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ABSTRACT

Currently cell sorting is both an expensive andiats task. Optofluidic Intracavity
Spectroscopy (OFIS) is a low-cost, attractive aléive to these other cell sorting methods such
as flow cytometry. Unlike flow cytometry, OFIS dwegt contaminate the samples with
fluorescent tagging. OFIS relies instead on inoevefraction of the cells, which allows for
observation of these cells in their natural stdtlee current procedure for OFIS demands an
observer to monitor cells flowing through a micuidlic channel, trap a cell, and set up a
spectrometer reading. This demands valuable tintigecobserver and makes cell differentiation
unnecessarily slow. In order to improve the spH#edFIS, an automation system must be
implemented to detect cells, trap them, and takeasurement. To achieve acceptable speed
through OFIS new hardware was engineered whicludled new fabrication techniques for
making the polydimethylsiloxane PDMS/glass chipthvmicro-fluidic channels with
dielectrophoretic (DEP) traps, flow control, a dgiten circuit with a high gain transimpedance
amplifier, a RF switch and Labview software to cohthe system. Each of these components
required innovative thinking to improve cell diféetiation with OFIS.
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Chapter I: Introduction

As of right now, the main procedure for distingumnghcells apart is flow cytometry. We
are working on a more cost efficient method catiptbfluidic intracavity spectroscopy (OFIS).
This procedure has the advantage of not usingdgkaemt tags, which are quite expensive and
add to the time needed for the sample preparatynusing the refraction of light through the
cells instead of fluorescents we can observe th& ioea more natural, or pure, form and
therefore do not have to worry about the chancethigatags may interfere with normal cell
function.

The components of our system are: a microscopmfi@ned LED, a cell detection
circuit, a data acquisition unit with analog toithconvertor and digital output, computer
control software, a function generator, a RF swittDEP chip with the micro-fluidic channel in
it, and a spectrometer. (See figures below) Te,da¢ have made a channel to flow our sample
solution through. This channel has metal leadsRD&ps) for setting up the electric field to trap
our cell when it is detected by the detection atrtube analyzed by the spectrometer. We first
had to build the channels with the traps on th@ime next step was to determine the proper flow
rate of the solution so as to optimize trappinge &lso0 made a circuit to detect the presence of a
cell to trigger the trap. All of the control wasrte with Labview software.

The way our system works is as follows. Firsthiiffom an inferred light emitting diode
(IR LED) wavelength peak centered at 850nm is fedubrough the cavity of the micro-fluidic
channel on the chip. The light passes througloupd microscope and out from the microscope
via a fiber optical cable into our detection citcuThis light gets converted into a current in the
nA range using a photodiode and then goes intarsitnpedance amplifier to get converted to a
voltage and to be amplified. This voltage is gerd data acquisition device (DAQ) to compare
the voltage with a preset reference voltage. dfitiput voltage is below the preset value the
DAQ will send a signal to close the RF switch id@rto send a 6 or 10 MHz 10 Vpp signal to
the DEP traps on the chip. This will stop and heolekll in the trap for analyses by the
spectrometer to distinguish the cell. In ordertfer DEP trap to be able to capture a cell the



sample solution must be flowing at a slow enougé sa as to not have the cells have too much
inertia. This is done by using a micro-pump anitvgre (Labview) to create a pulse width
modulation to have the proper duty cycle to getfkhe rate we need.
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Chapter 2 will discuss the fabrication of our chépsl how the channels are made and
how the traps and leads are added to the chippté&hd will be on DEP chip micro-fluidic
ports. Chapter 4 will discuss the flow controkleé microfludics we used plus the pump system.
Chapter 5 will discuss the detection circuit weigiesd and some of the components used.
Chapter 6 will discuss DEP trapping. Chapter T egler the future work and recommendations
for next year.

Chapter Il : Channel Fabrication

Photolithography was used to fabricate these dr@ploreris traps in the CSU
Cleanroom. This process allows building contaetsss, and effectively traps on a micron
scale. The DEP chips were built with two distioetponents, a DEP trapping circuit and a
microfluidic channel. These two components arededrtogether to form a DEP trap.

The DEP trapping circuit is composed of three aotstand three discrete lines running
through the area under the channel. The conductaterial used was gold and chrome. These
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metals were first deposited onto a glass slideguamevaporator in the cleanroom. A layer
30nm thick of chrome was first deposited onto fiees This thin layer of chrome is deposited
because chrome can adhere to glass much bettegaotchnan. A 120nm layer of gold is then
placed over the chrome layer. Gold is depositedbse of its low resistance and low chemical
reactivity. Once this deposition is completed, tphithography follows. AZ1512 Photoresist is
placed and then spun on the chip. This resistimér and has very good resolution. A soft
bake at 110 degrees Celsius for 1 minute folloWext the chrome DEP mask is used to pattern
the resist. A chrome mask is chosen for this exygbecause of the small features it
encompasses. Chrome masks are expensive, abdufd403um resolution 4"x4” plate, but
have a high resolution and have an antireflectoaging to enhance the exposure. This mask
contains patterns for two different trapping citsub select from. A characterization of the
AZ1512 resist found and exposure time with the bake of 10 seconds. The resist is exposed
for 10 seconds which maximizes the resolution efrdsist. The exposed resist is then
developed leaving the unexposed area covered.oAtep wet etch removes the uncovered gold
and chrome from the glass slide. The DEP trap ishiipen ready for two of the three types of
bonding. The DEP channels were composed of eithlgdimethylsiloxane (PDMS) or glass.
PDMS channels were the majority of the channelpgmex since the fabrication success rate of
these channels was much higher than glass. Tlhessiof PDMS is attributed to its exceptional
adherence to glass. The PDMS used was made oPRNKS and the PDMS curing agent with

a mass ratio of 10:1 respectively. This PDMS enthlaced in a vacuum and degassed.
Degassing will remove the impurities in the PDMSahhwill improve the optical properties of
the molded part. A mold of the channel was ne¢dddrm the channel. This mold is composed
of a silicon substrate and SU-8 resist. This edmsed resist is much thicker and viscous than
the AZ1512 and can be used as a mold when it ischakd fully developed. Once the mold is
constructed PDMS solution is poured into the mgdia degassed. Once degassed the mold is
placed in an oven to bake for at least 4 hourse dilring agent transforms this viscous liquid
into an elastic solid. The PDMS can then be cdt@eeled off the silicon substrate. A glass
cover slip is then placed on the opposite siddi@fchannel which keeps the PDMS chip clean
and allows the channel to be transported easmeorder for the PDMS channel to be bonded to
the DEP trapping circuit one more step in the DE€ud must be performed. A gold and
chrome sheet still remains outside of the trapginguit which is used for other bonding
processes. This area is removed with the sanagtifiphy steps as creating the traps except that
a mask covering the trapping circuit is used. Nlogvtwo chips are ready to be bonded together.
The DEP chip is taped to a glass slide with theuatr

facing out. Both chips are then oxygen-plasma éckat Gold

with a micro-RIE. After treatment the two chipgar
bonded together using the mask aligner. The PDMS
channel is placed on the stage facing up. The &fiPis Glass
positioned facing down being held in the mask holde

The DEP traps are then positioned over the chanties.

Chrome

Figure2.1




channel is then brought into contact with the DiEPudt chip. The two are now bonded
together. The mask holder is then unscrewed aheldoout vertically from the aligner.

Glass channels were experimented with as weles@&lglass channels are more desirable
than PDMS because a dielectric coating can be dedas the surface of glass producing a
optical cavity necessary for cell differentiatioRyrex glass is used for channel etching and
chrome and gold are deposited on the surface.icKk tayer of P4400 positive resist is deposited
onto the surface. This resist was chosen becaismuch thicker than the AZ1512 resist which
will be necessary with HF etching. The tradeoffrwising P4400 is that it doesn’t have as good
a resolution as AZ1512. In this application givingresolution is certainly acceptable. The soft
bake for this resist is 110 degrees Celsius forrfutas. The resist is then exposed with the
channel mask for 35 seconds. The exposed areasisad away in development. The chip is
then baked at 110 degrees Celsius for 10 mintibss turns the resist into a hard film which
can withstand the wet etching process. The galdchinome are etched away. The next step is
to etch the glass. This is done using a wet et¢hiFo The chip is placed in HF for
approximately 3-4 minutes. The chip is
removed from the HF and washed with

de-ionized water. The chip is then - ,
placed in an acetone bath to remove th I pr—
—_

hardened resist. Acceptable glass
etching was never achieved in the
semester. The channel surface must b
as uniform as possible to provide bettel
transmission of light. Using an Alpha
Step surface profilometer to measure tt
surface height, deep indents were foun..
in the glass. One explanation to this result & there are lattice impurities in the glass theth e
faster than the uniform lattice. If this were tlase then higher quality glass would be needed to
perform suitable glass etching.

Once the layer of resist is removed, the channel@mn be bonded to the DEP trapping
circuit chip. Two bonding methods have been imgetad. The more successful method is
Indium bonding. A piece of Indium metal and tharmhel with gold on the outer area are placed
in a solution. A positive voltage is applied te tindium metal and a negative voltage is place on
the of the channel chip. This creates a curreinidiim to be deposited on the gold. The
channel chip is then ready to bond to the DEP ticdup. The two pieces are roughly aligned
by eye and pressed together by hand. The chipbemeobserved under a microscope to view
the alignment. Fine adjustments are made to opdinfie alignment. Once the alignment is
made the two chips are sandwiched between two cgheets. These sheets are then put in a
vise. The vise is screwed together with four ssrewhis puts equal pressure on the bonding
area. The bonding vise is then placed into a he#@e/acuum is pulled in the heater to prevent
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oxidation from the high temperatures. The tempeesih the heater is controlled by a
programmable unit attached to the heater. Thedeatyre is then programmed to ramp up to
and hold at a certain temperature and then rammd@wce the desire temperature program
completes, the bonding vice is pulled from the éeailhe channel and the DEP trapping circuit
chips are now bonded together.

