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Abstract

Advancements in cellular biology, microfabrication methods, and the field of microflu-
idics allow biologists to closely replicate in vitro environments on organ-on-a-chip
devices. In order to reproduce physiological conditions and processes as accurately
as possible, it is necessary to generate the same flow profiles found in vitro. This
thesis presents the development, implementation, testing, and iterative improvement
of both hardware and software that composes a flow control system that produces
smooth flow for on-chip pneumatic micropumps. By establishing a flow control sys-
tem that can achieve smooth flow, fluidic conditions of microphysiological systems
can be controlled to accurately mimic biological conditions. Biological experiments
can require flow profiles anywhere on the spectrum of smooth flow to highly pulsatile
flow. A smooth flow profile can be modified with pumping delays to make the flow
profile as pulsatile as desired.

The main outcome of the work presented in this thesis is three flow control system
approaches for smooth flow that can achieve smooth flow profiles at flow rates up to
1 𝜇L/s. Two different iterative learning control (ILC) algorithms relying on either
direct or indirect sensing methods were developed to allow for feedback driven flow
control systems. A packaged open-loop flow control platform was also developed and
is less-complex than its ILC driven counterparts and can be used without modifying
the chips since sensing is not necessary. These systems all perform consistently and
maintain accurate flow rates while producing smooth flow profiles. Use of these flow
control systems in future biological experiments will provide insight into the effect of
having smooth on-chip flow.

Thesis Supervisor: David L. Trumper
Title: Professor, Mechanical Engineering

Thesis Supervisor: Linda Griffith
Title: School of Engineering Professor of Teaching Innovation, Biological Engineering,
and Mechanical Engineering
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Chapter 1

Introduction

This thesis tackles the need for a flow control system that produces smooth flow for

pneumatic micropumps used on organ-on-a-chip devices. The goal of microphysio-

logical systems is to replicate physiological conditions and processes as accurately as

possible. By establishing a flow control system that can achieve smooth flow, fluidic

conditions of microphysiological systems can be controlled to accurately mimic biolog-

ical conditions. The design, implementation, and testing of a variety of smooth flow

control systems are presented in this work. This includes both hardware and software

considerations. The flow control system is designed to work with the micropumps

that have been developed in the Griffith lab at MIT [1, 2, 3].

This chapter provides a background of microphysiological systems in general, as

well as a more in depth look into the organ-on-a-chip platform that was developed by

Duncan O’Boyle in the Griffith lab [3]. This is the platform that the control systems

developed in this work will be used for.

1.1 Microphysiological Systems

According to the NTP Interagency Center for the Evaluation of Alternative Toxi-

cological Methods, a microphysiological system is "an in vitro platform composed

of cells; explants derived from tissues/organs; and/or organoid cell formations of

human or animal origin in a micro-environment that provides and supports biochem-

17



ical/electrical/mechanical responses to model a set of specific properties that define

organ or tissue function" [4]. Advancements in cellular biology, microfabrication

methods, and the field of microfluidics have pushed microphysiological systems to the

point where an in vitro environment can be closely mimicked. Tissues can be cul-

tured in these platforms even under complex conditions, such as mechanical stimuli

and hormone and drug treatments [5, 6]. Tissue culturing is able to occur due to

the controlled fluidic conditions that are maintained on the platforms [7]. Small mi-

crophysiological systems are often referred to as organ-on-a-chip devices [4]. Unlike

mouse models, organ-on-a-chip devices offer biologists a way to study human tis-

sues in a controlled environment, which allows for researchers to learn human-specific

information about the process they are studying [8].

Microphysiological systems are not limited to the study of individual tissues. In

fact, many systems are used to perform multi-organ system studies [9]. Multi-organ

system studies have to be conducted with accurate fluidic conditions and maintain

relevant metabolic profiles, this way the functions of the human organs being stud-

ied can be properly matched [10]. Results from studies done on microphysiological

systems are translated to insights for pharmacological applications [11]. An example

of a commercially available microphysiological system developed by Emulate is pic-

tured in Figure 1-1. This platform is an advanced microphysiological system that

has integrated flow control capabilities. The chips used in this platform are made of

PDMS and contain scaffolds that can replicate mechanical stimuli seen in vivo [12].

To gain accurate insights from studies performed on microphysiological systems,

the microfluidic platform needs to replicate the in vivo fluidic conditions, such as

flow smoothness/pulsatility and shear stress conditions, as closely as possible. Im-

provements in microphysiological system technologies have pushed the field towards

creating an environment that is capable of matching in vivo conditions [14]. However,

most work on matching the flow conditions of biological systems has gone towards

providing accurate average flow rates and not actually matching the flow profile [15].

The types of micropumps that are often used on organ-on-a-chip devices, [15, 16, 17],

are usually driven with highly pulsatile flow without regards to how pulsatile the flow

18



Figure 1-1: An example of a microphysiological system. This is a platform created
by Emulate. Picture adapted from [13].

should actually be. This is why the work done in this thesis to achieve smooth flow

using pneumatic micropumps is an important advancement in the field of organ-on-

a-chip devices. If a smooth flow profile is achieved, it is possible to add in delays to

make the flow profile as pulsatile as desired. This would unlock the ability of the user

to select a percentage of no flow desired for each pump stroke. The biologist could

tailor the flow based on the biological experiment being performed, which would help

ensure the experiment is run to best mimic in vivo conditions.

Over the past few years, members of the Griffith lab have been developing a

microfluidic platform with the ability to mimic a broad range of physiological condi-

tions. In this work, the platform developed in the Griffith lab is used to design and

test smooth flow control systems.

19



1.2 Organ-on-a-Chip Platform

Duncan O’Boyle of the Giffith lab developed a platform that controls and interfaces

with four microfluidic chips, these chips were also designed by O’Boyle [3]. The

platform and chips were designed to allow for the accurate control of physiological

conditions and high-throughput microvascular studies. The platform consists of a

manifold that houses the chips and the chips themselves. The chips were designed

to be sterile and disposable, and they include a tissue compartment for biological

experiments. The organ-on-a-chip platform manifold was designed to be compact,

microscope compatible, high-throughput, and compatible with a variety of chip de-

signs. The chips are made of five layers of cyclic olefin copolymer (COC) material,

seen in Figure 1-2. The platform design also has pneumatic interconnections that

route to the pneumatic micropumps on the chips. The pneumatic micropumps are

what enable flow on the chips [3].

Figure 1-2: Exploded view of the 5 layers composing the microfluidic chip and their
respective material grades. Figure taken from [3].

The main chip design used in O’Boyle’s work is called the EndoChip, Figure

1-3 [3]. The EndoChip was designed to be used to study the disease process of en-

dometriosis and also to test potential therapies for lessening the effect of endometrio-

sis. Endometriosis is a condition where lesions made up of tissue that typically grow

inside of the uterus grow on the outside of the uterus [18]. The EndoChip fluid cir-
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cuit contains two micropumps, a gel compartment for tissue studies, and two back

pressure regulators. The on-chip micropump and back pressure regulators were two

of the main design efforts in O’Boyle’s work [3].

Figure 1-3: A top view of the EndoChip V1 housed in a manifold [3].

The pneumatic micropump consists of a pump chamber between two valves, Fig-

ure 1-4. The chamber and valves are actuated using pneumatic signal inputs. The

pump chamber was designed to dispense one microliter of fluid per pump stroke; this

fixed volume allows for deterministic flow rates depending on how often a pump stroke

occurs [3].

The finalized platform, a manifold holding four EndoChips, is pictured in Figure

1-5. Throughout this thesis, the manifold developed by O’Boyle is used to send

pneumatic signals to the chips.

1.3 Controlling Micropump Flow Stability

Little work to improve the flow stability of pneumatic micropumps to produce smooth

flow profiles has been done in the past. The pneumatic micropumps are activated

with pressure steps and produce high instantaneous flow as a result, since flow goes

as the derivative of pressure. In the Griffith lab, prior attempts at smoothing the
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Figure 1-4: (top) An overhead view of the micropump filled with water mixed with
blue food coloring. (bottom) A cross section of the micropump design. Adapted from
[3].

Figure 1-5: The finalized four chip organ-on-a-chip platform loaded with EndoChips;
the platform and chips were designed by O’Boyle. Image taken from [3].

flow of pneumatic micropumps was focused on developing a fluidic capacitor to be

used with the pump. Using a fluidic capacitor with pneumatic micropumps allows for
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the filtering of flow pulses produced when the micropump is actuated, which results

in smoother flow profiles [1]. Inman’s capacitor design is shown in Figure 1-6. An

organ-on-a-chip designed in the Kamm lab at MIT also relies on a fluid capacitor

to help stabilize fluid flow [19]. Researchers outside of MIT have also validated that

compliant membranes can be integrated in fluid circuits to assist in the damping of

fluid flow [20].

