in the comparator circuit. The single capacitor
at the output of the inverter would continuously charge until it caused the comparator op-amp to
stop functioning where there was no change in output when the light beam was blocked. A HPF
replaced the blocking capacitor and a resistor was added between ground and the non-inverting
pin of the op-amp. This resistor had an identical resistance as the resistor in the HPF to balance
the impedance at each input. This reduced the offset between the two input pins of the op-amp
which could minimize the offset in the comparator output. The LM358 op-amp was equipped with
bi-polar junction transistors which allowed current leakage at each input pin. The following design
of the HPF tested different values of resistors for the HPF and between ground and non-inverting
input pin of the op-amp.

Different values of resistors were simulated to determine which configuration would cause the
comparator output to change only when the thread passed through the beam. Resistor values of
1 kQ, 680 k€2, 1 M2 and 10 M) were simulated. The simulation showed that resistors less than
10 MS2 caused noise and oscillations to trigger the comparator. The configuration with 10 M
resistors allowed only 4 additional signals from oscillations and noise to trigger the comparator.

Simulations for the various resistor values are shown in Fig. 5.11.
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Figure 5.11: Simulations for resistor values (a) 1 k€2, (b) 680 k€2, (¢) 1 M2 and (d) 10 Mf). Each con-
figuration caused the comparator to trigger for events that were not caused by the thread passing through
the beam. This configuration allowed 4 additional signals, other than the thread, to trigger the comparator
(marked by red dots). (e) Circuit being simulated.
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A schematic of the detection and trigger circuit implementing a HPF is shown in Fig. 5.12.
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Figure 5.12: Schematic of circuit implementing a HPF after the inverting amplifier. All component values
are the same as previously stated with an additional components CH = 10 yF and RH1 = RH2 = 680 k{2 .

In experimentation, RH1 and RH2 resistor values of 10 Mf2) caused the comparator to trig-
ger only when the light was completely blocked. Fig. 5.13 shows the output of the HPF where
the smaller peaks of 150 mV from sewing thread did not trigger the comparator but a signal of

approximately 3 V from blocking all light entering the photodiode did trigger a comparator output.
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Figure 5.13: Output of the HPF with 10 M2 resistors connected to ground at the inputs of the comparator.
The signals from the sewing thread of 150 mV did not trigger the comparator circuit but the signal of 3 V
from completely blocking the light beam did trigger the comparator circuit.

Resistor values below 580 k{2 lowered the DC offset to where noise signals, oscillations and
intensity changes caused by the sewing thread triggered the comparator. This was contrary to the
simulation results where a resistor value of 10 M(2 still allowed for noise signals to trigger the
comparator circuit. Resistors with a value of 680 k{2 were used for RH1 and RH2 (see Fig. 5.12)
as they limited the fluctuations at the comparator output and only allowed the signals of interests
triggered the comparator. Fig. 5.14 shows the difference in comparator outputs using 560 k2

resistors and 680 k(2 resistors.
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Figure 5.14: Output of the comparator using (a) 560 k2 resistors and (b) 680 kf2 resistors at the inputs.
The change in voltage resulting from the thread ranged from 60 mV to 280 mV after passing through an
amplifier with gain -15. The large difference in voltage changes were due to a range of speeds that the thread
was passed through the detection area at.
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The fluctuations at the output of the comparator were thought to be due to the the small high
frequency oscillations on the falling edge of the signal that continued to trigger the comparator as it
fluctuated around the reference voltage. Fig. 5.15 (b) shows a zoomed in view of these fluctuations

on the falling edge of the signal.
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Figure 5.15: (a) The high frequency fluctuations on comparator output using 560 k{2 resistors. Red circle
is the area of enlargement of the signal that is presented in (b).
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The fluctuations on the output of the comparator could have been caused by an offset between
the input bias currents of the op-amp. Ideally, these inputs would be the same, but in reality there
is some leakage of current at each input. The input bias current for the LM358 is +/- 10 nA (min)
and +/- 35 nA (max) [22] so there are a wide range of offsets that could be present on different
components of the same model. In a worst case scenario of a leakage current of 35 nA and added
resistance of 680 k2 at the input, the DC voltage at that point would be around 24 mV. Adding
resistors can influence the value of this DC offset which would in turn influence the level of the
voltage on the output. The DC voltage with 560 k(2 resistors drops to 19.6 mV. Lowering that DC
offset allows more high frequency oscillations to fluctuate around the reference voltage causing
more fluctuations at the comparator output. Fig. 5.16 shows an enlarged image of the falling edge
of the output signal of the HPF with illustrated levels of small theoretical changes in DC voltage
level.

While in a steady operating state the signal could be easily compared to the reference voltage
(ground), but the baseline of the signal was still altered depending on the height of the microscope
stage discussed in Section 3.2.1. Given a set height of the microscope stage, the HPF filter was a
simpler solution for eliminating the DC offset than the LPF and inverting buffer combination. The
HPF still presented instability of the comparator output on the falling edge of the signal. It was
evident that this was due to small oscillations on the falling edge of the voltage signal, as shown in

Fig. 5.15 (b), that were detected because of the level of the DC offset on the reference signal.
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Figure 5.16: Falling edge of the signal out of the HPF with two DC voltage levels influence by resistors
at the input. Black dotted line shows a possible DC voltage level using a higher valued resistor at the
comparator inputs compared to the red dotted line showing a possible DC voltage level using a lower valued
resistor. The red dotted line at the lower voltage level allows more high frequency oscillations to fluctuate
around the reference voltage.

5.4 Low Pass Filter at Comparator OQutput

To eliminate the fluctuations at the output of the comparator shown in Fig. 5.14, a LPF was
added to the output of the comparator. A LPF was added to the output of the comparator to suppress
the high frequency rail-to-rail fluctuations caused by the high frequency oscillations on the falling
edge of the signal. The RC time constant, 7, for the post-comparator LPF was designed to be
no longer than 0.3 seconds, which was the approximate time it took for a bead to pass through the
optical detection area. Longer recovery times for the LPF would cause the output of the comparator
to mask bead/egg events flowing in close succession of each other. The circuit schematic with the

LPF at the comparator output is shown in Fig. 5.17.
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Figure 5.17: Schematic of the circuit that includes a LPF at the output of the comparator. The time constant
for the LPF was calculated to be 0.1 seconds with a RL = 10 M2 and CL = 10 nF.

The reduced rail-to-rail swing of 16 V (Fig. 5.14) to 1.3 V could have been a result of the
signal dropping across the large valued resistor, RL, and the signal being recorded directly at the
resistor output. This comparator and LPF configuration was able to detect an 18 mV decrease of
voltage as well as detect events that occurred in rapid succession. The output from the LPF and

decrease in light intensity from sewing thread is shown in Fig. 5.18.
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Figure 5.18: The output from the LPF following the comparator resulted in a stabilized output when a
thread passed through the detection area. The high frequency rail-to-rail fluctuations on the comparator
output were eliminated but the full output swing was suppressed from a 8 V to -8 V swing to a 0.65 V to a
-0.65 V swing.