A similar bonding procedure is gold to gold borgdinThe advantage gold has over
Indium is that the height of the material requifedbonding is minimal compared to Indium.
Minimizing the height for bonding is critical becauthe height dictates how leaky the channel
will become. Indium bonding adds another layethi;nbonding area outside of the chip. This
layer adds an additional height on the scale ofoni&. This will produce a leakier channel than
chips bonded with a gold to gold method. This goldold method has not successfully been
completed on test chips. These test chips arghlmaBize of the DEP trapping circuit chips and
have gold with no patterning. The two gold chips pressed together and put between the
copper plates and into the vice. The temperatupedagrammed to be much higher than indium
bonding. This is due to the fact that Indium bomdgh easier to surfaces than gold does to gold
or any other surface. The melting point of goldlso very high. In order to fuse the two pieces
together a very high temperature must be obtaiedappropriate temperature and pressure
have no been obtained which prevent acceptableifpn&mall bonding areas have been
obtained but not large enough to be a reliable atetar chip bonding.

Given the difficulty of metal bonding, alternatigpproaches were explored but have not
yet been incorporated in actual micro-fluidic chelsn

Chapter Ill: DEP Chip Micro-Fluidic Ports

cells to physically enter the chip. It is also onjant that there is a way for th cells to exit
the chip. This is accomplished through the useamioports. There are two
nanoports on every chip, one for the cells to einterthe channel, and one for
cells to exit the channel. Nanoports are cylirgrghaped parts that are on th order of 1
— 2 cmin diameter and 2 — 3 cm tall. They areposed of a plastic-like

material. On the bottom of the nanoports, theee is

small circular opening with a rubber seal surrongdt. From the top,

nanoports are hollow with threads so that a nhareotam be secured into the

nanoport using a hollow screw-like adapter. Tredagters are included as ' a kit

In order to get cells into the DEP chip with a raichannel, there mustei be a way for

I nanotube

when nanoports are purchased. Nanotubes are wety s
tubing that are 150 um in inner diameter that exguently used in micro-
fluidics. The figure shows the basic structure ofanoport.

adapter

8
nanoport



Figure 3.1: Nanotube-Nanoport Interface

Before nanoports can be placed on a chip, holes neudrilled into the chip in the
appropriate places. To do this, a pattern of thp fabrication is placed over the chip and the
two places for holes are marked. Then a drill pissised with a small drill bit. Great care must
be taken when drilling the holes because glasksraied chips very easily. Water is applied at
the drill area and only very small depths are elilat a time. This process is very dependent on
minimal human error. Many of the fabricated chipse non-ideal holes when drilling is
complete.

It is also very important to have a way to segupghce the nanoports on the DEP chip so
that there is no leakage as cells and liquids as@gd into the channel and pulled back out of the
channel, sometimes under high pressure. The nanagpachment process is quite simple and
never fails no matter how dirty the sample is, efegrihe non-adhesive type described below.
Adhesive o rings are used to create the bond bettieenanoport and the chip. Adhesive o
rings are a sticky, glue-like material in an “O’agle that act as double-sided tape. These rings
are very carefully placed around the center ofdfileed holes, and pressed firmly into place.
After this, the nanoports are cautiously placedh@nadhesive o rings, making sure to center the
nanoport over the hole. Again, this is presseadlfininto place. Once complete, the chip is
clamped to the nanoport for one hour to allow ttieesive o ring to dry and seal. The figure
below shows the placement of a nanoport.
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Figure 3.2: Nanoport Attachment

Second Semester Updates

The company that made the adhesive o rings no tqgrgeuces them. Their
replacement o rings are non-sticky and bond via h€lae process for attaching a nanoport is
nearly identical; however the final step is to béke chip in 170°C for 1 hour. Placing the o ring
and nanoport is much more difficult because the aeing is not sticky. The bonding strength
of the new o ring is very dependent on the cleaskrof the surfaces that are being bonded. A
detailed description of the process of attachimgriéw nanoports is in Appendix E.

Chapter IV: Flow Control

An essential part of the project is to be ablgdbcells into the chip. There are several
considerations for acceptable means to accompisklésired flow rate of cells in the channel of
the chip. The first and primary requirement i tha flow rate must be less than or equal to
40 um per second (40 um/s). This requirement cdroesthe DEP traps on the chip. If the
flow rate exceeds 40 um/s the force of the DEP twegiop a cell will not be sufficient to stop a
cell and hold it in place. Another limitation db¥ control is that there must not be too much
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pressure on the nanoport-chip seal or in the cHanrtee bonding on glass to glass chips is not
very strong and high micro-fluidic pressure willsa the chip to leak. If leaking is severe, it is
possible for cells to flow outside of the chann@bviously, this is very undesirable because all
of the traps and optical detection are near théec@f the channel. It is also worth noting that
all of the glass chips have gaps between the tewregiof glass due to an imperfect bonding
process. This creates flow outside of the chaandldifferent fluid dynamics than the PDMS
chips. Because the glass to glass chips (glaps)cbssentially have larger channels, the flow
rate is significantly slower than in the PDMS chigisen the same amount of pressure is applied
to the fluid.

Most cell samples, such as blood, are obtainedyussyringe. Therefore, a syringe is
used to push samples into a nanotube and intdidrenel. Although the end goal of the project
is to pump cells through the channel and analyemtht is impractical to actually use cell
samples to develop and test flow control. Theesfde-ionized water was used with glass
spheres ranging from 5 um to 26 pm in diametere mhajority of the time 9.77 um spheres
were used. This water with glass spheres willdierred to as “fluid” in parts of this section.
When the project first began, it was thought thatriate at which the end of a syringe plunger
needed to be pushed could be calculated baseddadhthat the volume in is the same as the
volume out. Ideally, chips are fabricated withO® 21m wide by 25 pm deep channel. This
gives an ideal cross-sectional area of 200 um pra5= 5000 urh If the syringe plunger is
pushed at a rate of x um/s then the volume of flleiing into the nanotube (and the chip) is
7 x (0.5 x diameter of syringe [HrJ¥ x pm/s = z prits. This flow rate must logically be the
same in the channel since the volume in must éfealolume out. This result can then be used
to calculate the velocity at which fluid will traviarough the channel. The equation is as
follows: v pm/s = z urits x (5000 purf)™. Substituting the first equation into the secgies a
direct relationship between the velocity of flurdthe channel v [um/s] and the velocity at which
the plunger of the syringe is pushed x [um/s]. sTesulting equation is:

Vv Um/s = x pm/s xt x (0.5 x diameter of syringe [ump x (5000 pund)™

The only syringes on hand at the beginning ofpttegect were 3 cc syringes with a
diameter of 8.585 mm = 8585 um manufactured by. BSing the equation above equation, to
achieve a 40 pm/s flow rate in the channel, thag#u must be pushed at a rate of 0.00346
pm/s. The original plan for flow control was anuistrial syringe pump. Borrowed from the
chemistry department, the NE — 1000 syringe pumgenty New Era Pump Systems, Inc. can
push this B-D syringe at a rate of 2.434 pL/hrisTih the equivalent of
6.761 x 18 um/s. This is 1.954 x @imes too fast! Obviously this syringe pump is awalid
solution to the flow rate problem. In addition,evhthe syringe pump was set to its slowest
setting, the torque broke the encoder coupler Isecthe pressure in the chip created a force
pushing back against the syringe plunger that vegeid what the pump was designed for.

As a solution, the Oriel Instruments Encoder Midantroller 18011 was chosen to
function as a custom pump. The Oriel InstrumemisoEer Mike Controller 18011 (Oriel) is
designed to be used as a precise way to move asoape stage. It can move the actuator at a
minimum velocity of 0.5 pm, which is still about@&mes faster than the desired rate for the
larger syringe (8.585 mm diameter). To reducedte at which the plunger must move, a
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smaller syringe (4.669 mm diameter) was choseretosed in the system. This syringe plunger
only needs to move at a rate of 0.0115 um/s tceaehthe desired flow rate of 40 um/s in the
channel. Because this is still slower than what@hiel is capable of, Labview software was
used to create a duty cycle where the actuatanlismoving for a small percentage of the time.
For details on how the Oriel was implemented ih®gystem, see Appendix C2. To achieve

40 um/s velocity inside the channel, the Labviewnds set so that the actuator moved for 0.825
seconds at 0.5 um/s (0.4125 um) and off for 7 s#scolVhen the VI is used, the optimal flow
rate occurs at this duty cycle of approximatelyb®0. This “duty cycle” description applies to

the movement of the actuator. However, “duty cydenot an accurate comparison because the
flow rate in the channel takes much longer to debay the 7 second period during which the
pump is turned off. This is discussed more lgd@other consideration is that the stage mounted
to the actuator is spring-loaded and adds compicab the analysis. This spring action actually
allows the plunger to be pushed at a rate slowar the 0.5 um/s that the actuator is moving.

actuator

Labview program

spring-loaded =58
stage

syringe

Oriel
controller

|||||

Figure 4

Through experimentation, it was quickly discovetieak the derived equation does not
hold true for glass chips, but is reasonable foMBxhips. This is because the actual cross-
section in a glass chip’s channel is larger amhoabe accurately estimated. Experimentation
also revealed that due to complex pressure dynathieslow rate in the channel does not follow
the syringe plunger. To be more precise, whermplhineger is moved and then stopped, the flow
in the channel does not stop immediately, but radleeays over the course of several minutes.
This behavior is analogous to the behavior of ancR€liit. Both have a time constant
associated with how long it takes the flow ratdimdown. The larger syringe (8.585 mm
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diameter) builds up a higher pressure and the ¢ionstant is several times longer than the time
constant for the smaller syringe (4.699 mm diamet€his suggests that the cross-sectional area
of the syringe is proportional to the time constanthe flow rate inside the channelAll of these
more complex dynamics make experimentation theibdgatation of actual flow inside the
channel. There was no precise way to obtain thecig of spheres moving in the channel but
the duty cycle described earlier is estimated tmipce a flow rate of 40 um/s in a PDMS
channel. Due to limited fabrication of glass chiesr the end of the semester, the duty cycle for
the desired flow rate in a glass chip has not lbeend. However, it is known that the duty cycle
must be higher than that for the PDMS channel.