Figure 1-6: The fluidic capacitor used in Inman’s work to help stabilize the flow of
the micropump. Figure taken from [1].
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Chapter 2

Standard Flow Control System

As mentioned in the previous chapter, in the Griffith lab work has not been done on

the flow control system itself in attempt to improve flow stability. The flow control

system that has been used in the lab will be referred to as the standard flow control

system. The software and hardware that make up the standard flow control system

grew out of Inamn’s thesis work [2] and have been commercialized by CN-Bio. The

standard flow control system hardware is split into two components, the pneumatic

unit and the controller box. The pneumatic unit and user interface associated with the

standard flow control system is presented in Figure 2-1. The pumps are numbered

on the pneumatic hardware and correspond to the pump labels in the user interface.

The standard flow control system was developed based on the two valve and one

chamber pump design. The controller box used to control the pneumatics contains

a disassembled National Instruments myRIO-1900 that has been placed in an al-

ternative housing unit. The controller box is run through an interface designed by

Continuum to control the solenoid outputs of the pneumatic unit. The pneumatic

unit has 36 solenoid outputs; since three solenoid outputs are needed per pump, each

pneumatic unit can be used to control twelve pumps. The system relies on accurate

timing to actuate solenoids at the correct time intervals. There are three timing

distribution options in the software. One of the timing schemes implemented in the

software is based on the timing percentages determined by Inman in his work [2].

25



Figure 2-1: Computer user interface alongside pneumatic unit with one pump high-
lighted. All pumps are numerically labeled on the pneumatic unit, however it is hard
to see, so one pump has been labeled for clarity, and the corresponding input box on
the user interface is highlighted as well.

2.1 Prior System Development

The standard flow control system was developed while Inman was developing his own

micropumps. The two valve and pump chamber micropump design is the type of

micropump meant to be used with the standard flow control system. The pumping

sequence determined by Inman [2] is followed by CN-Bio to control their commercial
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systems.

2.1.1 Previous Micropump Design

As mentioned in Chapter 1, the micropump designed by Inman [1, 2] influenced

O’Boyle’s [3] pneumatic micropump design. Inman’s micropump design is also sim-

ilar to the micropumps integrated into the commercial CN-Bio platform. Inman’s

micropump design can be seen in Figure 2-2.

Figure 2-2: CAD of a prior micropump design used in the lab. This micropump was
designed by Inman. Figure taken from [2].

While Inman’s micropump design is not the exact pump design used in the CN-

Bio platforms, it is similar. The most noticeable difference is that the CN-Bio pumps

have a volume of 0.5 𝜇L. Because the standard control system was programmed to be

used with the 0.5 𝜇L volume micropumps, the inputted flow rates are only accurate

for those specific micropumps. In the Griffith lab, 1 𝜇L volume micropumps are used

on the new chip platform, so users must take this volume discrepancy into account.

27



2.2 Flow Data Using Current Platform Micropumps

The standard flow control system is frequently used with O’Boyle’s micropump design.

Since O’Boyle’s design also has two active valves and a pump chamber it can be used

interchangeably with the standard flow control system. However, it should be noted

that the standard flow control system was designed for a smaller micropump volume,

0.5 𝜇L, so flow rates input into the user interface are half the actual flow rate of

O’Boyle’s micropumps. For example, if a flow rate of 1 𝜇L/s is desired, the user must

input 0.5 𝜇L/s if a 1𝜇L volume micropump is being used.

The flow data collected in Figure 2-3 was collected using a Sensirion LPG10 flow

sensor while the micropump was run at a flow rate of approximately 0.2 𝜇L/s. The

flow data was collected for three pump strokes and was measured after the outlet

valve of the micropump. The large spikes in flow, peaking at 1500 𝜇L/min, occur

when the fluid is dispensed from the pump chamber. The small spikes in flow, peaking

at about 100 𝜇L/min, occur when the outlet valve is opened and closed. When the

outlet valve is opened, fluid is pulled in causing a negative spike in flow, and when

the outlet valve is closed, fluid is propelled out of the valve causing a positive spike

in flow.

Figure 2-3: Three pump strokes using the CNBio standard flow control system with
O’Boyle’s micropump design. The pump is being run at approximately 0.2 𝜇L/s.

The flow profile generated using the standard flow control system results in large

flow spikes separated by long no-flow periods. In Figure 2-4 one pump stroke at a
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flow rate of 30 𝜇L/min is being monitored. The outlet valve opening is colored green,

the pump chamber dispensing is colored yellow, and the outlet valve closing is colored

red. The period of one pump stroke at the high flow rate of 30 𝜇L/min is 2 seconds,

and over 75% of that period is spent under no-flow conditions. While pulsatile flow is

sometimes desired to mimic various biological conditions, there are also applications

where a smoother flow is necessary [21, 22, 23]. Therefore, it is necessary to create a

system where smooth flow can be achieved.

Figure 2-4: Experimentally measured flow from one pump stroke using the CNBio
standard flow control system. The opening of the outlet valve is colored green, the
dispense of the pump chamber is colored yellow, and the closing of the outlet valve
is colored red. Dispensing the pump chamber takes approximately 0.12 s of the
2 s pumping period. Over 75% of the pump stroke period is spent under no-flow
conditions.

2.3 Desired Control System Improvements

By smoothing out the flow spikes that result from pumping with the standard flow

control system, the pumps can be controlled to have a smooth flow profile. Achieving

both highly pulsatile and smooth flow profiles makes it easy to achieve any flow

profile in that range. On that spectrum, the most difficult to achieve flow profile is
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smooth flow. Moving from pulsatile to smooth flow spikes would look similar to the

visualization in Figure 2-5. The flow spike would be replaced by a smoothed period

of continuous flow, and the opening and closing of the outlet valve would remain as

these valves are still driven by pressure steps. The spikes in flow from opening and

closing the valve are unavoidable due to the nature of the micropump.

Figure 2-5: A visualization of the desired transition from high instantaneous spikes in
flow rate to a smoothed period of flow when dispensing fluid from the pump chamber.

Figure 2-6: A visualization of two pump strokes where a period of smooth flow and
no flow occur. By adding a certain percentage of no flow, in this example 30%, the
pulsatility of the flow profile can be controlled.

If a smooth flow profile is achieved, it is possible to add in delays to make the flow
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profile as pulsatile as desired. This would unlock the ability of the user to select a

percentage of no flow desired for each pump stroke. For example, the flow profile could

look like what is seen in Figure 2-6. The biologist could tailor the flow based on

the biological experiment being performed, which would help ensure the experiment

is run to best mimic in vivo conditions.
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Chapter 3

Flow Control System Design

As discussed in the previous chapter, the standard pump control systems that have

been used in the lab were developed for prior projects and purchased from CN-Bio.

These pump control systems are isolated into two units, a unit containing the con-

troller hardware and a unit housing pneumatic and corresponding electronic hard-

ware as shown in Figure 3-1. The pump control systems actuate each micropump

by switching three pneumatic solenoids between pressure and vacuum in a sequence

dependent on the current pump state. These states determine if the inlet valve, outlet

valve, and pump chamber needs to driven by a pressure or vacuum signal [1, 2].

3.1 Pumping States

This thesis work is focused on utilizing the pneumatic micropumps designed by

O’Boyle [3]. These micropumps consist of a pump chamber between two valves as

shown in Figure 3-2. The pump chamber is designed to dispense one microliter of

fluid per pump stroke; this fixed volume allows for deterministic flow rates depending

on how often a pump stroke occurs [3]. Micropumps previously used in the Griffith

lab, designed by Inman, use an early configuration of the pump chamber and valves.

Inman categorizes the pumping sequence of this type of micropump into six states

[2]. An illustration of these six states can be seen in Figure 3-3.

Based on the pump design, the closed position of a valve or the pump chamber
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Figure 3-1: The two units that make up the standard pump control system made by
CN-Bio. A) The unit that contains the controller hardware. B) An earlier version of
the unit containing the controller hardware in which the hardware is visible through
a clear lid. C and D) The unit that contains the pneumatic and associated electronic
hardware.