A test was conducted to determine the reliability of the output of the comparator given this
particular circuit design. The number of false triggers from the comparator were recorded for when
no light was blocked and then the number of triggers were recorded for when the sewing thread
was passed through the beam 20 times and at different speeds. The test when no light was blocked
ran for approximately 2 minutes. At the start of the test around -50 seconds, the comparator output
a full rail-to-rail signal. Other small fluctuations were seen throughout the test, but only one full
signal that would act as a trigger or marker for data collection was recorded. The 2 minute test of

full light entering the photodiode compared to the output of the comparator is shown in Fig. 5.19.
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Figure 5.19: The output of the comparator compared to the unblocked light signal for a continual test run of
approximately 2 minutes. The only full rail-to-rail output signal occurred at the start of the test run around
-50 seconds. Other fluctuations from the comparator output were recorded, but none completed a full swing
that would count as a signal for data collection or data marker.

The beam was then blocked 20 times by passing the sewing thread in and out of the detection
area at various speeds. One false trigger occurred at the start of the test around -23 seconds, but
100% of the thread passes triggered the comparator. The three sets of passes occurring at seconds
13, 15 and 17, were two passes in rapid succession of each other. Fig. 5.20 demonstrates that even

the rapid passes triggered their own output of the comparator.
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Figure 5.20: The output of the comparator compared to the light blocked by sewing thread passing through
the detection area 20 times. One false trigger occurred at the start of the test around -23 seconds, but all
other triggers occurred at every pass of the thread. The last three sets of passes at 13, 15 and 17 seconds
were passes in rapid succession of each other and each pass was able to produced its own trigger signal.

The HPF proved to be a simple circuit configuration that eliminated the DC offset of the signal
and maintained the magnitude of the voltage signal. This HPF configuration replaced the previ-
ous LPF and inverting amplifier stage shown in Fig. 5.5. A LPF was added to the output of the
comparator to suppress high frequency fluctuations present on the comparator output. The LPF
allowed the output of the comparator to still output a trigger for rapid successions events but elim-
inated false triggers from the high frequency rail-to-rail fluctuations. Through two reliability tests,
the HPF and post-comparator LPF design proved to be a robust design as 100% of the 20 thread
passes through the optical detection area triggered the comparator and only a single false trigger
occurred at the beginning of each test. The addition of the HPF after the inverting amplifier proved
to be a more robust and simpler solution to the LPF and inverting buffer configuration used in

earlier stages of the circuit design.
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Chapter 6

Design Adaptability

6.1 Introduction

Optics can be incorporated into microfluidic research with simple design methods and easily
available components. The methods outlined in this manuscript utilized different kinds of mi-
croscopes, variety of light sources and a basic circuit. Different microfluidic devices and bench
set-ups required slight variations to the technique, but was constructed using the same principles.
Implementing this simple method into small or non-optics labs can add additional measurement
tools such as counts, triggers and even elementary absorptions measurements without altering the
basic design and motivation of the research. These tools could potentially provide confidence and
verification to the main source of data on the microfluidic device.

Details on the various ways optics are used and integrated in microfluidics is discussed in
Section 2.6 of this manuscript. Most of these methods require special equipment, microfabrication
and trained personnel to operate and design the optics [14, 7] which limits the type of laboratories
and researchers that can benefit from optical technology. Using simple circuitry and basic optics, a
cost effective count, trigger and optical absorption measurements can be taken to increase validity
and confidence in the data collected. The methods outlined in this thesis can be used as a guide to
incorporate optical technology to a variety of microfluidic devices and can be applied to any level

of research.

6.2 Considerations for Design

The design of simple optics for microfluidic research can be applied to different styles of de-
vices and requires very basic laboratory equipment. Design considerations should be made based
on opacity of microfluidic device, ability to modify the chip for optical integration, microscope

and light sources available and the overall goal for the research. A circuit for signal processing can
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be designed using common electrical components to achieve the desired level of sensitivity of the
system as well as desired manipulation of the signal. For a basic design, minimal and inexpensive
components and equipment is needed to successfully create an optical detection tool.

When working with clear devices, no modifications to the original chip design is necessary as
the transparent material allows illumination and detection to be conducted off-chip. The off-chip
approach was conducted using a microscope for the collection of light into a fiber optic cable.
Objective lens magnification and stage location influenced the success of correct voltage levels
from the channel and must be adjusted on each system to achieve a correctly functioning circuit
(see Section 3.2.1). In opaque devices, such as the PCB in this thesis, modifications such as small
holes drilled through the surface of the board are required for illumination and detection. These
types of modifications do not affect the over all functioning of the device and does not require
equipment such as a microscope to be used. Optical fiber cables are an essential design component
for optic integration onto microfluidic devices. Light sources ranging from white light flashlights
to LEDs and lasers can be used as a means of illumination and are chosen based on experiment
limitations, such as cell opacity to certain wavelengths, and intensity of light needed for collection.

The design of the circuit is based on the desired goals of the optics integrated. The ampli-
fication, suppression of oscillations and polarity changes can all easily be designed for desired
signal results. A basic detection and counting method would not require as sensitive of a circuit
as absorption measurements would. The light source, microscope and device material are factors
in the noise and oscillations present in the signal and can be accounted for with the design of the
circuit. The entire circuit and possible modifications can be made by using off-the-shelf electrical
components such as resistors, capacitors and op-amps. The principle design of the circuit remains
the same with only slight modifications made based on equipment used and level of sensitivity

desired.
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6.3 Set-Up and Test Modifications

The accuracy of tests and results for this research required the process to accommodate two
separate bench set-ups and microscope systems. The initial microscope bench set-up illustrated in
Fig. 3.1, consisted of a light illuminating the microfluidic slide from below, a beam splitter that
directed the collected light from the objective lens to a fiber optic cable, a camera and a horizontal
micrometer mount on the microscope stage. The second microscope bench set-up illustrated in
Fig 3.2 illuminated the microfluidic slide from below and was collected straight from the objective
lens into the fiber optic cable. The second microscope set-up did not have the availability of
the camera image to be used as confirmation of objects in the channel and it was much more
difficult to align the channel to the detection area without the use of the camera and micrometer
mount. Modifications to each microfluidic device design and the accompanying test procedures
were required to test the optics on each system.

The microscope stage height in the CSU lab required no vertical translation to place the mi-
crofluidic device between the objective lens and stage and there was no additional lens between
the illumination source and objective lens. This allowed the baseline voltage to remain constant as
no change in the stage height was needed. This made it easier to design the comparator circuit for
comparison of the voltages as there was little variability in light entering the objective lens. Until
moving the experiment to the second microscope set-up, the range of voltage changes based on the
vertical height of the microscope stage was not a factor in the original design. To compensate for
this change in baseline voltage experienced with the second microscope, back propagating light
through the microscope to determine the working distance and location of the focus of the objec-
tive lens was necessary. The microfluidic channel should be placed directly in this focus to avoid
any scattering off other surfaces that could also cause a change in this baseline voltage.