Second Semester Updates

Spheres often get trapped on the edges of tHedlhble when pumping a solution
through the channel. To deal with this problemew set of solutions were made and
documented. These solutions are more dilute andldlaiow for operation with less clogging.
The new 9.77 um sphere solution is 0.05 cc of spbkelution to 7 cc of de-ionized water. The
new 7 um sphere solution is 4 cc of sphere solutdtO cc of de-ionized water

Perhaps the most prominent problem that hinddregbtoject is leaking chips. Chips
often leak at the nanoport-glass barrier. Anottmenmon place that chips leak is the edges of
the chips where the glass-to-glass bonding or PDdA@ass bonding occurs. Glass-to-glass
bonding problems cause leaking and this problemage extensively discussed in Chapter II:
Channel Fabrication. Many leaks cause fluid tavftautside the channel or not in the channel at
all. The most effective method of fixing leakinigigs is UV glue. However, UV glue can only
be used to patch the outside of a chip, not whiagsgo-glass or PDMS-to-glass bonding has
failed. Therefore, patching the perimeter of gad the nanoports can prevent leaking, but not
flow outside the channel within the chip. The UMagis mostly transparent and does not harden
until exposed to ultraviolet light. After applyingV glue to the necessary part(s) of the chip, the
glue must cure in the ultraviolet light for at le&sminutes. Experimentation has found that 15
minutes of curing seems to be more appropriate.
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Chapter V: Detection Circuit

We needed to be able to tell when a cell was ptesaur system For this we decided
to design a detection circuiflThis circuit would detect a cell by a modificatim the light
intensity. In order to design the detection circuit we s@mvith a ST connectorized

photodetector (OPF482) connected to a 62.5 umdiareeter multimode fiber optic cabl@he
light from an infrared LED goes into the microsc@mel then through the fiber optical cable into
the photodetector A photodetector is a photodiodiehvis a component with a p-n junction
When a photon, light, of sufficient energy strikes

the diode, it excites an electron in the valence

band thereby creating a mobile electron and a

positively charged electron holdf the absorption R

occurs in the junction's depletion region, or on Vi, —o0 V,,
average one diffusion length away from it, these .
carriers are swept from the junction by the bult- £

field of the depletion region, producing a .
photocurrent Photodiodes can be used in either A Iow-pass slecironic fller rakzed by an

RC circuit

the zero bias mode, known as the photovoltaic
mode, or in the reverse bias mode, known as th
photoconductive mode, the mode we are
interested in In the zero bias mode, light striking vm_j>_. Vo
the diode causes a current across the device wit

leads to a forward bias of the diode which in tur F
induces “dark current” in the opposite direction 1 ";{:‘" ' "‘HM
the photocurrent Dark current is the relatively = )
small electric current that flows through a Hookiverting smpfier
photodiode even when no photons are entering

device This is called the photovoltaic effect anc

is the basis for how solar cells work, which are \

just a large number of big photodiodednto :l>_,vm,
reverse bias which only induces a little current Vin

(known as saturation or back current) along its Vottage folower
direction But a more important effect of reverse

bias is widening of the depletion layer (therefexpanding the collection volume) and
strengthening the photocurrentircuits based on this effect are more sensitvaht than ones
based on the photovoltaic effect and also tendht@ hower capacitance due to the greater
separation of the charges, which improves the spe#tir time response, becausd&kC so the
smaller the capacitance the smaller the time cabstan the other hand, the photovoltaic mode

tends to exhibit less electronic nais&nother type of photodiodes is the avalanche qudioties
which have a similar structure, but are operatatl @imuch higher reverse bias which allows
each photo generated carrier to be multiplied kalanche breakdown resulting in internal gain

within the photodiode, which increases the effectiesponsively of the deviceur
photodetector is used in reverse bias with a leggistor (18MQ) to have the majority of the
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current flow into the circuit The next step of the circuit is a low-pass filteth a cutoff

frequency of 1,000 Hz to reduce the noise frompth@odetectar The output from the filter
goes into the operational amplifier or op-amfhe op-amp, a LF412CN, is setup in a non-

inverting configuration with a gain (1 +MR;) of 2,500 After the op-amp stage, we have a
voltage buffer or voltage follower, used as a buffeplifier, which is used to eliminate loading

effects or to interface impedance¥,,: = Viy with Z, =0 in theory, but in reality it is the input

impedance of the op-amp, which is usually@lb 1TQ. Some of the difficulties we ran into
were a noisy signal, which is why we added a logsgddter, having the op-amp oscillate so we

added some capacitors to eliminate.thige also had a weak input signal which is why we

increase the resistor to8MQ. Below is the final circuit
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Second Semester Updates

Due to many problems with the previous circuitigesuch as noise causing errors in
our results and simply not enough gain, we redesighe entire light modulation detection
circuit.

The redesigned circuit (Figure 5.4) is still baseound the premise of the previous
circuit’s transimpedance stage, but uses a diftarenfiguration. It was seemingly problematic
to use a resistor based transimpedance such asMRduire 5.3 to generate a voltage based off of
the photocurrents, as the photocurrents ranged $@mA to 5uA and the amount of external
electromagnetic interference seemed to be enoughuse erroneous values. The redesigned
circuit takes advantage of a transimpedance arep(ifilA) configuration shown in figure 5.4 as
well as a voltage amplifier.
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The first stage of the circuit (Figure 5.5) is THA with a transimpedance gain of
4.4MQ. The second stage of the circuit (Figure 5.6héwuoltage amplifier, taking the voltage
output from the TIA and applying a gain of 700 V/V.
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Noise was still seen as a problem with this newutir Noise of about 60 Hz was seen on
the output of our amplification stages, which calusereliable results while automating as it
created a 30-50 mV difference on the output ofciheuit. The noise was dealt with by the use of
the low pass filter (LPF — Figure 5.7) as well asalpling the power supplies from the circuit
(Figure 5.8). The LPF can be seen as the capdCitan parallel with the feedback resistor R1.
This LPF limits the overall bandwidth of the circaausing a slower time response, but is
required to limit the amount of noise from the ihpignal. The capacitors on the power supplies
act to decouple the supply lines from the ciroutijch greatly limits the destabilizing effects of
the inductive response the supplies cause whelyiagm@ load. We also created an aluminum
enclosure to house the circuit in order to stopelegtromagnetic interference.
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Figure 5.8
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The time response is now the biggest issue wélcittuitry. The limited bandwidth due
to the LPF has caused the overall system perforenendecrease. The amplification stage
produces the largest time constant of the systathjsathe cause of the issues with a slow time
response. In order to achieve a faster time regpaves could either tweak the LPF for optimal
values, or use an op-amp made for transimpedamf@oaations, such as Texas Instrument’s
OPA380. What this amplifier provides over our catrep-amp, the LF412, is a much larger gain
bandwidth allowing for a greater input signal bardtty, and also offers great precision and low
noise which is important when trying to amplify @mts as low as 1 nano-Ampéte.

A future design idea, which would call for a contpleedesign of the circuit, would
include an op-amp like the OPA380 and a voltagéehbuTo achieve the best distortion
reduction and performance in a transimpedanceitiadurequired gain should be taken care of
with the TIA¥ The output of the gain stage should be followed pltage buffer. The same
noise cancellation ideology and capacitive decogpdihould be followed from previous designs;
however the low pass filter should be tweaked tpuae a stable phase margin. Ideas for
improving performance with a transimpedance circait be found in the datasheet for the
OPA380™.
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Chapter VI: RF Switching

To fully automate the system, the cell traps wddgte to be turned on when a cell is in
proximity of a trap. To do so, the Data Acquisitidnit (DAQ) would monitor the voltages from
the cell detection circuit until the given voltageceeds the threshold, showing the presence of a
cell. The DAQ would then create a digital high atitpn an analog switch or relay and cause a
signal of radio frequency (RF) to be applied tottla@s, thus causing a cell to be trapped in an
electromagnetic field. The components we trieds® to switch the RF signal, such as an analog
switch, no longer performed as an ideal switchtduge high frequencies. At RF, the
capacitance associate with the analog switch caapeticentage, usually 10%, of the signal to
leak when the switch was considered open. To gwaibdlems with RF signals, we chose to use
a Teledyne 172-5 RF DPDT relay, which is desigmedandle RF signals.