Figure 3-2: (top) An overhead view of the micropump filled with water mixed with
blue food coloring. The pump chamber is in the center of the micropump and the
teardrop shaped valves are on the left and right of the pump chamber. (bottom) A
cross section of the micropump design. Figure adapted from [3].
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Figure 3-3: A diagram showing whether the valves and pump chamber are open or
closed during each state in the pumping sequence. The black overlay represents the
closed state.

occurs when the applied pneumatic signal is positive air pressure. Conversely, apply-

ing negative air pressure to the membrane opens the valve or pump chamber, which

allows fluid to flow into the corresponding pump element. The pneumatic layer of

the chip is below the fluidic layer, meaning the membrane pushes against the upper

fluidic layer when closed or the lower pneumatic layer when open.

For the pump control applications discussed in this thesis, the starting state, state

1, of the pump is considered to be when both the inlet and outlet valve, as well as

the pump chamber, are all in the closed position. The transition to state 2 occurs

when the inlet valve is opened by applying negative air pressure to pull back the
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membrane so it no longer seals along the valve seat. Once the inlet valve is fully

opened, the pump chamber is opened to proceed to state 3. The aspiration of the

pump chamber while the inlet valve remains open allows fluid to fill the volume of

the pump chamber. When aspiration is complete, positive air pressure is applied to

the inlet valve to create a seal between the membrane and the valve seat to ensure

no fluid contained in the pump chamber can backflow. The closing of the inlet valve

marks the move to state 4. Before the fluid can be dispensed from the pump chamber,

the outlet valve must be opened. Therefore, the transition to state 5 occurs when

negative air pressure is applied to the outlet valve. To get to state 6, all the fluid is

then dispensed from the pump chamber when the applied air pressure on the pump

chamber is switched from negative to positive pressure. Finally, the pump is brought

back to state 1 when the outlet valve is closed, completing the pump stroke.

For the purpose of this thesis work, the flow of interest is considered to be the

flow that occurs between the outlet valve and the back pressure regulator on the chip.

Therefore, the goal of the flow control system is to smooth out the flow occurring dur-

ing the dispensing stage. However, similar methods could be applied to the aspiration

stage to achieve smooth flow on the aspiration side of the fluid circuit as well if that

is desirable. When considering the fluid circuit after the outlet valve, spikes of flow

during the pump stroke are unavoidable when the outlet valve opens and closes, un-

less we also control the valve pneumatic signal. The valves are designed to have a

volume of 0.188 𝜇L, which is nearly an order of magnitude smaller than the pump

chamber volume of approximately 1 𝜇L . Because of the small volume of the valves,

the spikes in flow caused by opening and closing the valve are less significant. When

attempting to improve flow stability, these spikes will not be considered as an area of

flow to be smoothed over in the present effort. However, the techniques shown here

can be readily applied to the valves by using contoured pressure signals to actuate

the valve diaphragms in a manner similar to the pump chamber.

To stabilize the flow when the fluid in the pump chamber is dispensed, the fluid

needs to be dispensed over the cycle time at an approximately fixed rate. Since

the prior standard pump control system relies on a solenoid to rapidly switch from
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negative to positive air pressure on the pump chamber, the full volume of fluid is

dispensed quickly at a high instantaneous flow rate. This results in a short period

of high flow and a much longer period of no flow as seen in Figure 3-4. In order

to improve the flow stability performance of the pump, a gradual change in pressure

should be applied to the pump chamber as opposed to switching from negative to

positive pressure instantaneously. This gradual change in pressure will allow for

continuous flow during the dispense stage rather than an impulse of flow followed

by zero flow. Furthermore, by minimizing the time spent in the five states prior to

draining the pump chamber it is possible to extend the time spent with continuous

flow.

Figure 3-4: Experimentally measured flow rate for one pump stroke using the standard
pump control system set at a flow rate of 30 𝜇L/min. Using a solenoid to switch
between negative and positive pressure results in instantaneous flow rates exceeding
1500 𝜇L/min and long periods of zero flow. The flow is measured with Sensirion
LPG10-1000 liquid flow sensor.
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3.2 Necessary Hardware

Just as the standard pump control system is composed of pneumatic and control

hardware, the new flow control platform will require the integration of these two

systems. However, in order to transition from a flow control system that only relies

on solenoids, which switch pressure in a step, to one that is capable of a gradual

change in pressure, it is necessary to adapt new hardware. One of the most significant

changes is incorporating an electronically variable pressure regulator to allow for a

controllable pressure signal on the pump chamber diaphragm.

3.2.1 Incorporating an Electronic Pressure Regulator

An electronic pressure regulator is the main new hardware used in the novel flow

control system. Switching from a solenoid to an electronic pressure regulator to

apply the pneumatic signal onto the pump chamber element of the pump changes the

pressure signal from a step function to any specified function of time. Some examples

of possible pressure signals can be seen in Figure 3-5.

Figure 3-5: Three examples of gradually changing pressure signals that can be
achieved with electronic pressure regulators and used as replacements for the square
wave pressure signal. Driven flow is a nonlinear function of the slope of the pressure
signal.

Tailored pressure signals are possible due to the nature of electronic pressure reg-
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ulators. These regulators are usually provided with either a current or voltage input

that is the set point for a proportional pressure output. Electronic pressure regulators

rely on the feedback provided by a pressure sensor monitoring the regulator’s output

pneumatic pressure. The electronic pressure regulator has an internal PID controller

that utilizes this pressure feedback to provide a precise output pressure by continu-

ously adjusting internal valve positions [24]. The user can adjust the regulator’s PID

controller to improve the regulator’s ability to follow the desired input signal.

Two different electronic pressure regulators were considered when constructing the

pump control system. The main two requirements used to select electronic pressure

regulator candidates were an operating gauge pressure range of vacuum (≈ -1 bar)

to approximately +1 bar, and a relatively fast response time. The first regulator of

interest was the Clippard Cordis pressure control unit [25]. The Cordis unit can be

customized for operating pressure ranges anywhere between vacuum and 150 psig and

offers a typical response time of less than 20 ms. In addition to meeting the main

requirements, the Cordis unit stood out due to its customizability, integrated sensor,

compact size, and relatively low cost. An example Cordis unit can be seen in Figure

3-6.

Figure 3-6: Different angle views of the Clippard Cordis pressure control unit.

The other regulator that was considered is the Enfield TR-010-v-ex electronic

pressure regulator [26]. A picture of the Enfield TR regulator is provided in Figure

3-7. Like the Cordis unit, the Enfield TR regulator meets the main two requirements

regarding operating pressures and speed. In fact, the Enfield TR regulator is rela-
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tively fast, with a response times of 2.5 ms. However, the Enfield TR regulator is

significantly bulkier than the Cordis unit and costs nearly twice as much as the Cordis

unit. After acquiring both electronic pressure regulators, they were both tested to

see which regulator could better follow a designated input signal designed to mimic a

simplified version of the aforementioned pump states. Since the proposed aspiration

stage of the pumping sequence is meant to occur as quickly as possible, the input sig-

nal requires a relatively fast step down from positive pressure to vacuum. As seen in

Figure 3-8, the Cordis unit is unable to achieve this pressure change quickly. Since

the Enfield TR regulator is capable of rapidly changing from positive to negative air

pressure, it was selected as the flow control system’s electronic pressure regulator. It

is worth noting that if gradual aspiration and dispensing were desired for the pumping

sequence, it is possible that the Cordis unit’s performance would be adequate and

could be used to control the pump chamber pressure signal. This possibility will be

further discussed in the suggestions for future work section.

3.2.2 Solenoids for Valve Actuation

While it is necessary to actuate the pump chamber with a gradual pressure signal,

in this work the valves of the pneumatic micropump are still actuated with a rapid

change between positive and negative air pressure. This allows a simpler configuration

in which the same solenoids used in the standard pump control platform are used to

actuate the valves in the novel flow control system. These solenoids are 3 port solenoid

valves, SMC S070B-6CG [27], and can be seen in Figure 3-9. These solenoids

have a coil voltage of 12 VDC and a power consumption of 0.5 W. Proper electrical

components will be selected based on these specifications.

Each solenoid is to be switched on using a digital output signal of 3.3 V. To turn

the solenoid on or off a transistor is used as a switch. To achieve this a transistor,

resistor, and flyback diode are needed for each solenoid. The flyback diode allows

current to only pass in one direction, therefore preventing potential damage to the

solenoid that would be caused by the flyback voltage spike. A KSP2222A transistor

[28] was chosen as a suitable transistor to use as a switch for the solenoids based on
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Figure 3-7: An Enfield TR-010-v-ex electronic pressure regulator along with an ex-
ternal pressure sensor.

its maximum collector current and current gain. With this transistor in mind, a base

resistor with a resistance of 1.7 kΩ was selected to achieve a high enough base current

to properly saturate the transistor as a switch. The flyback diode selected was a power

blocking diode, 1N4001. This diode can protect against a reverse voltage of 50 V and

pass 1 A current continuously [29], which exceeds the necessary requirements for this

application. The circuit diagram for powering a solenoid can be seen in Figure 3-
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Figure 3-8: The Clippard Cordis unit and Enfield TR regulator response to a step
input going from positive pressure to vacuum to achieve rapid aspiration (6 psi to
-5.5 psi). An additional step response test was done with the Clippard Cordis unit
for a larger pressure difference (approximately 10 to -10 psi).