Changing microscope bench set-ups required modifications to how tests of the circuit were
conducted and added new variables to consider when conducting the experiment. The lack of
image verification on the second microscope set-up made it difficult to accurately run a test of the

circuit’s ability to detect glass beads flowing through the microfluidic channel. At early stages of
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the circuit design, validity was necessary to determine if the changes in voltage were from particles
of interest or debris. In place of glass beads, sewing thread and fishing line were passed in and
out of the detection area to simulate moving glass beads or parasite eggs. These methods used to
test the circuit with the sewing thread and fishing line allowed for verification that the resulting

changes in voltage corresponded to an event of interest.

6.4 Alterations of Microfluidic Chip

The microfluidic chips used in this study were glass MIC chips and PCB MIC chips. The
initial design of glass chip required no alteration to the original design to implement the optics
while the PCB chip required a slight re-design that incorporated small holes above and below the
microfluidic channel for optic integration. Both chip designs required modifications to be used
on the second microscope set-up to accommodate the optical measurements. These modifications
were simple structural changes to the device and did not impede the overall function of the glass
chip, but the additional holes aligned with the channel on the PCB did yield possible areas of
leakage. The method for melting the POF in place on the PCB allowed the junction of the POF
to the channel to maintain optical transparency while plugging possible leakage areas. Refer to

Chapter 3 for information regarding specific modifications to each chip design.
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Chapter 7

Conclusion

The integration of optical technology to microfluidic devices provided an additional detection
and measurement tool. Optical detection methods can be used in on and off-chip approaches
depending on the microfluidic device and the goals for the research. The optical detection method
in this study was designed using a simple light detection and trigger circuit and applied to glass and
PCB microfluidic devices. This design was successful in detecting a change in light intensity from
63-75 pm glass beads flowing through the channel which was a proof-of-design that the optical
apparatus could detect light changes from stronglye-type eggs passing through the channel. The
design outline in this manuscript can be easily implemented into basic and advanced microfluidic
research.

The final design of the circuit was composed of a TIA, inverting amplifier, HPF, comparator
and LPFE. The TIA was used to amplify the light signal and convert it to a voltage that could
be processed by the downstream circuit. The signal from particles ranging from 63-80 ym was
anticipated to be below a desired voltage of 10 mV so an additional amplifier was used to create
a distinguishable signal that could be easily read by the op-amp comparator. The HPF was used
to remove the DC offset of the measured signal and was compared to ground by the comparator.
The output of the comparator served as the signal or trigger for when a particle of interest passed
through the detection area. A LPF at the output of the op-amp comparator was used to eliminate
any high frequency pulses that caused the output of the comparator to fluctuate.

Early versions of this optical detection method successfully detected moving glass bead through
the microfluidic channel. Glass beads were used as test samples as they were approximately the
same size as strongyle-type eggs which was the main research being conducted by these particular
microfluidic devices. Glass beads were shown to produce a change in light intensity ranging from
1.7 to 3.7 mV that blocked 8% to 20% of the total light. This yielded confidence that stronglye-type

eggs flowing through the channel would be recorded by this detection circuit.
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Due to the global pandemic of COVID-19, in lab experimentation was discontinued and the
remainder of the experiment was conducted with an at-home modified set-up. Moving the experi-
ment to a new microscope required modifications to the microfluidic devices, optical apparatus and
testing procedures to continue work on the research. These modifications did not inhibit the ability
to carry out the experiment and in turn enhanced the process by creating a protocol for testing and
a circuit design to accommodate changing systems.

In addition to the glass device, a PCB device was modified to include on-chip optics for the
same detection technique used for the glass device. The original PCB design had to be altered by
drilling two 0.3 mm holes aligned with the channel where POF cables could be inserted. The POF
cables were melted into the holes and used as an illumination and detection source for the microflu-
idic channel. The testing of the PCB optics was conducted using a dried paint spot onto fishing
line that was pulled through the channel using the ends of the line. This allowed confirmation that
the changes in light intensity were correlated to an event of interest.

The off-chip detection method conducted using the glass MIC device and microscope set-up
caused some difficulties in alignment of the external optics for proper testing. The microfluidic
channel had to be aligned to the fiber’s image on the device to ensure that the light collected
was coming from the channel. The slight misalignment of the device showed that scattering off
the edge of the adhesive channel lowered the baseline voltage which would cause a malfunction
in the trigger circuit. The on-chip device required no external alignment, but did require chip
modifications. The test sample of a dried paint spot on fishing line was used to test the on-chip
optics of the PCB device. As this test sample spanned most of the width of the channel, an accurate
sensitivity for the integrated optics on this device was not determined during this experiment.

The integration of simple optics provided an additional measurement tool that could enhance
the data acquisition on both microfluidic devices. With common equipment and components, this
design was successfully implemented and tested for the on and off-chip approaches. This addi-
tional optical detection tool will enhance the validity of data obtained by these devices which will

yield greater confidence in the data analysis and results obtained.
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7.1 Future Work

The future work of this project includes syncing the detection signal to the data acquisition
device, moving the completed circuit to a PCB and using the implemented optics to obtain absorp-
tion measurements of the particles. The halt on this stated future work was a result of the CSU
labs closing for the second half of the spring semester and subsequent summer semester because
of the COVID-19 pandemic. Syncing the detection circuit to the data acquisition device will allow
for the electronics to begin data acquisition only when a particle of interest passes through the
channel as well as providing markers of the events that can be correlated to the impedance data.
Additionally, transferring the completed circuit from the breadboard onto a PCB would eliminate
possible interference in the signal as well as making the device more portable and user friendly.

Increasing the sensitivity of the optical apparatus and circuit could provide the ability to take
absorption profiles of the strongyle eggs. This could be used to compare with their impedance
measurements and possibly lead to a broader profile of the eggs and/or additional confirmation of
structure and size measurements. Obtaining more data and creating confirmation could be benefi-

cial to the science that is directly studying effects, diagnosis and treatments of helminth infections.
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Appendix A

Heat Calculations for PCB

An additional method for optical integration on the PCB microfluidic device was investigated
using a heated wire clamped between the two PCBs. The heating element was constructed using an
8 cm long, 29 gauge presumably steel wire, connected to a 9 V battery. The microfluidic channel on
each board was aligned to the wire and clamped into place. The motivation behind this technique
was to use the heated wire to melt the POF cables flush to the board. The wire used had no label
on the spool, but was assumed to be steel based on appearance. The apparatus with the clamped

PCB is shown in Fig. A.1.