Chapter VII: Dielectrophoretic (DEP) Trapping

DEP trapping is necessary in this project for orménmeason: If the sphere/cell/particle
is not held in a particular position without movjregspectral reading of light shined through that
object will be extremely difficult to gather datatlvthe equipment and limited budget that we
have. DEP trapping is a method of using electraoratig forces to hold an object in place. One
might ask the question: how do you exert a foroanug charge neutral object using an electric
field? The answer to this question is not triviBIEP trapping occurs when a non-uniform
electric field is passed through a neutral bodyterhal to the neutral object, the molecules
within the neutral object polarize, much like thepbktion region that occurs when a voltage is
put across a pn junction. The imbalance of loealizharges results in a virtual electric dipole
being formed within this neutral object. Therefdres electric field will “apply” a force to the
surface dipoles in the overall neutrally chargepbatb Since the objects we are concerned with
are on the order of 10 um in diameter, it is easi@xert a significant enough force on these
small particles with large surface to volume ratmépush” them into a suitable area to take a
spectral reading.
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Figure 6.1 Picture of DEP trap electrodes

In order to achieve a non-uniform electric fieddime-varying voltage must be applied
across the electrodes of the DEP trap. The apmiatei force applied to an object being trapped
can be defined by the formula

F = 2me, R*Re[CM(w) X VE2(1)] [1]

where F refers to the dipole approximation to tl&PDorce g; refers to the permittivity of the
medium surrounding the object being trapped, Raesadius of the particle, r is the spatial
coordinatem is the angular frequency of the applied voltages the complex applied electric
field, CM is the Claussius-Mossotti factor. The€dius-Mossotti factor is a frequency
dependent function of the permittivity of the madioutside the particle and the inside of the
particle. In simpler terms, the force to push bject into a trap is proportional to the positional
gradient of the electric field. The implicationssafch a thing is that the particle will experience
a force until it reaches an extrema in the intgndithe electric field (i.e. the positional
derivative of the electric field is zero, and tHere the force will equal zero.) This translatet®in
basically a restoring force that keeps the partrepped at a certain point until the electricdiel
is removed or until a much larger force physicadisnoves the particle from the trapping area.

In the scope of this project, the non-uniform #ledield comes from a 5 Vpp sinusoidal
signal across the two electrodes of the traps.
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Figure 6.2 (a): Electromagnetic Modeling of DERp#:aReproduced from [2].

Based upon the field lines shown in Figure 6h2,goint of highest electric field
intensity is approximately in the center of thetra his provides an optimal trapping point for
which the spectrometer can take a reading.

Chapter VIII: Future Work

Chip bonding has shown to be a critical step ip ¢abrication. Failures in PDMS and
thermocompression bonding have not been reliabtaads for bonding the trap and channel
pieces together, and more reliable methods nebd found.

With so much variance in chip fabrication, it woldd beneficial to create a feedback
control system for flow control. While the currdlaw control method can achieve desired flow
rates, the velocity of particles in the channel sredvolume of throughput are currently human
estimates. Different chips sometimes require dbffie setting in Labview to achieve the same
result. If an accurate way to measure flow rateeveehieved, a feedback control system could
allow for the same flow rate even if there are ataces in the effective cross-sectional area of
chips’ channels.

The optical system will need to be fine tuned tovalfor adequate light modulation on
chips with dielectric coating. This coating sigeaintly reduces the transmitted light intensity
(transmitted power). If we are able to obtain dopations, a higher output infrared LED could
improve the system. Also, if a high performancetpldiode was obtained the performance may
improve. Last, the optical detection circuit cobklimproved in the area of time response.
Using a high-performance transimpedance ampliesighed for photocurrent amplification
may enhance performance. This amplifier shoulcelalarger gain-bandwidth product to allow
for higher frequency response while maintainingritbeessary gain and signal-to-noise ratio.

In the future of the project, the spectrometer ltome an essential part of the cell
analysis. Data acquisition will need to be autadatsing Labview software and resulting data
of the cells will allow for cell differentiationBecause it is the shifting of the wavelength that
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differentiates cell types, the spectrometer ishbart of the system. Triggering DEP traps based
on light modulation (i.e. intensity) is very difit and may not be feasible with current project
limitations. An alternative to trapping based myint intensity would be to use the spectrometer
and attempt to detect changes in wavelength aggetrithe DEP traps accordingly. It may even
be possible in the future to skip the trapping stefirely and simply take data of the cells’
spectrums as they pass. Such alternatives sheduflt/estigated along with other possibilities to
improve the rate at which cells can be analyzed.

Another key element to automation is software. €the spectrometer is implemented
and spectral data is taken, the data needs totexish an efficient filing system and analyzed
for the end user. Without software, each spectnamld have to be analyzed by a person and
compared to other data. The software should hastscal data about the analyzed cells and
should have tolerance parameters that can be sbehyser to specify what characteristics
determine different cell types.
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APPENDIX OR APPENDICES

- Appendix A: Abbreviations

AC — Alternating Current

DAQ — Data Acquisition Unit

DC — Direct Current

DEP — Dielectrophoretic

LED - Light Emitting Diode

OFIS — Optofluidic Intracavity Spectroscopy
OpAmp — Operational Amplifier

PDMS — Polydimethylsiloxane

VI — Labview Virtual Instrument

Vpp — Volts Peak-to-Peak

- Appendix B: Budget

ADG 452 Digital Switch -- $15

Various circuit elements including Op-amps andtdigihips -- $10
Hytek iUSBDAQ U120816 -- $105

TOTAL EXPENSES = $130

Starting Budget = $500 over 2 semesters

Money left = $500-$130=$370
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- Appendix C: Peripherals

The need for peripherals in this project is abutigapparent. We used many different
measurement and control systems to be able towechig goals. These peripherals were:

- Data Acquisition Unit (iIUSBDAQ-U120816) from Hait Automation
- Ocean Optics Spectrometer (HR2000)

- Oriel Instruments Encoder Mike Controller (18011)

- Microscope (heavily customized Olympus 230997)

- Logitech USB camera

- Beam splitter (Newport parts manufactured in-teyus

C1: Data Acquisition Unit

Figure C1.1 Hytek Data Acquisition Unit

The data acquisition unit was brought on boardtdweneed for triggering a circuit
based on amount of light collected by the photodio@his made it so that instead of creating a
new logic circuit every time we changed the gaagstof the amplifier, the logic could be
controlled with a Labview VI. This also took otetguess work for a logic chip. In the
specification sheet for a 7400 series logic compgrieere was a large range of voltages that
were specified to be undefined logic. The DAQ tadbkt of the uncertainty out of the logic.
The DAQ is accurate to within 3 mV DC on its 8 dahbie channels of analog inputs. It also can
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output digital logic at 5 V DC on one of its 18 @& I/0 channels. This may seem like it's
overkill to have so many, but the DAQ was 2/3 & fnice of some of the other data acquisition
units that are on the market. It has a sampliteyaf13,000 samples per second on a single
channel. More expensive units were about the saregen worse. We designed a Labview VI
that would take an analog input, compare it to sepezified reference, and output a digital
signal based upon whether or not it was higheowel than the given reference.

Here is the front panel of the Labview VI.

Comparison Yoltage error ouk
.
0

Channel

= |.|,q1 0 source
InputR.ange
Hlo-4.006 v B
STOP

IUSBDAC Session In

IUSBDAG Session Ouk

Device Index error in {no error)

Device Index
a

Device Instance
a

;JU status  code

" Device Instance )
o 9| o
“ SOUrCe

|

Figure C1.2 Front Panel of DAQ VI

The interface is quite simple. The triggeringtagek is input in the field labeled
“Comparison Voltage”. The channel of the analquuinis easily configured. Any errors are
easily read on the error out field. Since we aunied the DAQ to take inputs on analog channel
0 (the default value), getting a digital outpuséa upon comparing to a preset voltage was as
easy as inputting the comparison voltage, anchigitthe run button in Labview.

The VI for controlling the DAQ was not difficulbtprogram. Another reason we went
with this DAQ was due to the fact that Labview Viliere available on the Hytek Automation
website. This made it so that it was a “plug andgg type of program.
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Here is the VI block diagram:
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stop
InputRange
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Comparison Voltage

Btror olt

...........
wwwww

Figure
C1.3 Block Diagram of DAQ VI

The algorithm used for trapping is described aleves:

Stage 1: The first thing that needed to be doretawde able to read the output of our light
modulation circuit. This was accomplished by udimg Hytek Data Acquisition Unit. The
Hytek has analog to digital capabilities, and digvavailable on the Hytek website to allow for a
conversion of an analog signal to a 16 bit floapognt number. This allows for approximately
three decimal place precision on the readings flwerlight modulation circuit.

Stage 2: Once the reading is taken from the hgbdulation circuit and converted to a floating
point number, the second thing that is done indlgsrithm is to compare that number to a fixed
value. The fixed value that we have been usirigasaverage voltage reading from the light
modulation circuit when no sphere is present withm trapping area and the reading when
there is a sphere present. This creates a buffethizh particulates and various fluctuations in
the output voltage would not set off the trapsr &ample, generally the output voltage without
a sphere in the trapping area is approximately 3When a sphere is in the trapping area, the
voltage drops to 2 V. Therefore the comparisotagad would be 2.5 V. That way, if a small
particulate were to flow into the trap area, we ldawt have a false trapping. Also, if the
voltage of the output were to fluctuate by 10% witha sphere being in the trap, the worst case
scenario would be a 2.7V output vs. 3V. This waatitl allow operation to work without
creating a false trapping situation.