Figure 3-9: An array of nine SMC S070B-6CG solenoids.

10. Two solenoids are necessary per micropump to individually control the inlet and

outlet valve. For standardization purposes, the pneumatic ports in the solenoid array

base mount are connected to positive pressure and vacuum sources, such that when

the solenoid is in the off position the output is negative pressure. This ensures that
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when the system is off the valves of the micropump will be in the open position.

Figure 3-10: The circuit diagram for turning a solenoid on and off using a transistor
as a switch with a flyback diode (1N4001) to manage the turn-off transient.

3.2.3 Flow Sensor

Some form of sensor is required in order for the flow control system to achieve stable

flow rates when actuating the pneumatic micropumps with feedback control. When

initially implementing a control scheme, we decided to use an onboard sensing method

to directly measure the flow rate of the fluid exiting the outlet of the micropump.

Once a control scheme with adequate performance was achieved with direct onboard

flow rate sensing, the possibility of feedback control using an indirect sensing method

was explored.

The sensor selected to use for feedback control is the Sensirion LPG10-1000 Liq-

uid Flow Sensor [30], which is shown in Figure 3-11. The Sensirion LPG10 is a

thermal mass flow meter, which means that by using a heating element between two

temperature sensors the flow can be determined based on the temperature change of

the fluid [31]. Digital communication with the Sensirion LPG10 is through a standard

I2C-interface [30].
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Figure 3-11: Sensirion LPG10-1000 liquid flow sensor housed in a fluidic manifold
provided as part of an evaluation kit sensor package.

3.2.4 NI Hardware

Similarly to the standard pump control platform, the new pump control system is im-

plemented on an NI myRIO. The NI myRIO-1900, Figure 3-12, is a re-configurable

input/output (I/O) device that can be used for real-time applications [32]. The

myRIO is used to implement a real-time controller to control the flow of the pumps.

The myRIO has analog and digital I/O as well as I2C channels. Analog I/O capabil-

ities are necessary for controlling and monitoring the pressure signal of the electronic

pressure regulator. Digital outputs are needed to switch the solenoids on and off to

control the valves. I2C capabilities make it possible to directly interface with the

Sensirion LPG10 flow sensor.

Since the Enfield TR regulator is commanded with a 0-10V input signal, the

myRIO MSP connector C was utilized as the analog output has a ± 10 V range.

However, the I2C channels on the myRIO are located on the A and BMXP connectors.

Therefore, both the MSP and one MXP connector were used. While the myRIO was

used for this thesis work, other NI hardware with the same capabilities could be used

instead. The myRIO is programmed using LabVIEW, which also implements the user

interface.
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Figure 3-12: An NI myRIO-1900 with the MSP and MXP connectors labeled.

3.3 Chip Design for Flow Monitoring

Without a way to monitor the flow rates produced by the micropumps on the mi-

crofluidic chips, the new flow control system has no way of being implemented. The

chip designs established in O’Boyle’s work [3] do not have a way to easily interface

with the Sensirion LPG10 flow sensor. Originally, an available EndoChip [3] was

modified to have flow connections. In order for these connections to work properly,

the chip’s onboard back pressure regulators were closed using a high positive pressure

signal of approximately 15 psi. The modified EndoChip, Figure 3-13, has a tube

routing from the gel compartment of the chip to the Sensirion LPG10 and the out-

put of the Sensirion LPG10 was connected to a collection tube. Due to the way the

EndoChip was modified, leaks between the two channels surrounding the gel com-

partment would often occur. The leaks across the channels made it difficult to know

if the pump chamber was dispensing the correct fluid volume on each pump stroke.

Because of the issue of cross-channel leaking, the modified chip was only used for

initial testing and validation purposes.

In order to have a proper platform to develop a flow control scheme, a chip with
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Figure 3-13: The modified EndoChip with a tube routing from the gel compartment
of the chip to the Sensirion LPG10. The fluid output of the Sensirion LPG10 routed
to a collection tube.

integrated tubing connections was designed. The chip was designed to have two

independently controlled pumps to provide the opportunity to run one individual

pump or both pumps simultaneously. The CAD drawing of the tubing connection

chip, Figure 3-14, shows the independent pneumatic connections of the two pumps

and the locations meant for gluing the tubing connection interface components. This

chip was manufactured using the methods established by O’Boyle in his work [3].

The purpose of the integrated tubing connection chip was to provide a well-made

platform to monitor the flow of the pumps. To ensure the pump chamber and valve

volumes were as accurate as possible and that the pump chambers and valves had

smooth surfaces, plastic polish was used to smooth the pump chamber and valve

surfaces Figure 3-15. The before and after surface finish of one of the pump cham-

bers as seen under a microscope is presented in Figure 3-16. Polishing the pump

chambers and valves like this is not practical when a chip will be used for biological
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Figure 3-14: CAD drawing of the microfluidic chip with integrated tubing connections.

experimentation, but for the purpose of creating a control scheme using the polish is

worthwhile.

The fully assembled chip, Figure 3-17, successfully interfaced to the Sensirion

LPG10, Figure 3-18. However due to difficulties when bonding the chip, the mem-

brane of the left pump chamber was partially bonded to chip resulting in a pump

chamber that could only aspirate and dispense 0.6 𝜇L of fluid instead of 1 𝜇L. The

back pressure regulator membrane was also partially bonded to the chip, so it was

not able to fully function properly. Despite this, the chip still proved to be a valuable

platform, as the right side pump had the expected volume and functioned properly.

3.4 Platform Integration

To integrate the whole flow control system, extra pneumatic hardware is necessary.

The number of pressure regulators needed for the platform is dependent on the num-

ber of back pressure regulators on the microfluidic chip. For the integrated tubing

connection chip there is only one onboard back pressure regulator, therefore three

pressure regulators and one vacuum regulator are needed for the flow control sys-

47



Figure 3-15: A) A vinyl cut sticker to place on the component faces in order to leave
only the pump chamber and valves exposed for polishing. B) The sticker applied to
the pneumatic and fluidic sides of the chip. C) The set-up for polishing. D) Polishing
the pump chamber of the pneumatic side of the chip.

tem. For each additional on-chip back pressure regulator that is to be operated at a

different pressure, an additional positive pressure regulator is needed.

One pressure regulator is used to regulate house pressure to approximately 15 psi.

The 15 psi output is then used as the input for the electronic pressure regulator and

as the input to a second pressure regulator. The second pressure regulator is used to

regulate down to approximately 8 psi. The 8 psi output is used to control the positive

pressure input to the solenoids. The third pressure regulator is used to regulate the

pressure signal on the on-chip back pressure regulator. Since this pressure signal will

be small, likely around 0.5 psi, the input to the regulator can be the 15 psi or 8 psi
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Figure 3-16: The before and after surface finish of one of the pump chambers as seen
under a microscope.

Figure 3-17: The assembled microfluidic chip with integrated tubing connections.
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Figure 3-18: The fully assembled microfluidic chip with integrated tubing connections
interfaced with the Sensirion LPG10 and placed in the manifold.

pressure line. Lastly, the vacuum regulator is used to prevent disturbances in the

vacuum signal resulting from fluctuations in house vacuum. This regulator should be

set to approximately -8 psi and the output is used to supply the negative pressure

input to the electronic pressure regulator and the solenoids.

A schematic of all the necessary hardware as well as pneumatic and electrical con-

nections is provided in Figure 3-19. Furthermore, Figure 3-20 contains a picture

of the physical implementation of this schematic. The list of components needed for

the flow control system are as follows:

� Pressure regulators (three pressure regulators and one vacuum regulator)

� Electronic pressure regulator

� Solenoid array
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Figure 3-19: A schematic of the hardware used for the complete flow control system.

Figure 3-20: The complete hardware setup for the novel flow control system.

� Electronics board

� NI myRIO

� Flow sensor

� Manifold containing chips
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The flow control system can be made more compact with careful selection of small-

footprint regulators and custom made circuit boards rather than breadboards.
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Chapter 4

First Controller Design

Switching between the six states of the pump controller result in only part of the pump

stroke sequence being controlled. In a pumping scheme where both gradual aspiration

and dispensing are desired, only these two states need to be controlled. This thesis

focuses on the pumping scheme where only gradual dispense is needed and rapid

aspiration is acceptable. However, the same control methods could be applied to the

aspiration state to also achieve gradual aspiration. All controller programming for

this thesis was done using LabVIEW. The controller discussed in this chapter relies

on flow rate feedback from the Sensirion LPG-10 flow sensor.