Figure A.1: The PCBs clamped around the wire heating device made from a 29 gauge wire and a single
battery.
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This home found wire was chosen as it was the only wire readily available of the approximate
gauge that fit in the channel. Due to COVID-19, access to other materials such as nichrome wire
was delayed by approximately 4 weeks. Steel wire has a resistivity of 90 x 107% ohm - cm as
compared to the larger resistivity of nichrome wire (commonly used for heating elements) which
is 112 x 107% ohm - cm. The resistivity of steel is 80% of the resistivity of nichrome (the two
values differ by 22 x 107% ohm - cm) so it was expected that steel wire would still be able to
produce heat to possibly melt the Poly(methyl methacrylate) (PMMA), which was the material of
the POF cable.

To model the heat flow and temperature of the wire, the heat (diffusion) equation was solved

orT 0T

E(cmDA) = mAw +H (A.1)

where 0T /0t is the temperature change of the wire over time, ¢ is the specific heat capacity,
mp is mass density, A is the cross-sectional area, « is the thermal conductivity, 9?T'/0z? is the
second derivative of the temperature along the length of the wire and H is the power generation
per unit length. If we assume the system is in steady state, 97'/dt = 0, this means that the heat

transfer along the wire does not vary with time, then the equation becomes

0T H
- = A2
Ox? kA (A-2)
To solve, Eq.A.2 is integrated with respect to x
and then integrated again to obtain a final equation for 7’
/ —dr =—— [ (z+ C)dx (A.4)
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2
ro_H (%+C$+B). (A.5)

If the system is assumed to be symmetric, then the heat generation along the wire is also
symmetric. With the boundaries at x = 0 and x = 2L at a fixed temperature 7y, then the solution
for temperature for the first half of the wire, 77, (from x = 0 to z = L), will be equal to the solution
for the second half of the wire, T5;, (from x = L to = 2L). The boundary of this system, z = 0
and x = 2L, can be assumed to be at the same initial temperature 7|, as the nails the wire was
wrapped around did not heat up (this was confirmed by touching the nail during testing). The heat
along the wire is uniform when operating under the assumption that the resistance of the wire does

not change as temperature increases.

Uniform

dT Uniform
I-I_e\at N ™ — 0 B Hea}_. i
.._\ ".__\ I._\ \ AX i

i <+ - Ml
.

(J D

1

x =0 x=1 x=2L

Figure A.2: Heat is uniform along a wire with the assumption that the resistance along the wire is also
uniform. No heat is transferred across the center of the wire x = L.

This implies that in this steady state condition, there is no heat transfer that occurs from the
center of the wire to a small region Az, i.e. 91/0x = 0. Heat transfer occurs only when there
is a temperature difference in a medium. As a voltage is applied to the wire and it begins to heat
up, the atoms in a bound state (for a solid object) begin to vibrate and run into the neighboring
atoms. Heat flows from the high temperature, or “hot” area, to the low temperature, or “cooler”
area. In this steady state model, the nails at the end of the wire are kept at a constant temperature,
Ty, so the flow of heat generated through the wire at a constant temperature will flow towards those

boundaries and the rate of heat flow increases towards the boundaries shown in Fig. A.3.

83



N
( Heat Flow Heat Flow D

’ - - 1
x=0 x=1 x=2L
Ty T Ty

Figure A.3: Heat flows from the warmer medium to the cooler medium with the heat flow increasing
towards the boundaries. In the case of this wire, heat flow was towards the nails that were kept at a fixed
temperature 7j.

Eq. A.4 was evaluated at x = L to solve for constant C'.

dT’ H
%LE:L = —a(l‘ +C)a=r. =0 (A.6)

Equation A.6 requires the value of C' to be —L. Constant B was solved by evaluating Eq. A.5
atz = 0 where T' = Tj,.
H

$2
T|:c:0 = _a (? — Lz + B> |:v:0 =Ty (A7)

where B = —(kA/H)Ty. The final equation for the temperature change, AT= T'(x) — Tq,

across the wire in steady state with heat generation was found to be

AT(z) = —— (x—Z - L:p). (A.8)

The voltage output of the 9 V battery was directly measured and found to be 1.2 V. Every
battery has an internal resistance that limits the voltage it can supply to a load. The internal
resistance coupled with the fact that the battery had been previously used could have contributed to
the decrease in output voltage. A range of current values between 1.6 A and 1.8 A were measured
directly using a multimeter in series with the wire and battery for a 32 second test. These current

values are plotted vs time in Fig. A.4.
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Figure A.4: The range of current values through the wire that fluctuated between 1.6 A and 1.8 A measured
directly using a multimeter for a 32 second test of the battery.

Power generated by a voltage source across this wire can be calculated by

VQ
P = = (A.9)
and the resistance of the wire can be calculated by
L en
R — Phiength (A.10)

A

where Ljen g, 1s the length of the wire and A is the cross-sectional area of the wire with a value
of 0.062 mm?. The value of resistance for the full length (8 cm) of a steel wire was calculated to be
1.17 €2, which means the calculated power for the full length of this wire would be 1.2 W. Based on
the measured values of the wire with a voltage of 1.2 V and current of 1.6 A, the actual resistance

across this full wire was calculated to be R,,cqsureq = 0.75  using Ohm’s Law (V' = I R). This
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means that the actual resistance across half this wire was Ryq; = 0.37 €2 and subsequent power,
Prarr = 3.9 W. This discrepancy is due to not knowing the actual material of the wire used.
To determine the temperature of the steel wire at x = L, the heat generated for half the length
of the wire had to be calculated using the equation
V?/R

H = 7 (A.11)

Using the calculated value of 45 = 0.37 €2, half the measured voltage V},,;s = 0.6 V and the
measured value of L = 0.04 m, the heat generated H was calculated to be 24.3 W/m.

The temperature of the center of the wire, z = L, in steady state was calculated using Eq. 8

_ 24.3W/m(0.04m)?
2% 50.2W/m K x 62um?2

AT(L) (A.12)

for a value of AT = 6252 °C which was too large of a value to be possible. By observation,
the wire was warm to the touch and, from a previous test, the observed wire smoked briefly and
was too hot to touch (using a brand new battery). Eq. A.8 was plotted to illustrate the temperature

change along this wire and is shown in Fig. A. 5.
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Temperature Change Along Home Wire
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Figure A.5: Simulated temperature change along the home found wire. This wire was shown to have a AT
of around 6252°C at the center z = L which was not a logical value of temperature or consistent with the
physical observations.

A temperature change of this magnitude was not logical or consistent with the observed by
touch physical temperature change of the wire in question. The same calculation was done for
a theoretical nichrome wire of the same gauge and same length. The thermal conductivity of
nichrome is 11.3 W/mK with a resistance of 1.45 {2 was calculated for the full length of the wire
and the rate of heat generation per unit length, // was found to be 6.23 W/m. The change in

temperature of a 29 gauge nichrome wire over 8 cm is illustrated in Fig. A.6.
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Temperature Change Along Nichrome Wire
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Figure A.6: Simulated temperature change along an 8 cm long 29 gauge nichrome wire. This wire was
shown to have a value of AT of a little less than 7111°C at the center x = L.