Stage 3: Once the comparison occurs, it sets tlie wh a boolean variable. This boolean is true
if the voltage was less than the fixed value afgkfd greater than the fixed value. If a false is
generated in this boolean variable, then the alyorgoes back to stage 1 to read in a new value.
If a true is generated, then the Hytek's capadsliire exploited again. The Hytek has drivers to
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send out digital signals of either 0 or 5V. Whiee boolean variable is true, the Hytek sends a
digital signal to apply an RF signal to the trapgoretically trapping the cell.

Stage 4 (future work): Once the cell is trapped,dpectrometer will take it's reading, store it in
a file to be read by the user. This has not yehbmplemented, but it is planned to be done in
the future. Currently, we are modeling this agky of 500 ms.

Stage 5: Once the spectral reading is taken,igigldsignal that is applied to send the RF signal
to the traps is set to OV, and the sphere willddeased.

Stage 6: In order for there to be no “re-trappinfthe same cell, there is a small delay of 500
ms after the trap is released to allow time forréently trapped cell to clear the trapping area
before another voltage reading is taken. Fromgtaige, process starts over again until
terminated by the user.
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Here is a flow chart of the algorithm:
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C2: Oriel Instruments Encoder Mike Controller 18011

¥

Figure C.2.1(a) Control Panel of Oriel Controlley Microscope stage being controlled

BH-H Wb L
() (b)

The Oriel Instruments Encoder Miken@oller is normally used as a microscope stage
controller to move a microscope stage very slovyr application of this piece of equipment
was as a syringe pump. The main reason that #ssused is because it was able to move a
syringe plunger slow enough to get reasonably $low within the channel of the chip. The
minimum rate at which the actuator can move iq0r8s. Remember that the chip only had a
cross-sectional area of approximately 500F pithe syringe that we are using is approximately
0.5 cm in diameter. This makes it so that theestagst be moving extremely slow in order to
get a flow rate within the channel to be as slow#®per second, which is the flow rate by
which it is suitable to trap cells. Again, we udedbview to control the actuator. This was much
more difficult to control because there were no &lsailable on the internet. This made for a
much bigger challenge because we were unfamilidr R6-232 communication that was
required for control of the Oriel actuator. Usmgviring diagram that was in the User’'s manual
of the Oriel actuator, we created our own RS-23RB® cable to interface between the control
panel and a computer.
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Block Diagram
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Figure C2.2
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Figure C2.3(a)RS232 input to Oriel Controller

Figure C2.3(b) DB9 input to computer
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A Labview VI controls the signals that are puttba different wires of the RS-232
Cable. The front panel for the Labview VI looKsdithis:

Skring ko ‘Write
FIDMT N

Time On {ms) = 2*{Delay Befare Read) +
-Jis00

Delay Before 'Write (ms)

o500

Delay Befare Read (ms)
o500

Read String
Time OFf {ms)
ofis00

Fump Stop Manual Cmd

o or O

Figure C2.4 Front Panel of Oriel Controller VI

The switches in the lower right portion of therftpanel control what the switch actually
does. Only one switch can be on at one given iimaoeder to function properly. When the Vlis
run with only the pump switch on, the pump will dam a total of 2*(Delay Before Read) + the
time value(ms) specified in the top left input bdXhen the VI is run with the stop switch
turned on, it will stop all pumping functions. \Wibnly the manual command switch turned on,
a string will be sent to the Oriel controller. Foample, the string “vV200/n” will command the
Oriel actuator to move at a velocity of 200 pm/setoThere are many commands like this that
the VI already uses to control the actuator withia VI itself, such as run and stop. The way
that the pump command works is that it will senmdracommand. Then there will be a specified
delay time, followed by the stop command being sethe controller, then a second specified
delay. The loop starts over starting with a rumowand. This allows the user to specify a duty
cycle for the pump. The values that we used fier\th were: time on = 725 ms, delay before
write = 50 ms, delay before read = 50 ms, and tfie 7000 ms. This roughly gave a flow rate
of 40 um per second. The VI block diagram showsfdhe internal logic that occurs with the
switches, and with the delays, as well as the RuhStop commands sent to the Oriel actuator.
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C3: Ocean Optics HR2000 High-Resolution Fiber OptiGSpectrometer

The overall goal of the project is to differentiatdls as they pass through the channel.
In order to do this, the method of intracavity spescopy will be used. In order to detect the
changes in wavelength as a cell passes througieciremeter is used to analyze the diffraction
of the LED light source. At this point in the peoj, the spectrometer has only been used to
assist with the setup of the optical system. Treegometer was used to maximize the light
intensity from the LED light source as well as theused LED light after it has passed through
the lens. The resulting spectrum also providedigation that the microscope optics were
properly aligned. Narrow peaks in the spectrunicaigd proper alignment from the LED light
source to the microscope.
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- Appendix D: Project Tips and Tricks

D1: Attaching Nanoports

The recommended procedure is below:

1.

Clean the chip around the drilled hole and thedmotof the nanoport using acetone,
methanol, and de-ionized water. It must be cleamelis order using 3 different
Q-tips to scrub the surface. The next “cleanersnie applied before the previous
one dries. Putting the specimen to be cleanedylass dish is usually easier in that
there can be an excess of the cleaner, makingatltenger to dry. It must be glass
because plastic reacts with acetone. Use an aitaghlow the surface dry before the
de-ionized water dries. Remember to wear gloveswinorking with acetone and
methanol.

Flip both the chip and the nanoport upside dowthabthe surface of the chip that
will be bonded is facing downward and the surfaicine nanoport that will be
bonded is facing upward.

Center the o ring on the nanoport surface and lihagianoport into contact with the
chip, centering the nanoport over the drilled hariehe chip. Notice that the o ring
should be between the chip and nanoport.

While holding the nanoport in place, use a paiwaezers to grab the sides of the
nanoport and press it against the chip while apglyressure on theenterof the
opposite side of the chip with a finger. This ddaallow the placement of a clamp
over the nanoport and chip, holding the 2 togethéhout fingers in the way.

Place a clamp over the nanoport and chip holdie@ttogether. Make sure that the
clamp is centered and applying even pressure atttessanoport surface before
releasing the tweezers hold on the nanoport.

Put the chip with the nanoport clamped on in thenoand bake it at 170°C for 1
hour.

Remove the chip from the oven and allow to cool.
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D2: Optical Calibration

At the heart of the OFIS process is the microsc®peés is the instrument that we use to
gather light to use for spectroscopy, cell detectemd for the camera. No other instrument needs
to be calibrated as frequently as the microscope n@ other instrument in the process can
dramatically change the resulting data by a skghtistment. Therefore the correct calibration of
both the microscope and the light source is viakiny reasonable data collection from a micro-
fluidic sample. In this section, the calibratiorpess of the microscope will be covered. The
difficulties in learning how to calibrate the misampe will also be explored.

To begin, the basic knowledge of how our systerrka/s essential. Below, is a figure
on the general set up of the entire system. Theedithe optic fiber coupled into the beam
splitter should be around 50/125 to 62.5/125, aells to be a multimode fiber. The percentage
of light sent through the optic fiber is 90%, whilte remaining 10% of light goes to a camera.
In the system, an infrared LED is used as a lightee. Using a lens, this light is focused to a
small spot on the microscope stage where chipplaced to provide high light intensity. The
light that goes into the microscope is then s@itlascribed above. Optical fibers then transport
the light to the spectrometer and cell detectioouii (not pictured).

camera

50/125
multimode

QA fiber 714’.

Bl beam-
splitter

not
used

2X2
fiber
coupler C—
micro- “ :
fluidic
sample i !
Infrared or @ infrared
. red L source
alignment @ LEDs
laser

Figure D2.1: Diagram of microscope being coupled with light sawe
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Calibrating the optical system is a fairly involvebcess with many steps and can take
several hours. To calibrate the optical systetigiothe steps below:

1. This first step is not truly necessary, but sea®a good reference and is a good way
to start. To get a starting point for calibratthg system, the use of a LED that emits
light in the visible spectrum is useful. Setup Wisble-light LED below the
microscope stage and drive the LED to emit lighkace a white piece of paper on
the focusing plane (the microscope stage, whegesahill be placed) and use the
focusing lens for the LED to focus the visible ligim the same plane (the piece of
paper). The goal of the lens above the LED is t&earthe light emitted from the LED
confined to a vergmall area in a circular shape. Note that the $tasild be fairly
level if the LED, lens, and focal point are alignesdtically. Once complete, remove
the piece of paper.

2. Turn the microscope light on. Center theardd LED below the lens where the
microscope light falls (after passing through téehn the stage and the lens) and
connect it to a current source for operation. Nom off the microscope light.

3. Carefully rotate the lens out of the path lestavthe LED and microscope (without
changing its height or tilt).

4. Turn on the spectrometer and set it up to takengity counts. Note that you must
ensure that the optical fiber is connected betwlkemicroscope and spectrometer.
Set the reference level for the spectrometer wathight source.

5. Turn on the infrared LED with a 50 mA current. Aslfj x and y tilt of the LED to
maximize the intensity counts that the spectrometads.