The initial controller design was based on a simplified model of the pump chamber.

This controller was then modified to account for physical nuances of the system. The

modified controller yielded promising flow profiles at low flow rates, but could not

perform at higher flow rates that would be necessary for some experiments. This was

due to the shortened control time period associated with the higher flow rates. With

this is mind, we decided to try a different control approach later on.

4.1 Controller State Machine

To isolate the period of feedback control during a pump stroke, a state machine

was constructed. Each state in the state machine has a set time duration, and the

next state is entered once the time duration of the previous state is completed. All
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non-feedback dependent states were assigned predetermined pressure outputs corre-

sponding to the valves and pump chamber. During the dispensing state, which is the

period of feedback control, the valves are actuated in a predetermined manner (open

or closed) while the pump chamber is actuated using feedback control. Table 4.1

explains what occurs during each state. The min pressure is determined through user

input, the max pressure is determined by the control signal bounds, and the control

signal is determined by the controller.

State Inlet Valve (psi) Pump Chamber (psi) Outlet Valve (psi)

State 1 +8 max pressure +8
State 2 -8 max pressure +8
State 3 -8 min pressure +8
State 4 +8 min pressure +8
State 5 +8 min pressure -8
State 6 +8 control signal -8

Table 4.1: The pressure commands on the valves and pump chambers during each
state of the pump stroke.

The controller state machine is the centerpiece of the LabVIEW code since it

controls the pumping sequence. Outside of the state machine, a variety of tasks are

continually being done for both monitoring and functional purposes. Other tasks are

also performed outside the state machine, but only if certain front panel user inputs

are changed while the code is running.

4.1.1 LabVIEW Code Structure

The LabVIEW code is composed of both a front panel that acts as the user interface

and the block diagram that contains the graphical source code of the program. The

front panel design was kept simple with two graphs for monitoring purposes as well

as a variety of user inputs to run the code in the desired manner. The front panel

user interface is shown in Figure 4-1.

On the left-hand side of the front panel there are three numerical input boxes for

inputting the minimum and maximum pressures (psi) that should be permitted on the
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Figure 4-1: The front panel user interface corresponding to the first controller itera-
tion. The front panel has user inputs to determine the desired flow rate and pressure
input boundaries. There is also a graph for monitoring the flow rate on the chip and
another graph for monitoring the pressure signal input and output from the electronic
pressure regulator. Lastly, there is a totalizer that uses the flow rate data to deter-
mine the volume of fluid that has been pumped and the average flow rate based on
this total and the elapsed time.

pump chamber and the desired flow rate in 𝜇L/s. Below these input boxes, there is

an error indicator to display if any errors arise when running the code. Additionally,

there is a stop button below the error display box so the user can stop the code

from running. To the right, there are two graphs for monitoring flow and pressure

data. The top graph will plot the flow rate data coming from the Sensirion flow

sensor connected to the chip as well as the flow rate set point curve. The bottom

graph will plot the pressure data from the electronic pressure regulator controlling

the pressure signal on the pump chamber. Both the pressure being inputted by the

controller algorithm and the pressure output determined by the regulator’s sensor will

be plotted. To the right of the graph there is one input and two outputs associated

with a volume totalizer. The input button controls whether or not the totalizer is

turned on. Pushing the button to turn the totalizer off after it has been running will
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reset the totalizer to zero. The totalizer keeps track of the total fluid dispensed since

being turned on and uses this volume and the elapsed time since the button has been

pushed to calculate the actual average flow rate.

To achieve this front panel, most of the graphical front panel code is contained in

a main loop. The main loop is run at 100 Hz and during a single run of the loop five

main tasks are performed. The five tasks include checking for a change in the flow

rate user input, reading the Sensirion flow rate measurement, updating the totalizer if

the totalizer is turned on, sending digital/analog outputs based on the state machine,

and monitoring the electronic pressure regulator’s pressure input and output.

If any change in the flow rate user input has occurred, the flow rate set point

array is modified to reflect this change. The flow rate set point curve has a period of

𝑇 , and 𝑇 is determined based on the flow rate input. For example, the total period

of the pump stoke, 𝑇𝑡𝑜𝑡𝑎𝑙, would be 2 seconds for a flow rate input is 0.5 𝜇L/s, since

1 𝜇L is dispensed each pump stroke. 𝑇 is then determined by subtracting the time

needed to actuate the valves, 𝑡, from 𝑇𝑡𝑜𝑡𝑎𝑙. The set point curve can be divided into

two parts: a ramp up from a flow rate of 0 to the flow rate that brings the integral

of the flow rate set point curve to 1 𝜇L and a constant function at the ramp’s ending

flow rate. The ramp portion of the curve has a period of 0.1𝑇 . An example of this

set point curve can be seen in Figure 4-2. When a new reading is made from the

Sensirion using the I2C-interface this reading is plotted on the flow monitoring graph

and is used for the totalizer measurement if the totalizer is set to on. The totalizer

is updated using the trapezoidal rule to estimate the integral of the flow graph to

get the volume dispensed. Depending on the current state of the controller state

machine the digital outputs for the two valves and the analog output for the pump

chamber are either updated or kept the same. As a reminder, the digital outputs

are used to switch two solenoids on and off to apply either positive or negative air

pressure to the valves; however, the analog output is used to send a 0-10 V signal to

the electronic pressure regulator to control the pressure output. 0 V corresponds to

-14.5 psi while 10 V corresponds to +14.5 psi. Two analog inputs are also used to

monitor the feedback signals from the electronic regulator which provides two 0-10
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V signals corresponding to the pressure sensor measurement and the voltage being

input to the regulator. These two inputs are plotted on the pressure graph.

Figure 4-2: A visualization of the flow rate set point curve. The period of control is
𝑇 , which is determined based on the flow rate input. For the first 10% of 𝑇 the flow
rate is ramped from 0 to a constant value. The final flow rate value is determined by
ensuring the area under the curve is 1 𝜇L.

4.2 Simplified Mechanical Model of the Micropump

A simplified mechanical model of the micropump was created to aid in the initial

controller design. The micropump was approximated as a frictionless and massless

cylindrical piston supported by a spring. The piston is the fluidic seal and the spring

is the stiffness of the diaphragm. Figure 4-3 contains a drawing of the model labeled

with important variables. This model was used to determine the relationship between

flow rate and change in applied pressure.

Three equations are necessary to determine the relationship between the change in

air pressure, 𝑑𝑃𝑖𝑛

𝑑𝑡
, and flow rate, 𝑄. By balancing the forces from the input pressure

and the spring we get the resulting equation:
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Figure 4-3: The micropump diaphragm is approximated as a frictionless, massless,
cylindrical piston supported by a spring. The piston has cross-sectional area 𝐴 and
the spring has a spring constant 𝑘. Pressure, 𝑃𝑖𝑛, is placed on the piston resulting in
flow rate 𝑄.

𝑃𝑖𝑛𝐴 = 𝑘𝑥 (4.1)

By relating displacement to volume and change in volume to flow rate we get

Equation 4.2 and Equation 4.3.

The dispensed volume is

𝑉 = 𝐴𝑥, (4.2)

with resulting flow rate

𝑄 =
𝑑𝑉

𝑑𝑡
. (4.3)

By plugging Equation 4.1 into Equation 4.2 we get dispensed volume as

𝑉 =
𝐴2

𝑘
𝑃𝑖𝑛. (4.4)

Taking the derivative of Equation 4.4 and substituting 𝑄 for 𝑑𝑉
𝑑𝑡

based on Equa-

tion 4.3 gives the final equation:
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𝑄 =
𝐴2

𝑘

𝑑𝑃𝑖𝑛

𝑑𝑡
. (4.5)

The flow rate, 𝑄, is proportional to the change in pressure over time, 𝑑𝑃𝑖𝑛

𝑑𝑡
. For

the controller, the manipulated variable can easily be the input pressure, 𝑃𝑖𝑛, or the

change in pressure 𝑑𝑃𝑖𝑛

𝑑𝑡
. By using change in pressure rather than pressure itself as the

manipulated variable, only a proportional controller is needed rather than an integral

controller. If the input pressure was the manipulated variable, an integral controller

would be necessary to account for the derivative term of the plant, since the flow

rate, 𝑄, is related to the rate of change in pressure, 𝑑𝑃𝑖𝑛

𝑑𝑡
, not pressure itself. The

integral term becomes embedded in the controller if 𝑑𝑃𝑖𝑛

𝑑𝑡
is used as the manipulated

variable, so the controller presents as a purely proportional controller. This keeps the

controller as simple as possible for the initial controller design.