The change in temperature profile over the length of the wire calculated for nichrome still
blows up to a AT around 7111°C. These results show that the wire found at home was probably
not steel, as a steel wire of that size would not be able to conduct that amount of current, and both
temperature values blow up for this size or wire and material. The wire used in this test probably
had a higher resistance and lower thermal conductivity value than that of steel.

The resistance of a metal at changing temperatures can be approximated using the the equation

R(T) = Ro[l + o(T — Tp)] (A.13)

where R is the reference resistance at temperature 7y, « is the temperature coefficient of resis-
tance of the metal and R(T) is the resistance at desired temperature 7. For steel, the temperature
coefficient of resistance is = 0.003 /°C at 20°C [23]. If the 8 cm steel wire was heated to the

melting temperature of 150°C for PMMA [24] with an initial 7y = 20°C and Ry = 0.75 €2, then
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a temperature change of 130°C would increase the resistance of the wire to R(7") = 1.0 €. For
nichrome, o = 0.00017 /°C at 20°C [23] and a value of R(7") was calculated to be 1.48 €. As
the temperature continues to increase, the resistance increases thus producing more heat. These
resistance values calculated show an increase of approximately 0.02 and 0.03 €2 respectively which
would not greatly change the temperature values calculated and have a limited affect on the mod-
eling of the temperature change of this system.

To determine why this wire used for this experiment did not effectively melt the POF to the
PCB, definitive values would need to be obtained. Based on observation, the wire did heat up to
cause some melting of the POF, but did not maintain this temperature for a long enough period of
time. Using a smaller gauge wire could prove to have a more successful result with this method of
melting the POF cable to the PCB. With a smaller gauge wire, the temperatures would not seem-
ingly blow up causing a fast burn out of the material and could possibly maintain the temperature
longer. The localized heat from the soldering iron was applied for 5 to 10 seconds which allowed
the POF to adhere to the PCB and melt the terminal end flush with the channel. Fig. A.7 shows
the terminal ends of the POF melted with localized heat compared to the melted end with the wire

clamped between the two PCBs.
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(b)

Figure A.7: The terminal ends of the melted POF cables from (a) localized heat using a soldering iron and
(b) heated wire clamped between PCBs. The heated wire did cause some structure change to the POF cable
when inserted into the hole, but it was not enough to secure the POF into the hole. Localized heat for 5 to
10 seconds applied to the POF was the best method for securing the POF onto the PCB.

While the POF cable in Fig. A.7 (b) did expand at the end slightly, it was not enough to secure
the POF into the hole or melt it flush to the channel side of the PCB. The temperature from the
home wire could reach a value to melt the POF, but could not maintain a high enough temperature
to melt and adhere the POF to the desired form. Thus the method using the tip of the soldering

iron proved to be a better method for securing the POF to the PCB.
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Appendix B
Operational Amplifier Non-Idealities and

Considerations

Operational amplifiers (op-amps) operate by two golden rules when used as feedback circuits:
1) no current flows in or out of the inputs of an op-amp and 2) their output continually adjusts so
the voltage difference between the inputs remains zero [25]. The assumptions of perfect operation
under the golden rules make analysis and approximation of a circuit design easy as real op-amps
operate close to their ideal conditions. In real components, non-idealities present result in deviation
from these golden rules possibly leading to unexpected behavior or outputs of the circuit. These
non-idealities are important to understand when troubleshooting any op-amp configuration.

Offset voltage and bias currents in op-amps are the apparent differences of voltage and current
between the two input pins. The unmatched voltage values at the input causes a non-zero output of
the op-amp even when the differential input voltage is zero. The input offset voltage is amplified
by the gain in the feedback circuit so in a circuit with higher gain, the more offset voltage will be
seen on the output signal. In the TIA design discussed in Section 4.2 this document, a large DC
offset was present on the signal which could have been due to the 10 M2 of gain on the 0.3 mV
to 2 mV input offset voltage specified for the LM358 op-amp [22] used for this project. The input
bias currents are leakage currents present on each input terminal and can lead to an added voltage
offset on the inputs. In Section 5.3 of this manuscript, a resistor was added between ground and
the non-inverting pin of the op-amp comparator circuit. This resistor had the same value as the one
in the HPF to match the impedance at the of inputs of this op-amp to make the non-zero voltages
similar at each input.

The slew rate is how fast the output voltage of the op-amp can change. Ideally this would be
instantaneous but a component can only change its output as fast as the design allows. This results

in a delay between the change in input and change in output. The LM358 has slew rate of 0.5 V/us
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[22] which is considered a slow op-amp compared to faster op-amps that can have slew rates of 100
- 6000 V/us [25]. The slow slew rate for the LM358 did not affect the results of this experiment as
events in the microfluidic channel were separated by multiple seconds and a fast response between
input and output of the comparator was not necessary. The total rise time of the output of the LPF
at the output of the comparator was 0.45 mV/ms from the data in Fig. 5.14, which is much larger
than the slew rate of 0.5 V/pu for the LM358 op-amp [22].

The gain bandwidth (GBW) product is a parameter that describes the gain of an op-amp with
respect to the frequency. Ideal op-amps “have infinite gain”, however, in real op-amps, the gain
is limited. The open-loop gain of a component decreases after a specified cutoff frequency as the
frequency increases. This compromises the gain performance of the op-amp. For low gain circuits,
the GBW product has little effect on the gain of the circuit.

Offset voltage, input bias currents, slew rate and GBW values vary between op-amps and can
be found in each component’s data sheets. If the non-idealities yield a significant negative effect
on the performance of the circuit, different techniques found in the component data sheets or

electronic handbooks can be implemented to mitigate these effects.
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Appendix C
Engineering with COVID-19

In March 2020, Colorado State University made the decision to close campus in response to
the growing pandemic of the novel severe acute respiratory syndrome coronavirus 2 (commonly
called COVID-19). This included the closure of most laboratories across campus, the optics lab
this research was being conducted in was one of them. Due to this closure, steps were taken to
adapt the continuation of this project outside of the lab. Essential equipment to the research was
borrowed from the lab and the final installments of this project was completed in an at-home lab
set-up.

The goal of this project was to create a working trigger circuit that was connected to a data
acquisition apparatus. The final desired test was to be done using strongyle eggs pushed through
the microfluidic device to test the functionality of the circuit and to obtain absorption profiles of
the eggs. The final steps on this project were left incomplete and the remainder of the project
was focused on various device designs for optic incorporation onto different styles of microfluidic
chips.

In lieu of the research progress lost during this time, I believe that an important lesson and
perspective on engineering came out of this unique situation. In the academic setting we have the
luxury to access all kinds of equipment and specialized knowledge in various fields of study which
helps in understanding details, functions and provides greater ease in accomplishing specialized
tasks. COVID-19 forced me (and many other STEM students) to work by what engineering is at
its core: creative creation and ability to adapt.

When I moved home to my small mountain town after the state-wide lock-down, I was left
with extremely limited access to materials and equipment. The limitation on resources available
required me to pull from all areas of my expertise to achieve success in this research. After a
few weeks of being frustrated over the situation, I began to approach every problem with a new

mindset, mainly because I had no other choice if I wanted to succeed. I moved out of the academic

93



track I had become so accustomed to and was able to start bridging the separation of niche sciences
and engineering to the everyday world.