6. Now reposition the lens over the LED (and understiage). Fine tune (adjust) the
position, tilt, and even height of the lens to nmaizie the intensity counts on the
spectrometer. We achieved counts of around 30@fe that although the height
should not have to be repositioned after stemng, didjustments often improve the
intensity.

7. Turn off the spectrometer and place a chip on tleeascope stage. Use the camera
to focus the microscope on the center of the clipannel using the infrared LED as

the light source.

8. Once focused, turn the infrared LED off. Connectabgnment laser (preferably in
the infrared region) to transmit into the viewingmne through an optic fiber. This is
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basically shinning light in the opposite directioack onto the chip (like from the
spectrometer back to the beam splitter and themtbescope).

9. Light from the laser is seen in the viewing plamethe camera. Adjust the beam
splitter until the laser light is confined to a dinarcular area. Our best calibration
had a focal point that was on the order of 10 phSt@um in diameter. This ensures
that the output from the beam splitter is collegtight from an area where the LED
light is focused on and that a cell in this focainp will produce significant light
modulation. It is important while doing this ttiae laser is at a low power output so
that the camera is not saturated. With our inttdaser we used 0.2 to 0.3 mA of
current to drive output.

Figure E2.2: Example of alignment using a laser

10.Mark the spot on the computer monitor with a markeo not move the camera
window on the computer after this mark is madernTaff the laser and connect the
optical fibers for normal operation with the detectcircuit.

11.Turn on the power supplies for the detection ctrcMVith the chip still in place, turn
on the infrared LED source. Using the marked gpothe computer monitor, verify
that in the open channel there are a few voltsuddtpm the detection circuit. Also,
by positioning the marked spot over DEP trap lead¥or other objects in the
channel, verify that the minimum voltage outputs abtained when the spot is
directly over these objects. Optical calibratismow complete.

The difficulties encountered in the calibratiortleé microscope were numerous, and

were mainly due to the poor maintenance of theentstrument. The second difficulty is the
basic concept of the optics.
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The microscope used for our experiments has beerypmaintained. Dirt and scratches
on the lens are present, which may alter the tghéction, but to a lesser degree. The beam
splitter stage was unstable and poorly fitted dhomicroscope, and due to budget constraints
has to be fastened to the microscope with zip tiesir budget constraints allow, we can
machine better housing for the beam splitter. Toaiging plane where the micro-fluidic
channels sit is also difficult to use with the cheals. Scotch tape is required to steady the chip in
place and leveled with the focusing plane. Theafgdape leads to oils from the fingers being
deposited onto the chip, which alters the lightrabteristics of the chip. Again, if our budget
would allow, we could machine a better focusingipléhat would allow us to secure the chip
into place and avoid taping it. The fiber opticmuttfrom the beam splitter is also difficult to use
at time, as there is no relief at the ST junctionthe fiber optic cable. A relief at the ST juiocti
would allow for the focal length from the optic déibto the beam splitter to be changed without
causing stress to the fiber optic cable or havindissemble the output of the beam splitter.

The knowledge of optics was one of the easiercdities to overcome with the help of
Dr. Lear. Understanding why we needed a 62.5/12is fiper as opposed to a much larger optic
fiber is an example of the problems he helped @sapme. The reason why a 62.5/125 cable is
used to minimize the area in which the light frdma beams splitter is collected.

39



- Appendix E: Data Sheets

Product Bulletin OPF482
August 1996

and User Manuals

E1l: OPF 482 Optic Fiber Photodiode

P.OPTEK

Fiber Optic High Speed PIN Photodiode

in ST* Receptacle

Type OPF482

ANCDE

/-.:ATHan

.100 (2.54) DIA.
RON ™

-0B6-56 UNC-28 235 (5.97)
\ MAX

T

375 (9.53) —E—\HH—H% e——
|
. =
case —]
.375-24 UNF-2A i
THRE

EAD
=410 [m,ﬂ)-l

— ]

—— 500 (12.70)

155 (3.94) . 400

810 (20.57)
730 (20,07)

x~

OIMENSIONS ARE IN INCHES (MILLIMETZRS)

Features

* Component pre-mounted and ready
to use

* High speed, low capacitance

* Pre-tested with fiber to assure
performance

e Popular ST style receptacle

* Electronically isolated from case

Description

The OPF482 consists of a low cost
plastic cap PIN photodiode pre-mounted
and aligned in an ST receptacle. This
configuration is designed for PC board
or panel mounting. Includes lock washer
and jam nut, two 2-56 screws, and dust
cap.

The PIN Photodiodes are designed to

interface with multimode optical fibers
from 50/125 to 100/140 microns.

*STis aregistered trademark of AT&T.

Absolute Maximum Ratings (Ta = 25° C unless otherwise noted)

Reverse Voltage. . ... ... ... . . . .
Continuous Power Dissipation
Storage Temperature Range . . ... ............ccovuiuno... -55° Cto +100° C
Operating Temperature Range ................cccccueuuo.... -40° Cto +85° C
Lead Soldering Temperature [1/16 inch (1.6 mm) from case for 5 sec. with soldering

iron) 240°Cc®

100 VDG
200 mw("

(2) RMA flux is recommended. Duration can be extended to 10 sec. max when flow soldering.
(3) Test @ Vg =5V with 50/125 micron, 0.20 N.A. fiber, @ 10 uW optical power @ 850 nm.
Responsivity levels apply to 50 pm, 62.5 um and 100 um core optical fibers.

Optek Technology, Inc.

1215 W. Crosby Road

Carrollton, Texas 75006
8-90

(972) 323-2200 Fax (972) 323-2396
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Type OPF482

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

SYMBOL PARAMETER MIN | TYP | MAX |UNITS TEST CONDITIONS
R Flux Responsivity 0.45 | 0.55 AW |Vr=50Vv®
o Dark Current 01 | 50 nA |Vr=50V
Ap Peak Response Wavelength 860 nm
tr Output Rise Time 0.6 ns |Vg=50V,RL=50QQ, 10%-90%
te Qutput Rise Time 1.0 ns |Vp=15V, RL=50 Q, 10%-90%
tr Output Rise Time 2.0 ns  |Vr=5.0V,RL=50Q, 10%-90%
Ct Total Capacitance 15 2.0 pF |VR=5.0V

Typical Performance Curves

DARK CURRENT Relative Spectral Response
~ vs. AMBIENT TEMPERATURE
100000 100 N
N
10000 o \
E 080 e
= 1000 /’ 2
w =3
-3 @ /
[== [ =4
E 100 / § 080 \
o @
= 10 o 050
5 3
x ! N 040
g 5 \
g VR =5V E 0w
1 2
020
01
0 25 50 75 100 125 0.0
T, - AMBIENT TEMPERATLRE - (C) 50 600 70 80 90 W0 100
Wavelength (nm)
ol
DARK CURRENT Typical Capacitance EZ
vs. REVERSE VOLTAGE vs Reverse Voltage 5} z
3.0 It} i E%
\ 28
z 25 o
=2 20 7
g2 &
= 6
(=3 w
8 15 E
x =1
= 2
= 10 g
£ 35
3
5 2
'
0.0 ]
0 10 20 30 40 50 60 70 80 90 100 10 2 3 4 s 6 7 8 S 100
REVERSE VOLTAGE (VDC) REVERSE VOLTAGE (vOC)

Optek reserves the right to make changes at any time in order to improve design and to supply the best product possible.
Optek Technology, Inc. 1215 W. Crosby Road Carrollton, Texas 75006 (972)323-2200 Fax (972)323-2396

8-91
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E2: DAQ Comparison

A/D Characteristics

Number of Measurement

Channels: range: Resolution: Sampling Rate
DI-148U 8 +10V 10-bit 14400 [HZ]

Variable -
Depends on
internal gain
DI-158 4 setting 12-bit 14400 [HZ]
NI USB-
6008 8 +20V 12-bit 10 [kS/s]
LabJack
U3 16 +2.4(?) 12-hit 2.5-50 [kS/s]
Digital 1/0

Channels Mininum Required Digital I/O?
DI-148U 6 bi-directional ports Yes
DI-158 4 bi-directional ports Yes
NI USB-
6008 12 Yes
LabJack
U3 20 (Programmable Ports) Yes

Labview Cost Site
DI-148U Labview 5 $50 http://www.datag.com/products/startkit/di148.htm
DI-158 Labview 5 $99 http://www.datag.com/products/startkit/di158.htm
NI USB-
6008 Yes $159 http://sine.ni.com/nips/cds/view/p/lang/en/nid/14604
LabJack
U3 Yes $99 http://www.labjack.com/labjack_u3.php?prodld=25
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E3: LF412 Operational Amplifier

National
Semiconductor

LF412

August 2000

Low Offset, Low Drift Dual JFET Input Operational

Amplifier
General Description

These devices are low cost, high spesd, JFET input opsra-
ticnal amplifiers with very low input offset voltage and guar-
antesd input offsst voltage diift. They requirs low supply
currart yet maintain a largs gain bandwidth product and fast
slew rate. In addition, wall matched high woltage JFET input
devices provide vary low input bias and offset currents. The
LF412 dual is pin compatible with the LM1558, alkwing
dasigrers to immediatsly upgrade the ovemll peformance of
sxizting designs.

These amplifisrs may be used in applications such as high
spead integrators, fast DVA converters, sampls and hald
circuits and many other circuits requiring low input offsst
voltage and drift, low input biss cumrent, high input imped-
ance, high slew rate and wide bandwidth.