4.3 Proportional Control

Based upon the simplified model, it was decided that a proportional controller would

be implemented to control the dispense state. The controller is formatted such that

the initial pressure signal is set as the minimum pressure input by the user, such that

the pump chamber is pulled to maximum volume. The error of the measured flow

when compared to the flow set point curve, refer back to Figure 4-2 for an example

of the curve, is multiplied by the proportional gain 𝐾𝑝. The product of the error and

the gain is the change in pressure which is added to the previous input pressure and

sent as the new command for the electronic pressure regulator. This process is done

at 100 Hz and lasts the dispense period. This process is reset when a pump stroke is

completed. The process is shown in a block diagram format in Figure 4-4.

The proportional gain value was tuned using trial and error. Initially the value

was reduced by an order of magnitude until the the pressure signal stabilized. Once

the pressure wave stabilized, small adjustments were made until performance peaked.

Once the gain was selected, the controller was run for various flow rates to gauge

controller performance.
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Figure 4-4: The block diagram for the proportional controller.

4.3.1 Initial Results

As stated earlier in the chapter, the controller is not run continuously even though

pumping is run continuously. Instead, the controller is only on for the sixth state

of the pump cycle, i.e., dispense. There is only a fixed amount of fluid, 1 𝜇L, that

can be dispensed during a pump stroke, meaning that fluctuations in the flow rate

around the set point can result in fluid being dispensed too quickly resulting in an

unreachable set point. Because the goal of the controller is to improve the smoothness

of flow compared to the large spike generated by the standard flow control system,

small fluctuations in flow around the set point are acceptable.

The controller was initially run at a flow rate of 0.2 𝜇L/s to see the performance

at a low flow rate. The resulting pressure signal and flow rate measurements are seen

in Figure 4-5. The large spikes in the flow profile are from opening and closing the

outlet valve and are not part of the controlled profile. For simplicity, the flow rate

set point curve is set as 0 for all states other than the dispense state and should be

ignored. The measured flow rate was able to stay close to the flow rate set point

curve with variations staying in the +/- 4 𝜇L/min range. During the initial ramp up

period, the measured flow rate lags behind the set point curve. The measured average

flow rate ended up being 96% of the desired flow rate (0.192 𝜇L/s vs 0.2 𝜇L/s). There

will likely always be a discrepancy due to the machining and assembly process since

it is difficult to get a micropump with an exact 1 𝜇L chamber volume.
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Figure 4-5: The resulting flow profile of running the proportional controller with
the tuned gain at a flow rate of 0.2 𝜇L/s. The totalizer shows that after dispensing
approximately 9 𝜇L, the actual average flow rate was 0.192 𝜇L/s. The bottom panel
containing the pressure signal shows that a nonlinear pressure curve is the generated
control signal that results in smooth flow.

The controller was also run at a 0.33 𝜇L/s flow rate, Figure 4-6. At this higher

flow rate the measured flow rate was still able to stay close to the flow rate set point

curve with variations staying in the +/- 5 𝜇L/min range. During the initial ramp up

period, the measured flow rate did not lag as far behind the flow rate set point like

it did when set to 0.2 𝜇L/s. The measured average flow rate, 0.313𝜇L/s was 95% of

the desired flow rate.

The performance of the proportional controller at both a 0.2 and 0.33 𝜇L/s flow

rate was better than anticipated. The proportional controller greatly smoothed the

flow profile compared to the standard flow control system. However, there was some

concern with the physical implications of the pressure signal profile.
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Figure 4-6: The resulting flow profile of running the proportional controller with the
tuned gain at a flow rate of 0.33 𝜇L/s. The totalizer shows that after dispensing
approximately 26 𝜇L, the actual average flow rate was 0.313 𝜇L/s. Just as in the 0.2
𝜇L/s case, a nonlinear pressure curve is the resulting control signal. While the overall
pressure curve shape is maintained across the two flow rates, in order to achieve the
higher flow rate of 0.33 𝜇L/s the pressure curve has a shorter time period and cycles
more rapidly.

4.3.2 Modifying the Controller

While the performance of the proportional controller was promising, one concerning

aspect of the controller performance is small blips in which the pressure input is set

as decreasing. During a pump stroke, the pressure input should always be increasing

so fluid is only dispensed from the chamber and not sucked back into the chamber.

A negative change in pressure commands results when the flow rate error is negative,

meaning the measured flow rate is higher than the desired flow rate. Spikes in the

flow are unavoidable and are not an actual indicator that too high of a pressure

change occurred. However, the controller response to these spikes results in negative

changes in input pressure, an extreme example of this is seen in Figure 4-7. To

avoid negative changes in the pressure signal input, a heuristic control element was
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Figure 4-7: The proportional controller being run at a 0.2 𝜇L/s flow rate with a
delay between pump strokes. The spikes in flow above the desired flow rate result in
negative pressure changes in the red curve on the bottom graph. The delay is seen in
both graphs as the period of no flow and correspondingly as the period of maximum
pressure being applied, with 𝑑𝑃𝑖𝑛

𝑑𝑡
= 0.

added to the controller.

The heuristic element that was added sets the change in pressure to 0 if the change

in pressure is negative. Adding this heuristic results in a smooth pressure signal being

applied to the pump chamber. Again, adding this heuristic makes physical sense

because we only want fluid to be dispensed from the pump during the control period

and a negative change in pressure draws fluid back into the pump chamber.
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4.3.3 Results and Limitations

After adding the heuristic element to prevent backflow, the modified controller was

tested again at various flow rates. The two main test flow rates used were again 0.2

and 0.33 𝜇L/s. Higher flow rates including 0.4, 0.5, 0.75, and 1 𝜇L/s were used for

testing the controller as well, but the spikes in flow become more significant at these

higher flow rates. When testing at the 0.2 𝜇L/s flow rate, Figure 4-8, it is easy to

see the change in the controlled pressure signal. The pressure signal is now a smooth

curve that is always either increasing or staying constant. When comparing the flow

profile seen with the modified proportional controller to the flow profile generated

before the heuristic modification, Figure 4-5, there are noticeably fewer flow rate

fluctuations across the set point curve. This shows that adding in the heuristic does

improve the performance of the controller.

Figure 4-8: The resulting flow profile of running the modified proportional controller
with the tuned gain at a flow rate of 0.2 𝜇L/s. The totalizer shows that after dis-
pensing approximately 24 𝜇L, the actual average flow rate was 0.19 𝜇L/s.

When testing was done at the 0.33 𝜇L/s flow rate, Figure 4-9, the changes in the

pressure and flow rate curve were similar to those seen with the 0.2 𝜇L/s flow rate.
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The pressure signal is much smoother and continuously increasing as expected. The

flow profile still contains fluctuations about the set point curve, but these fluctuations

are acceptable and expected.

Figure 4-9: The resulting flow profile of running the modified proportional controller
with the tuned gain at a flow rate of 0.33 𝜇L/s. The totalizer shows that after
dispensing approximately 102 𝜇L, the actual average flow rate was 0.334 𝜇L/s.

While the modified proportional controller works well for flow rates up to 0.33

𝜇L/s, its performance is not adequate for the higher flow rates needed in experiments.

The controller needs to be able to achieve flow rates of up to 1 𝜇L/s, and that is not

achievable with this control scheme. Figure 4-10 is a demonstration of what happens

when a 1 𝜇L/s flow rate is attempted. At this flow rate the modified proportional

controller causes large spikes in flow two orders of magnitude higher than the flow rate

set point. Such instantaneous flow rates are similar to the high instantaneous flow

rates seen when using the standard flow control system. Too much fluid is dispensed

too quickly resulting in a period of lower flow as well. This is likely because of the

large flow rate errors that occur when the controller is trying to keep up with the

initial ramp up of the set point curve. This results in a high pressure jump causing
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a significant fraction of the pump chamber volume to be dispensed too early. Once

too much fluid is dispensed, there is no way to meet the set point curve and because

of the resulting increasing flow rate error, the applied pressure continues to increase

until the pump cycle finishes. This is a major limitation in controller performance

and shows that this controller cannot satisfy the flow rate requirements of the system.

Figure 4-10: The resulting flow profile of running the modified proportional controller
with the tuned gain at a flow rate of 1 𝜇L/s. The proportional controller is unable
to generate a smooth flow profile at flow rates higher than 0.33 𝜇L/s. At a high flow
rate of 1 𝜇L/s, the controller has high flow fluctuations resulting in high magnitude
spikes that are similar in instantaneous flow rate to the spikes generated with the
standard flow control method.