I owe completion of this project to a community in the Colorado mountains, where artists, fire-
fighters, ski bums, mushers among many others provided their unique perspectives that promoted
problem solving and the success of this thesis. The most important lesson from this research, that
I believe would have been lost if I had the luxury to complete this project in the academic world,

is that engineering is nothing more than simply being human.
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Appendix D
PCB Metal Shaving Test

An initial test of the optical apparatus integrated onto the PC was done using a metal shaving
from a steel horseshoe nail externally manipulated using a magnet. The results of this test were
not convincing to be able to conclude that the optics worked. The metal shaving was replaced with
fishing line with the dried paint spot for a conclusive test of the optics. This appendix describes
the method and results of testing using the metal shaving.

The first test of the optics was conducted using a green laser being turned on and off to achieve
the benchmark of an absolute change in voltage and this signal was recorded from the output of
the inverting amplifier. Green laser light was directed into the bottom hole on the PCB device
and turned on and off. The result was a change in voltage of 3.40 V. The voltage when the laser
light was turned on caused the 3 drops in voltage because of the polarity change from the inverting

amplifier. The benchmark voltages are shown in Fig. D.1.
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Figure D.1: The output of the inverting amplifier when a green laser was turned on and off through the
integrated optics on the PCB microfluidic device. A change in voltage of 3.40 V was recorded.

With the confirmation that the installed POFs were able to accommodate the photodiode in
detecting an absolute change in light intensity, a second test using an object in the channel was

conducted. A metal shaving approximately 0.7 mm in length, was passed using an exterior magnet

through the illuminated channel. The metal shaving in the channel is shown in Fig. D.2.
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Figure D.2: The metal shaving from a steel horseshoe nail placed inside the microchannel. This shaving is
approximately 0.7 mm in length and imaged next to the 0.3 mm drilled hole for reference.

The metal shaving was passed through the detection area 4 times and produced a change in
voltage of around 0.07 V which was approximately 2% of the absolute change in voltage. The

signals from the metal shaving are shown in Fig. D.3.
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Figure D.3: Voltage change of approximately 0.07 V resulting from a metal shaving manually passed
through the detection area four times on the PCB microfluidic device. This was 2% of the absolute change
in voltage. The shaving was moved back and forth using an exterior magnet to ensure that the signal recorded

was from an object of interest.

It is important to note the differences between the decrease in voltage in Fig. D.1 and the
increase in voltage in Fig. D.3. The changes in voltage from the metal shaving shown in D.3 are
positive because the light is being blocked by the metal shaving causing a decrease in intensity.
The output of the inverting amplifier causes the decrease in intensity to be read as a positive change

in voltage. The decrease in voltage shown in Fig. D.1 are due to the channel being illuminated

thus showing an increase in light intensity.

98



Appendix E
Photodiode OPF482 Data Sheet

Specifications for the OPF482 photodiode used for this experiment are provided here for refer-

ence. This information is provided by Optek Technology, Inc. in Carrollton, Texas.

SP.opTEK
Product Bulletin OPF482 "

August 1996

Fiber Optic High Speed PIN Photodiode  in ST Receptacte
Type OPF482

065655 Ll 28 I—- e 33 5571
i
\W 03 1.4} Ol
[] PETER
5 [9.63] ‘}E |-| . e Cm— 1 ki)
Leea =il ] | |
' | e o |
ATE-E UWE G =
1
155 [3.90) ] 405 [ 10 15]  —
i Hin
1 | R R, Lo Sy
'i ! ™5 (:0.07) DinEnaioes ABE N INCHEE (MILLIME TRRG)
L]

Features Absolute Maximum Ratings (Ta = 25% C unless otherwise noted)
» Component pre-meuntsd and ready Reverse Woltage. . ......... ... i i e, 0D YD

fo use Continucus Power Dissipation .. ................... 200 mw!"
» High speed, low capacitance Storage Temperature RaNGe . ... .. .. ... ieenen.s -557 C to +100° ©
* Pre-tested with fiber 1o assure Operaling Temperature Range ... ... ... ... 0vuueenn,.. A0 Clo +85°C

performance Lead Scidering Tempearature [1/16 inch (1.6 mm) from case for 5 sac. with soldering
» Popular ST style receptacie Fi- o e e 2a0° i

+ Electranically isolated from case Notes:
(1) Derate Enearly @ 2.0 mW/° C above 25° G

Description [2) AMA flux is racommended. Duration can be exiended fo 10 sec. max when flow scidering.
[3) Test & VA = & V with 50"25 micran, 0.20 N.A, fibar, @ 10 uW optical power @ 850 nm,

The OPF4B2 consiets of a low cast Responsavity levals apply 1o 50 pm, 62.5 um and 100 pm core optical {ibers.

plastic cap PIN photodicde pre-maounted

and aligned in an ST receptacle. This

configuration is designed for PC board

or panel mounting. Includes lock washer

and jam nut, fwo 2-58 scraws, and dust

cap.

The PN Photodiodes are designed fo

interlace with muttimode optical fibers
from 50125 1o 1007140 microns

*5Tis a registered trademark of ATAT

Optek Technalogy, Inc. 1215 W. Crosby Road Carrolitan, Texas 75008 (972) 323-2200 Fax (572) 323-2396

99



Type OPF482

Electrical Characteristics (Ta = 25° C unless otherwise noted)

SYMBOL PARAMETER MIN | TYP | MAX | UNITS TEST CONDITIONS
R |Flux Responsivity 0.45 | 055 | aw [va=50v®
o Dark Current 0.1 | 50 nA V=50V
Ap Peak Response Wavelength B60 nm L
1 Output Rise Time 0.6 ns  (Vp=50V,RL =500, 10%-50%
tr Output Rise Time 1.0 ns  (Vg=15V, AL =500, 10%-90%
tr Output Rise Time 20 ns V=50V, RL=500, 10%90%
Cr  |Total Capacitance 15 | 20 | pF |Vgr=5.0V
Typical Performance Curves
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Appendix F
Operational Amplifier LM358 Data Sheet

Specifications for the LM358 op-amp used for this experiment are provided here for reference.
This information is provided by Texas Instruments, Inc. in Dallas, Texas. Please see reference [22]

for full documentation.
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i3 TEXAS
INSTRUMENTS

LM158, LM158A, LM258, LM258A

LM358, LM358A, LM358B, LM358BA, LM2304, LM2304B, LM2304BA, LM2504V

SLOS093W —JUNE 1878-REVISED OCTOBER 2018

Industry-Standard Dual Operational Amplifiers

1 Features

Wide supply range of 3 V to 36 V (B version)
= Quiescent current: 300 pA per amplifier (B
version, typical)
+  Unity-gain bandwidth of 1.2 MHz (B version)

Common-mode input voltage range includes
ground, enabling direct sensing near ground

Low input offset voltage of 3 mV at 25°C (A and B
VErSIons, maximum)

= Internal RF and EMI filter (B version)

On products compliant to MIL-PRF-38535, all
parameters are tested unless otherwise noted. On
all other products, proeduction processing does not
necessarily include testing of all parameters.