Features
B Intemally frimmed offset voltage: 1 mW (max)
B |nput offzet voltage dift: 10 pWi'c (max)

B Low input bias current 50 pA

B Low input noise current: 0,01 pM-.E

B Wide gain bandwicth: 2 MHz {min)

B High slew rate: 100/ ps (min)

B Low supply cumrent: 1.8 mASAmplifisr

® High input impedance: 1020

B Low total harmonic distortion
8 Low 1f noise comer. 50 Hz
B Fast ssttling time to 0.071%:

=0.02%

2 p=

Typical Connection

~VEE

Ordering Information
LFHEXYZ

X irdicates skectrical grads

¥ indicates temperature rangs
"W for military
"G for commenial

Z irdicates package typs
H"or "Nt

BLFET II™ Iz & redemark ol Mational Eemicorducior Carporaiion.

Connection Diagrams
Matal Can Package

v

DETRUT & nuTeET B

IMVERTIG
INFUT B

INVERTINE
LT 8

RORSVERTING
INFUT B

HORIRVIRTING
INPUT &

Harle. Fir 4 connected 1o case
TOF VW
oosmmez
Order Mumber LF412MH, LFH12CH
of LF412ZMH/B83 (Mote 1)
Soe NS Package Mumber HOBA

Duakin-Line Package

1

NUTPUT & =t u L

IRVERTIAG INPUE & — LI

il Eadbes
WOR-INVERTING
INPUT & WENTING IRFUT B
v = ¥ AOAINVERTIRG
INFUT B
TR VIEW

RS
Order Number LF412ACN, LFH12CN
oF LF412MI/883 (Mote 1)
See NS Package Number JO8A or NOSE

2004 Naticnal Semiconductor Corporation DS 006656

ward naticnal.com

Jeijdwy jeuopesadQ nduj 1340 [en@ YUQ Mo 19SPO MO 2Lk



LF412

Simplified Schematic

172 Dual

VED O *

INTERMALLY
THIBMED

INTERBLLLY

Mot 1 available por AFIBS1D1908

Detailed Schematic

TRINVED
Vig O 4+ - b
aasEsE
Ve O *
ns
an y
»
:. R
.li."
¥
ar =0
3
w7 en
L e l
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-
Absolute Maximum Ratings Mot 2 H Package N Package E
It Mitary/Aerospace specified devices are required, {Mote 12) {Maote &) BT0 mW P
please contact the Matlonal Semlconductor Sales Offlcel T, mes 150°C 115'C
l:[::: D;;I;ﬂf‘s Tor avallapiity and specmcations. B (Typical) 152G HECw

Operating Temp. Aange (Mote &) [Mote &)
LF412A LF412 Storage Temp. —B5' LT, 150°C —85'CT £ 150°C
Supply Voltage 122V 18V Rangs
Differantial Input Voltage T3sv T30V Lead Tamp.
Input voltage Rangs {Scldering, 10 sec.) 280°C 280°C
iNats 2) 19V 15V ESD Talerance
Outtput Short Circuit (Mate 13) 1700V 1700V
Diuration (Mote 4) Continuous  Continuous
H Package N Package
Powar Dissipation
DC Electrical Characteristics
{Mota T)
Symbaol Parameater Conditlons LF412A LF412 Units
Min TVp Max | Min TVp Max
Ve Input Offest Vaoltags Ra=10 ki, To=25'C 05 1.0 1.0 2.0 mi
AVozAT  |Averags TC of Input Ra=10 ki {Mots 8) 7 10 7 20 | wrc
Crffzst Voltage
[ Input Cffast Cument Ve=t15W TE25'C 25 100 25 100 | pA
{Mates 7, @) TE70'C z =z .
TE125'C 28 25 n&
Ig Input Bias Currant V=215V TE25'C 50 200 50 200 p&
(Motes 7, 9) T=70°C 4 4 n&
T=125°C 5D =] n&
Piry Input Resistance T=25'C 1012 102 0
oL Large Signal Voltags V=18V, V=210V, =] 200 25 200 WVimy
Gain Ro=2k, T,=25"C
Crpar Tamperaturs 25 200 15 200 Wim
Vo Cudput Voltage Swing [ Ve=+18V, A =10k +12 | £135 +12 | £135 v
Viem Input Sommaon-Mods 16 | +18.5 +11 | +14.5 v
Valage Range -16.5 -11.5 v
CMRR Common-Mede Fz=10k a0 100 70 100 dB
Rajection Ratio
FSRR Supply Valtage {Mate 10 a0 100 70 100 dB
Rajection Ratio

Is Supply Current Vo =0V, Ry = = aE | 56 36 .5 ma
Hote 2: “absolute Maximum Ratings” indicate limits beyond which damage bo the device may coour. O'perating Ratings indicate conditions for which the device is
functional, bul do ot guarantee specific paformance limiks.

AC Electrical Characteristics
{Mota T)
Symbaol Paramatar Conditions LF412A LF412 Units
Min TYp Max | Min TYp Max
Amplifier to Amplifisr Ta=25"C, f=1 Hz-20 kHz =120 =120 dE
Coupling {Input Refermd)
SR Slew Rats We=+15W, To=25"C 10 15 8 15 Vips
GBW Gain-Banchwidth Product Ve=+15W, To=25"C 3 27 4 MHz

www.natioral.com
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LF412

AC Electrical Characteristics icontinued)

(Mote )
Symbaol Parameter Conditlons LF4iza LF412 Units
Min TYp Max | Min TYp Max
THD Total Harmoniz Dist Ay=+10, A =10k, =002 002 %%
V=20 Vp-p,
BW =30 Hz-20 kHz
2n Equivalent Input Maoiss Ta=25"C, Ag=10041, 25 25 _
Voltage f=1 kHz nV/iHz
h Equivalant Input Moiss Ta=26"C, f=1 kHz oo 0. _
Currant pAlfHz

Note 31 Unlsss othemise spacified the absclute maximum negative input wiollnge is equal 1o the negative powsr supply voliage.

Note 4: Ary of the amplifier sulpobs can be shated to ground indsdinbsly, however, mars than ore should rol be simutansously shotsd as ths madmum junclion
tsmparobre wil be sxossded.

Hote 51 For operating at elevaled temperaiurs, tess devices must b derated baszed on a thermal resistancs of L

Note &1 These devices are availoble in both the commercial fsmperabure rongs 00T 270 and the milkary temperaturs range -55°CaT,<125'C. The
temperabre rangs is desigrated by the position just before the package typs in the devics number. A °C" indicabes the commercial temperatues rangs and an “WF
indicabes the milkary mperaiurs range. The miilary tamperabore rangs iz available in "H” package only. In all cases the maximum cparaling tempsraturs is limibed
by internal junction fempsratune TI .

Note T1 Unleos otherwizs spacified, the specilications apphy ower the full termperaiurs range and lor Vzm 20V for the LF4128 and for Vgms 15V for the LF412. Vs,
Ig, and Lz are mesasured ot Vegg=0.

Note 8 The LF4124 iz 100% tz5ied 1o this specification. The LF412 iz sampls tested on a par omplifiar bazis to inours ot least B5% of the amplifizrs meet this
spedification.

Note 8; The input biss curreris ars junclion bsakage curnents which approximately doubls far every 10°C increase in the junction tempenaturs, Ty Dus to limisd
production test ime, the inpul bias curents measured ors corelsted to junclion e peraturs. In nomal operation te unction tempsraturs ises obowe the ambism
temperobre a5 a result of intermal powsr dissipmdion, Po T|-TM-E5,|. Po whans Elj,i. iz the thermal resistances from junction bo ombiend. Uss of o heat sink is
recommanded if inpul bias cumsnt iz 1o be kepl ko o minimum.

Note 10: Supply vokage rejeclion ratio i messured for both supply magnitudss increasing or decreasing simukanescushy in nooordanoe with common pracics. Vg
= =6V 10 =15V

Hote 11: Raler to FETS41ZX for LFA12MH and LF126) milbary specifications.

Note 12: Max. Power Dissipation io defined by the package chancteristics. Cparating the part resar the Mox. Powsr Dissipation may causs the part to operale
oulsids guaranized limits.

Note 131 Human body moded, 1.5 kil in series with 100 pF.

Typical Performance Characteristics

Input Blas Currant Input Blas Currant
i [1]1] T 10k

Vg=+18W | Vem =00 A
= Tw=25"C o= V5= T15¥
£ ] . = M ,
E - ] 1 E L 1
= | _.-"""'.# = ff
Ex = e 100 1 3 —
o & - -
= 40 1 = "
= & __',-""
£ S
= W = b= i i ]

| - - x
1] - | ]
=10 =B n 5 0 -6 -25 0 25 S0 VS 100 13%
COMMDN-MOOE VOLTAGE (V) TEMPERATURE (L)
Lol
oosEEi
ward nallenal.com 4
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Typical Performance Characteristics (continued)
Positive Common-Mode
Supply Current Input Voltage Limit
] Ll P Ta=125°C
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LF412

Typical Performance Characteristics (continued)

Output Veoltage Swing
30 - T
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Typical Performance Characteristics (continusd)

GAIN (B}
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LF412

Typical Performance Characteristics (continued

OUTRUT VOLTAGE SWING
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Pulse Response r,=2 ki, ¢ =10 pF (Continued)

curant Limit (R,= 1005

GUTHIT VOLTAGE SWIKG
AL T

THME |5 ot/ DHVY

Application Hints

The LF412 seres of JFET input dual op amps are intemally
trimmed (BI-FET I™) providing wery low input offset voltages
and guaranteed input offest voltage diift. Thess JFETs have
large reverse beakdown voltages from gate to source and
drain sliminating the nesd for clampe across the inputa.
Therefore, large differsntial input voltages can sasily b=
accommodated without a large increase in input currant. The
maximum differential input voltage is independant of the
supply vollages. Howewver, neither of the input woltages
ashould be allowsd to excesd the negative supply as this will
cause largs currents to flow which can result in a destroyed
unit.