4.4 Changing to a New Control Approach

The flow rate limitations of the modified proportional controller inspired the idea that

a different type of control approach could be ideal. To determine what control method
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would be a better fit for the system, the unique features of the system were explored.

The main features are: the necessary discontinuous operation of the controller due to

valve actuation, the repetitive nature of the task, and that each dispense is repeated

in a fixed time interval.

Based on the unique features of the control problem, iterative learning control

(ILC) could be an ideal control algorithm to use for the actuation of the microp-

ump. ILC was developed for repetitive control tasks that occur over a fixed time

interval. An accurate system model is not necessary when using ILC, which makes

it ideal for complex systems. An ILC algorithm generates an open loop signal that

is then modified after the control iteration is complete. Therefore, ILC is used to

improve the performance of uncertain systems by using prior controller experience

[33]. Implementing an ILC algorithm is discussed in depth in the next chapter.
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Chapter 5

Iterative Learning Control Algorithm

for Controlling Micropump Flow

5.1 Iterative Learning Control

Iterative learning control (ILC) is a type of learning controller that relies on the idea

that a system’s performance when executing a repeated task can be improved when

prior executions of the task are used as a learning tool. This means that as a task

is performed, task accuracy is iteratively improved [34]. ILC generates an open-loop

control signal which converges through repetition and learning. ILC is essentially a

learned open-loop control strategy [34].

The control branch of learning controllers is utilized for systems that repeat the

same operation many times without any change to the system operating conditions.

For these systems, learning controllers have an edge over non-learning controllers

because a non-learning controller results in the same tracking error on each path.

The controller is not aware of the tracking error that is repeatedly occurring, so the

controller is unable to correct itself. The information contained in the error signals

of previous trials contain invaluable information in regards to what is going wrong

during task execution, but without a learning controller this insight goes unused [34].

Implementing ILC improves performance by using the error information of pre-

vious trials to update the open-loop control signals for future iterations. Because of
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this, ILC algorithms can achieve high performance with low transient tracking error

even if there is large model uncertainty and repeated disturbances when the task is

completed [34]. A visual showing the method of updating the control signal based on

the error signal is provided in Figure 5-1, taken from [34].

Figure 5-1: A schematic showing the iterative learning control (ILC) process. After an
iteration is completed, the error is plugged into the ILC algorithm, otherwise known
as the update equation. This results in a modified version of the previous control
signal. On the next iteration of the system, the updated open-loop control signal is
applied to the plant. This figure is adapted from [34].

While ILC is a type of learning controller, it is unique when compared to other

learning control strategies, such as neural networks, adaptive control, and repetitive

control. Using neural networks results in the modification of controller parameters

(the network of neurons) rather than a control signal itself. Adaptive control is also

focused on modifying the controller itself rather than the control signal. Repetitive

control is quite similar to ILC, except while ILC is intended for discontinuous re-

peated task operation, repetitive control is meant to be operated continuously [34].

Therefore, ILC requires a break between iterations of a task and repetitive control

is used when one iteration immediately follows the previous iteration. The initial

conditions of the system using ILC control is the same for each trial. The initial

conditions of a system using repetitive control are the final conditions of the previous

trial [34]. The difference in initial conditions yields different learning techniques and

results [35].
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Since ILC is used to improve system performance when a single operation is ex-

ecuted repeatedly, it has found practical success in a variety of applications. Some

industrial application examples are in robotics, manufacturing, and mass produc-

tion assembly lines [36, 37, 38, 39, 40, 41]. Implementing an ILC algorithm is also

a good way to train an open-loop controller, this is ideal for applications where an

open-loop controller provides an adequate performance. An example of using this

open-loop controller training technique is developing fast-indexed motion control of

highly nonlinear actuators [42].

5.2 Why Iterative Learning Control is Ideal for Con-

trolling Micropump Flow

The repetitive nature of the controlled portion of the pump stroke, discontinuous con-

troller operation, and set timing interval of the control period make the micropump

an ideal candidate for an ILC algorithm. Implementing an ILC algorithm will cause

the pump performance will improve over time as the system learns from the previ-

ously executed pump strokes. The flow profile will thus smooth out over time as the

accuracy of the control signal is iteratively improved. As mentioned in the previous

section, the control curve generated using ILC is an open-loop control curve. A new

learned open-loop curve will be generated after each pump stroke is performed and

the errors of the previous trial(s) are input into the ILC algorithm.

Implementing an ILC algorithm to control the flow profile of the micropump has

the added advantage of generating signals that can then be used for open-loop control.

When the ILC algorithm is run, it is acting as a training mechanism for an open-loop

controller. The open-loop pressure signals derived with the ILC system will be used

for an open-loop control system if the open-loop flow response is promising.
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5.3 A Modified Iterative Learning Control Approach

As was true with the controller developed in Chapter 4, the manipulated variable

for the ILC algorithm will be kept as the change in pressure, 𝑑𝑃𝑖𝑛

𝑑𝑡
. The control signal

of the ILC algorithm is dependent on how the update equation that is used. The

simplest update equation for an ILC algorithm is as follows:

𝑢𝑗+1(𝑘) = 𝑢𝑗(𝑘) + 𝜆𝑒𝑗(𝑘). (5.1)

Here the subscripts 𝑗 and 𝑘 represent the iteration number of the algorithm and

the time index during that iteration, respectively. In the case of the micropump

application, 𝑢𝑗+1(𝑘) represents
𝑑𝑃𝑖𝑛

𝑑𝑡
of the 𝑗 + 1 iteration of the pump stroke at time

index 𝑘. 𝑢𝑗(𝑘) is
𝑑𝑃𝑖𝑛

𝑑𝑡
of the 𝑗 iteration of the pump stroke at time index 𝑘. 𝜆 is an

update weight and 𝑒𝑗(𝑘) is the flow rate error of the 𝑗 iteration of the pump stroke

at time index 𝑘.

This update equation is used for a first-order linear ILC algorithm of the type

described in [43]. The order of the ILC algorithm is determined by the number of

previous iterations of 𝑒 are used to calculate 𝑢 for the next iteration. For example,

a second-order linear ILC algorithm would use this update equation with update

weights 𝜆1 and 𝜆1:

𝑢𝑗+1(𝑘) = 𝑢𝑗(𝑘) + 𝜆1𝑒𝑗(𝑘) + 𝜆2𝑒𝑗−1(𝑘). (5.2)

As mentioned in Chapter 4, the sampling rate used to get the flow rate from

the Sensirion is 100 Hz. For a typical ILC algorithm, every sample in the taken

during a single iteration would be used to calculate the error at each sample time to

update the control signal generated. In our case, this would mean that if 500 flow

rate samples were taken the update equation would be used for k = 0, 1, 2,..., 499.

However, because of the shape of the pressure wave signal generated using the initial

proportional controller, it was hypothesized that an ILC algorithm could be used as

a means to generate a control signal formed by N lines of pressure versus time. This
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was hypothesized since the pressure signal should always be increasing and follows

the shape of a curve made up of multiple linear segments. Generating N lines to make

up the control signal means that N flow rate samples would be used in an iteration

to calculate N errors to control the slope of N lines.

This is a modified approach to a traditional ILC algorithm. An illustrative exam-

ple paired with an explanation of the proposed modified approach for our application

is seen in Figure 5-2. As explained in the illustration, only a small subset, in this

case 7, of flow measurements are used for the error calculation. These errors are then

plugged into the update equation. The update equation is used 7 times and the new

slopes of the lines have then been calculated. These new slopes, 𝑑𝑃𝑖𝑛

𝑑𝑡
, will then be used

to generate the open-loop control signal for the next pump stroke iteration. While it

seems counter-intuitive to not use all the data collected to update the control signal,

it is assumed that future applications would only take N samples with the sensor.

In this work the 100 Hz sampling rate is being used to confirm that the flow profile

achieved using the modified ILC approach is adequate.

5.3.1 Controlling Change In Pressure

To keep the ILC algorithm simple, a second-order linear update equation was chosen.