Applications

Merchant network and server power supply units
+  Multi-function printers
Power supplies and mobile chargers
Motor control: AC induction, brushed DC,
brushless DC, high-voltage, low-voltage,
permanent magnet, and stepper motor
Desktop PC and motherboard
» Indoor and outdoor air conditioners
Washers, dryers, and refngerators
= AC inverters, string inverters, central inverters,
and voltage frequency drives

*  Uninterruptible power supplies
Programmable logic controllers
+ Electronic point-of-sale systems

Single-Pole, Low-Pass Filter

Rg R,
J_ My "My
R, Veur

Vi O "My

T

e g

= 38~ R, C,
Vour i Re 1
Vgg |  BRgf\1+sRC,

3 Description

The LM358E and LM2904B devices are the next-
generation versions of the industry-standard
operational amplifiers (op amps) LM353 and LM2504,
which include two high-voltage (36-V) op amps.
These devices provide outstanding value for cost-
sensitive applications, with features including low
offset (300 pV, typical), common-mode input ran? e to
ground, an hbgh dlffenenhai input voltage capability

The LM358B and LM2904B op amps simplify circuit
design with enhanced features such as unity-gain
stability, lower offset voltage of 3 mV (maximum at
room temperature), and lower quiescent current of
300 pA per amplifier (typical). High ESD (2 kV, HBM)
and integrated EMI and RF filters enable the LM3588B
and LM2904B devices to be used in the most rugged,
environmentally challenging applications.

The LM358B and LM2904B amplifiers are available in
industry standard packages, including SOIC, TSSOP,
and VS50P.

Device Information!!

PART NUMBER PACKAGE | BODY SIZE (NOM)
LM358B, LM2904B,
LM358, LM358A, LM2804, |SOIC (8)  |4.90 mm = 3.90 mm
LMZ804V. LM258, LM258A
LM35384, Lmzen4s),
LM352, LM3584, LM2904, | TSSOP (8) |3.00 mm % 4.40 mm
LM2400V
LmaseB?, Lmoon4si),
LM358, LM358A, LM2804, |VSSOP (8) |3.00 mm * 3.00 mm
LM2804V, LM258, LM258A
LM358, LM2804 S0 (8) 5.20 mm ¥ 5.30 mm
LM358, LM2004, LM358A,
K L A FDIP (8] |8.81 mm = 835 mm
LM158, LM158A COIF {8)  |9.80 mm x 8.67 mm
LM158, LM158A LCCC (20) |8.80 mm = 8.89 mm
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INSTRUMENTS LM158, LM158A, LM258, LM258A
LM358, LM358A, LM358B, LM358BA, LM2904, LM2904B, LM2904BA, LM2304V
wanw ti_com SLOS088W —JUNE 1976—REVISED OCTOBER 2018

& Pin Configuration and Functions

D, DGK, P, PS5, PW, and JG Packages

£-Pin S0IC, VSSOP, PDIP, 50, TSSOP, and CDIP FK Package
Top View 20-Pin LCCC
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Pin Functions
PIN [e] DESCRIPTION
m s0IC, S0P, CDIF, PDIF, S0,
ko SEEE 1ssor, crel!
[N1— 5 2 | Megative input
N1+ T 3 | Pasitive input
IM2— 15 8 | Megative input
IN2+ 12 5 1 Pasitive input
ouTt 2 1 o Output
ouT2 17 T o Output
Megative (lowest) supply or ground (for simgle-
V- 10 4 e _.
supply operation)
NC 11'33'11' 6;'58'198' 1,1; — — Mo internal connection
Ve 20 8 — Pasitive (highest) supply

{1) For a listing of which devices are available in what packages. see Dewvice Companzon Tabie.
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7 Specifications

7.1 Absolute Maximum Ratings
over operating ambient temperature range (unless otherwise noted)(!)

MIN Mmax| uNIT
LM3588, LM358BA, :
LM2G048, LM2004BA a4
E LM158, LM258, LM358,
Supply voltage, Vs = [V+] - V) LM158A, LM258A, LM352A, t18oraz| Y
LM22D4V
LM2004 +13 or 26
LM3586, LM358BA,
LM29048, LM2004BA LM158, = i
Differential input voltage, Vip' LM258, LM358, LM158A, 7
LM258A, LM358A, LM2004V
L2504 -28 28
LM3588, LM35aEA,
LM2904B, LM2004B4 =03 #
g, LM158, LM258, LM358,
Input voltage. V| Elther npul LM1584, LM2Z584, LM35EA, —03 az| v
LM2204Y
LM2204 03 28
Efr;uf-:znvc:‘:fa]w.npu’. short circuit (ome amplifier} to ground at (or below) T = 25°C, Unlimited i
LM158, LM1584 55 125
LM258, LM258A -25 85
R I 5
Operating ambient temperature, Ty LRESEH. LMIn0HA =1 i "C
LM358, LM3584A o 70
LM2004B, LM2904BA, i
L2904, LM2004Y =0 125
Operating virtual-junction temperature, T, 150 "
Storage temperature, Tgy -85 150 "G

(1) Siresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, and do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operafing Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

(2] Differential voltages are at IN+, with respect to IN-.

(3} Short circuits from cutputs fo Vg can cause excessive heating and eventual destruction.

7.2 ESD Ratings

VALUE UNIT
LM358B8, LM35E8BA, LMZ304B, AND LM2304BA
Human-body model (HBM), per ANSUVESDAJJEDEC J5-001 i +2000
Viezpy  Electrostatic discharge 3 2 = m W
S Charged-device model (CDM), per JEDEC specification JESD22-C101" +1000
LM158, LM258, LM358 LM158, LM258A LM358A, LM2304, AND LM2304V
o Human-body model (HBM), per ANSIVESDAJJEDEC J5-001 " 500
Viespy  Electrostatic discharge = > 2 T W
R Charged-device model (CDM), per JEDEC specification JESD22-C101" +1000

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD confrol process.
(2} JEDEC document JEP157 states that 250-V CDM alblows safe manufacturing with a standard ESD control process.
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7.3 Recommended Operating Conditions
over operating ambient temperature range {(unless ctherwise noted)