Exceesding the negative commaon-maods limit an either input
will cauze a reversal of the phass to the output and force the
amplifier output to the comssponding high or low state.
Exceeding the negative cormmaon-mods limit on bath inpute
will force the amplifier output to a high state. I neither casa
doss a latch ocour since raising the input back within the
common-mods range again puts the input stage and thus
the amplifier in a nomal operating mods.

Exceeding the positive common-mode limit on a single input
will not change the phase of the output, howewver, if both
inpute. exceed the limit, the output of the amplifier may b=
fored to a high state.

The amplifiers will apsrate with a comman-maode input volt-
ags equal to the positive supply; however, the gain band-
width amnd slew rate may be decreased in this condition.
When the negative common-mods voltage swings to within
3V of the negative supply, an increasa in input offsst voltage
Maly Coour.

Each amplifier i individually biased by a zener reference
wihich allows normal cicuit operation on £8.0Y powsr sup-
plies. Supply voltages less than thess may result in lowsr
gain bandwidth and shew rate.

The amplifiers will drive a 2 kil load resistancs to 2100 over
the full tampsrature rangs. K the amplifier iz forced to drive
heawier load currents, howevar, an increass in input offast
voltage may occur on the negative voltage swing and firally
reach an active current limit on both positive and negative
awinga.

Precautions should be taken to ereuns theat the powsr supply
for the integrated circuit rever becomes reversed in polarity
or that the unit iz not inadvertently irestalled backwards in a
socket as an unlimited cument surge through the resuling
forward disde within tha 1C could cause fusing of the interral
conductors ard result in a destroyed unit.

Az with most amplifiers, care should be taken with lead
dre=s, compornant placement and supply decoupling in ordar
to ensure stability. For esample, resistors from the output to
an imput shoulkd be placed with the body closs to the input to
minimize “pick-up" and maximize the frequancy of the fesd-
back pole by minimizing the capacitance from the input to
ground.

A feadback pole is created when the feedback arourd any
amplifier iz resistive. The parallsl resistance and capacitance
from the input of the devics (usually the irmearting input) to AC
ground sst the frequency of the pole. In many iretances the
fequency of this pole is much greater than the expected
3 dB frequancy of the closed loop gain and consequently
thers is negligible fect on stability margin. However, if the
feadback pole is less than approwimately & times the ex-
pected 3 dB frequercy a lead capacitor should be placed
from the output to the input of the op amp. The value of the
added capacitor should b= such that the RC time constant of
this capacitor and the resistance it parallels i greater than or
aqual to the orginal feedback pole time constant.

WA natloral.com
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LF412

Typical Application

single Supply Sample and Hold

01=5AMPLE

TTL

I IRVERTER

Ve
1= HOLD ©
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LF412

Physical Dimen
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E4: Relevant Syringe Pump User Manual Page

New Era P'amp Svstens Ine. www.Syringe Pump.com Muodel ME- LK) Multi-Phiser™

12.7 Syringe Diameters and Rate Limits

Inside Maximum | Minimum

Syringe | Diameter | Rate FRate
Manufacturer f {cc) o) {mL/Shr]) [l hr)
E-L 1 d4.6%9 3,07 0.7z
3 B.E85 177.1 2,434
5 11.%9 245.5 4,748
10 14.43 S00., 4 5. 876
20 19.05 872.2 11.9%
30 21.E9 1120 15.4
1] 26 .EQ 199 23. 35
H3W 1 4.69 SZ. B8 0.727
Morm-Ject 3 9.&5 223.8 3.07E
5 12.45 372.5 5.11%
a0 15.49 E07. & g.34%
20 20.05 GEE, 2 13,28
30 22.49 1Zal 17.32
=0 29.2 2049 28.16
Monoject 1 5. 74 T%.18 1,052
3 B.%41 1%2.1 2.64
] 12.7 8T8 5. 326
12 15.7z S83.9 8.1&1
20 20.1% G7Z.9 13.37
35 23.EZ2 1229 18.27
&0 26 .64 1705 23,44
Terumc 1 4.7 S2. 09 0.73
3 B.%5 12Z.5 2. 646
5 13 406.1 5.581
a0 1.6 G0 8,244
20 20.15 G775, 8 13.41
30 23.1 1282 17.63
&0 2%.7 2120 29,13
Alr-Tits a0 15.49 e07. & 2,349
20 20.25 GBS, 5 13.55%
30 22.5 1Z1l& la.72
=0 ] 2021 27.78
Inside Maximum | Minimum

Sy¥yringe | Diameter | Rate Fate
f{ul} o) {ulShr) inl/hr)

Hamilton

Microliter 0.5 0.103% 25,49 0. aal
1 0.14& 51.23 0. 001
2 £ 101.9 0. 00z
5 255, 4 0,004
EGE 0.5 0.1 24,03 0, aal
1 0.15 =4, 07 0,20l

Publication #1200-01 4% 05/26/06



E5: Infrared LED

Infrared LED _
L2791 series

Small emission spot LED using current confined chip

L2781 is infrared LED with 8 méicroball lens cemented to the current confined chip surface. This combination ensures high directivity and improved
emission uniformity. In particular, L2781-02 uses a lens cap that defivers even narmower directivity. As a variant type not using a microball lens.
L2781-03 is also avadable with the LED chip potted with resin, which gives a small emission spot of 160 pm.

Applications

@ Small emission spot @ Automatic control systems
La7et ;400 pm @ Oplical switches
L2781-03: $160 pm ® Auto-focus

@ Uniform emission: L2781/02
@ Marrow directivity: L2791/-02

W Absolute maximum ratings (Ta=28 “C)

Parametear Symbol Condition Valua Uinit
Forward cumrent Ie B0 mA
Reversa voltage VR 3 v
Pulsa forward curmert | Irp [P IR0 HS 05 A
Operating temparature | Topr -30 to +85 G
Storage temperature | Tstg -40 o +100* °c

* L2791-03 is guaranteed to resist temperature cycle tast of up to & cycles.

M Electrical and optical characteristics (Ta=25 °C)

Parametar Symbaol Condition

zﬂ““‘;ﬂ;ﬁxm” ap |iF=B0ma g50 | 880 | 010 | 850 | #80 | 010 | @s0 | &m0 | o010 | nm
Spectral half width A |IF=B0mA _ || -1 -l -1-le][ -] m
Forward voltags VF_|IF=50 mA - (a6 370 - (36 |17 - [ 1637 ] V
Pulse forward vollage|_Vee _[le=05 A T sz laol - |22 (40| - |32 (40 Vv
Reversa currant r |VR=3V - - 10 - - 10 - - 10 TS
Radiant fux e [IF=50 mA T8 (20 - [ 1620 - |40 [ 50 - | mw
Radiant illuminance Pe [Ir=50 mA - 1.3 - - 2.0 - - - - mWcm?
Rise fima T |IF=50mA 10wo0%| - |o0412| 02| - o1z 02| - (o102 | ps
Fall ime tf |IF=50mA, 00t 10%| - |042] 02 ] - |o42] 02| - [012] 02 | us

ST, Tmre




B Emission spectrum M Radiant flux vs. forward current
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_ Infrared LED L2791 series

B Allowable forward current vs. duty ratio
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HAMAMAT S PHOTONICS KLKE_, Soid Stale Division

1126-1 lchima-cho, Hamamaltsy Clby 435-3558 Japan, Telephone: [871) 053-434-3311, Far (87) [53-434-51E64, www. namamalsL com

LS A Hussrmslin Corsomtios: 380 oot Roeid. PO Bee BOS0 Bridgmeaier, 8.2 088070000 LS A, Tebshane (1) 0S8 2510080, Fae [1) 9082514218

Gariany. Hesamai Procics Deuschiand SmyH Arbegees 20, D21 Hermsching sm Serecses, Gainiony, Teleechon. (53 02152-3750, Faa: 40) 081522858

Fracoe Harmmselse Moo Fanse SARL 10, R du Sauks Tegu, P du Moufin de Massy, 01822 Masay Cedee, Francs, Telaphone 35-01) 80053 T1 00, Fux: 33-1) 8353 71 10

Lot Mingdan Hasarmaleg Phofusis UK Linied 2 Hewid Coudl, 20 Tewn Road Wakvin Qeedan Cly Hailicidabion ALT 1B\, Likdked Hirgem, Telaphonm () 1707204888, Faa: (44 1707225777

Peoith Eussis: Hranmatau Midosics Modes AR Sskievagan 12, SE-1T1 41 Sobha, Seedin, Teleshons |45 S-500-051.00, Fac (48 8-500-T1 409

Naly? Hismanmiss Pl Naa SR L Shda dela Main, UE, 20030 A, (Miara], ity Teleptoee [50) T500581-T93, Fae (39 00-26-31.T41 cat Mo, KLEDALZ1EDD
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