MIN max| uNIT
LM32588, LM358BA, LM2004B, . -
LMZ804BA
Vs Supply voltage. Ve= ([V+] — [v=) LM158, LM258, LM358, LM152A, 7 | V
LMZ2584, LM358A, LM2804V
LM2804 3 28
Ve Common-mode voltage W— V+-2 W
LM2588. LM352BA 40 g5
LMZ804B, LM2904BA, LM2904,
LM2804V 0 125
Ta Chperating ambient temperaturs LM255. LM3564 o 70 *C
LM258, LM258A 20 g5
LM158, LM158A 55 125
7.4 Thermal Information
LM258_ LM258A, LM358, LM358A, LM358B, LM358E.A, LM2504,
LM29048, LM2904BA, LM2304V'3 e
THERMAL METRIC! D DGK P Ps PW FK JG UNIT
soic) | vssoe) | (PDIR) {50} (TSSOP) | {LCCC) (CDIP)
B PINS BPINS 8 PINS B PINS BPINS | 20PINS BPINS
Ress *',;S”Iw‘*-" b o-amiient themmal 1247 181.4 809 116.2 1717 84.0 112.4 "CW
N ot Bae Bo.4 704 825 Bag 56.9 526 oW
Rus AR & o e 678 1028 574 68.8 o2 575 100.3 T
e ﬂﬁ”;g"‘wﬁgn i 192 1.8 40 28 15 51.7 57 "o
Ve {m”g‘*m";‘;ﬁ:"pr 872 1012 560 E76 078 57.1 w3 ‘TN
Rescpay e e - - - — — 10.8 23 "W

{1} For more information about traditional and new thermal metrics, see Semiconductor and IC Package Themmal Metnics.
{2} For alisting of which devices are available in what packages, see Device Companzon Tabie.
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7.5 Electrical Characteristics: LM358B and LM358BA

Vg=[V+) - (Vo) =5V -

{unless otherwize noted)

36V (2.5 - 218 V), Ty = 25°C, Vew = Vour = Vei2, Ry = 10k connected to Ve/2

PARAMETER TEST CONDITIONS | MIN TP max| umMT
OFFSET VOLTAGE
03 30| mv
LMGS3E -
i pnd i ke T, =—40"CI04E5C 2| mw
LNGSEEA il Ml
T, =—40'C 045" 25 mv
icehty | Input offset voitage drt Ti = -40°C to +85°CH 235 1] e
PSRR | Power Supply Reection Rato 15 pun
Channel separation, oc f= 1 kHz to 20 kHz £ g
INPUT WOLTAGE RANGE
] ] W =3ViD3EV V=) wH-15] v
ot T o e T V=BV IS Ta = —40°C to +85°C =) [
V= S Vo S (VH —15V | Ve =3VID 3B Y 20 100
CMRR | Common-moos rejecion rano - — —
V=1 S Vo SV —20V | W, =5VID 35V T, =—40"Cio+E5C 25 315
INPUT BIAS CURRENT
=10 ES
I input bias current
T =—40°C 0 +85°C = e
s input offset cumant i o
. T, = —A0°C to+85°CH0 5| na
0.4 | Input oMset cumant anm T, =—40"C0+E5C 10 pAC
MOISE
E. Input vaitage nolse f=0.1%0 10H 3 T
& Input woitage nolse density f=1kHz 4D MHE
INPUT IMPEDANCE
z, Differantial 10| 0.1 MOy pF
Zic Commaon-mods 4115 Gy pF
OPEN-LOOP GAIN
Ay Cpanioop voltage gain Wy = 15 W, = 1W 0 11 W; Ry = 10 kD, eonnected o (-} L b e
: T, =—40'C t0+85"C £ wimY
FREGUENCY RESPONSE
GEW | Gain bandwidth product 1.2 MHz
SR Siew Ete G+ os Vi
8, Prase margin G=+1, R =103, C, =20 pF 56 .
b Creerioad recoveny time W ¥ galn =V, 10 s
i Settiing time Tod.1%, Wy =5V, 2V Step | G= 21, §_= 100 pF 4 s
THD+N | Total hammonic distortion + noise | G =+ 1, 1= 1 KHE, Vo = 3.53 Vags, Vo = 36V, Ry = 100K, Ly 5 250p4, BW = £0 k2 0.001 b
OUTPUT
lourr = SO A 135 14| v
Positive Rall [V+) b= 1 MA 14 1.48 v
o i by = 5 MAT 15 1.51 v
Vo \ioitage: output Saing from ral iR . 65
Megattee Ral (V-] =1 M4 075 1| v
W, =5V, L= 10 kO connactad to (V=) [ T, =<20"C 0 +85°C 5 2] mv
Wy = 15V Vg = W - =20 -3
Vg =1V T, =-40°C 0 +85°C -10
Iy Curput cument g = 150 Vo = W5 e 10 20 L
V=14 an T, - —40'C In+85°C 5
Wy = =1 W, = (6] 2 200 M £0 100 wA
i Snon-circult curment Wy = 20, (W4 = 10V, (V- =10, V=0V =40 = me
Cican | Capaciive load diive 100 pF
e Cpen-ioop cutput resistance f=1MHE, l=DA 300 f+l
POWER SUPPLY
Iy Cuiescent curment per amplfler | Wy =SVl =[A S 300 4| pa
L Cuiigscent cument per amplfier [ W, =351, =DA 00| paA
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9 Detailed Description

9.1 Overview

These devices consist of two independent, high-gain frequency-compensated operational amplifiers designed to
operate from a single supply over a wide range of voltages. Operation from split supplies also is possible if the
difference between the two supplies is within the supply voltage range specified in the Recommended Operating
Conditions section, and V4 is at least 1.5 V more positive than the input common-mode voltage. The low supply-
current drain is independent of the magnitude of the supply voltage.

Applications include transducer amplifiers, dc amplification blocks, and all the conventional operational amplifier
circuits that now can be implemented more easily in single-supply-voltage systems. For example, these devices
can be operated directly from the standard 5-V supply used in digital systems and easily can provide the required
interface electronics without additional £5-V supplies.

9.2 Functional Block Diagram - LM358B, LM358BA, LM2904B, LM2904BA

Vee-
~8 pA ~8 pA ~100 pA
Current Current Current
Regulator Regulafor Regulator

M- el . ouT
7 v
1M+
"k ~120 pA
s Current
Regulator
N
Iy ",
v v v v v
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9.3 Feature Description

9.3.1 Unity-Gain Bandwidth

The unity-gain bandwidth is the frequency up to which an amplifier with a unity gain may be operated without
greatly l;::‘&i’[t:-rling the signal. These devices have a 1.2-MHz unity-gain bandwidth {Sa\femic-n}.

9.3.2 Slew Rate

The slew rate is the rate at which an operational amplifier can change its output when there is a change on the
input. These devices have a 0.5-Viys slew rate (B Version).

9.3.3 Input Common Mode Range

The valid commen mode range is from device ground to Vs — 1.5V (Vg — 2V across temperature). Inputs may
exceed Vs up to the maximum Vs without device damage. At least one input must be in the valid input common-
mode range for the output to be the correct phase. If both inputs exceed the valid range, then the output phase is
undsfined. If either input more than 0.3 V below V- then input current should be limited to 1 mA and the output
phase is undefined.

9.4 Device Functional Modes

These devices are powered on when the supply is connected. This device can be operated as a single-supply
operational amplifier or dual-supply amplifier, depending on the application.
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