In comparative studies, not much difference is seen between first and second-order

designs and both perform well. However, uncertainties in the plant, in this case

the micropump, that may cause a difference between consecutive iterations can be

smoothed over with a second-order algorithm since two iterations of the error signal

are used to update the control signal [44]. Therefore, a second-order algorithm was

chosen because it does not add significant complexity and has potential benefits. This

update equation will be used with the proposed modified ILC approach of composing

the control signal from multiple linear segments. The weights and number of lines

will be determined through trial and error. Additionally, the LabVIEW front panel

was updated to a more streamlined user interface for using the ILC algorithm. The

updated front panel is shown in Figure 5-3. The updated front panel has three

additional user inputs. The user can now select the number of points, N, used for
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Figure 5-2: An illustration showing the proposed modified ILC approach. In this
example 500 flow measurements have been taken as the pump dispensed. Instead
of using all 500 of these flow measurements to update the control signal, only seven
measurements are used. These seven measurements are used for error calculation and
the corresponding errors are plugged into the update equation. The update equation
yields the new slopes to be used for the pressure signal. The control signal is composed
of seven connected lines.

the ILC algorithm, the type of controller that should be used (ILC, proportional

controller, open loop, etc.), and the shape of the flow rate set point curve. The set

point curve discussed in Chapter 4 is classified as a ramp in set point curve. The

ramp in set point curve can be divided into two parts: a ramp up from a flow rate of

0 to the flow rate that brings the integral of the flow rate set point curve to 1 𝜇L and

a constant function at the ramp’s ending flow rate. The ramp portion of the curve

has a period of 0.1𝑇 . An additional set point curve option was added called the ramp
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in and out set point curve. The ramp in and out set point curve starts the same as

the ramp in set point curve, but ends with a descending ramp from the constant flow

rate to 0 𝜇L/s over a period of 0.1𝑇 .

Figure 5-3: The updated LabVIEW front panel that allows for the use of the ILC
algorithm. Three user inputs have been added to the bottom left hand side of the
front panel. The user can now select the number of points, N, used for the ILC
algorithm, the type of controller that should be used (ILC, proportional controller,
open loop, etc.), and the shape of the flow rate set point curve. Before the set point
curve option was only a ramp in curve, but now a ramp in and out curve can be
selected.

The ILC algorithm to be implemented will be used to generate an input pressure

control signal. The signal is determined by controlling the change in pressure, 𝑑𝑃𝑖𝑛

𝑑𝑡
,

which is the slope of the control signal. The modified ILC approach could be used

to determine the slopes in three different ways. These three methods will be refereed

to as the left point slope method, the right point slope method, and the midpoint

slope method. A labeled illustration of these three methods is provided in Figure

5-4. The left point slope method would use the flow rate error found at the sample

time where the line starts to plug into the update equation to get the updated slope

of the line. The right point slope method would use the flow rate error found at the
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sample time where the line ends to plug into the update equation to get the updated

slope of the line. The midpoint slope method would use the flow rate error found at

the sample time corresponding to the midpoint of the line to plug into the update

equation to get the updated slope of the line.

Figure 5-4: The three possible methods for determining the slopes of the line segments
making up the control signal. The left point slope method updates the slope using
the flow rate error at the sample time corresponding to the start of the line. The
right point slope method updates the slope using the flow rate error at the sample
time corresponding to the end of the line. The midpoint slope method updates the
slope using the flow rate error at the sample time corresponding to the midpoint of
the line.

To determine which slope method works the best, all three methods were experi-
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mentally implemented. Each method was implemented using an 8 line second-order

linear ILC approach. The flow rate set point curve was set as a ramp in and out curve.

The two weights used for the update equation were determined through trial and error

until only gradual updates were made. The second update weight was constrained

to be in the range of 20%-30% of the first update weight to ensure the most recent

iteration’s error has greater influence on the control signal. The finalized weights used

in the LabVIEW code are 𝜆1 = 5 ·10−5 𝑉
𝑠𝑎𝑚𝑝𝑙𝑒

· 𝑚𝑖𝑛
𝜇𝐿

and 𝜆2 = 10−5 𝑉
𝑠𝑎𝑚𝑝𝑙𝑒

· 𝑚𝑖𝑛
𝜇𝐿

. The units

of the weights eliminate the need to convert from volts to psi and from samples to

ms. As a reminder, the sampling rate is 100 Hz. The same weights were used for each

approach. Using 8 lines for the ILC algorithm was determined to be ideal because 8

lines is the least amount of lines that offers a smooth and stable flow profile. The first

iteration of the ILC algorithm uses a single line as the pressure control signal. This

line is a ramp from minimum to maximum pressure. For testing which slope method

works best, the ILC algorithm was run to produce a 0.5 𝜇L/s flow rate. When the left

point slope method was implemented, Figure 5-5, it quickly became apparent that

this method does not result in a stable algorithm. When the midpoint slope method

was implemented, Figure 5-6, instabilities also arose. Like the left point method,

this approach is not viable. The right point slope method, Figure 5-7, is stable and

results a smooth flow profile.

The modified ILC approach utilizing the right point slope method yielded promis-

ing initial results. However, to ensure the algorithm remained stable, the flow rate

set point curve had to be set to a curve that ramps both in and out as opposed to

the original set point curve that was only ramped in. This is because the fluctuations

about the set point curve cause too much fluid to be dispensed before the pump stroke

is finished. This results in an accumulating error over the pumping iterations at the

last sampled point at time 𝑡𝑓 within the pump stroke period. Because the fluid in

the pump chamber is a depleting resource, if the fluid volume dispensed by time 𝑡 is

greater than the area under the set point curve over the interval from 𝑡0 to 𝑡, the flow

rate error at time 𝑡𝑓 will be positive. This is because there is no longer enough fluid

contained in the pump chamber to meet the flow rate set point without a sudden step
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Figure 5-5: A few minutes into running the ILC algorithm using the left point slope
method approach. This method is not stable, as the flow fluctuations are growing.

Figure 5-6: A few minutes into running the ILC algorithm using the midpoint slope
method approach. This method is not stable, as the flow fluctuations are growing.

in pressure. The positive error that occurs at 𝑡𝑓 during each pump stroke causes the

slope of the last line to increase without bounds until the hardware malfunctions. If

a ramp out is added to the set point curve, the final value of the set point curve is 0

𝜇L/s which can be met no matter how much volume has been depleted. Therefore,

78



Figure 5-7: A few minutes into running the ILC algorithm using the right point slope
method approach. This method is stable and yields a smooth flow profile.

the ramp out is necessary to prevent malfunctions. With this in mind, improvements

of the ILC algorithm are needed.

5.3.2 ILC Algorithm Improvements and Results

One proposed idea to improve the ILC algorithm was to take advantage of the fixed

volume of the pump chamber. Ideally, each pump stroke will dispense exactly 1 𝜇L.

By using the same volume estimation performed by the totalizer during the dispense

stroke, the total fluid dispensed during that stroke can be calculated. This volume

can then be converted to a flow rate by dividing the volume by the period of one

pump stroke, this is the average flow rate of the pump stroke. The desired flow rate

minus the average flow rate of the pump stroke is a flow rate error that provides

an indicator of whether too much or too little fluid was dispensed during the pump

stroke iteration.

To avoid using the last flow rate error from the last instantaneous flow measure-

ment point, the average flow rate error can be used in its place. This ensures the

slope of the last line will not grow unbounded even if a ramp in only flow rate set
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point is used. This also drives the average flow rate as close to the desired flow rate

as possible. This version of the ILC algorithm is referred to as the right point slope

with volume check method. An illustration of this process is seen in Figure 5-8.

Figure 5-8: An illustrative example of the ILC algorithm errors and slopes using the
volume check method. In this example 8 lines make up the control signal. The first 7
slopes, 𝑚1−𝑚7, are updated using the flow rate errors, 𝑒1− 𝑒7. The last line’s slope,
𝑚8, is updated using the average flow rate error, 𝑒8.

Another adjustment made to the ILC algorithm was implementing a heuristic sim-

ilar to the one used for the modified proportional controller discussed in the previous

chapter. Again, the change in pressure should never be negative, so all slopes should

not be capable of dropping below 0. This is based on the fact that fluid should be

continually dispensed from the fluid chamber and no fluid should backflow into the

chamber during the dispense period.

After implementing these changes, the finalized ILC algorithm was tested at vari-

ous flow rates. The three main test flow rates used were 0.5, 0.75, and 1 𝜇L/s. Testing
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was also done at lower flow rates between 0.1 and 0.5 𝜇L/s, but the main concern was

hitting higher flow rates that could not be reached with the modified proportional

controller. Once it was confirmed that smooth flow profiles could be easily achieved at

low flow rates using the ILC algorithm, high flow rates became the focus. The testing

performed at a 0.5 and 0.75 𝜇L/s flow rate was done using an 8 line second-order

linear ILC approach; however, because of the short control period when running the

algorithm at a 1 𝜇L/s flow rate, a 6 line second-order linear ILC approach was used.

Figure 5-9: The finalized ILC algorithm run at a flow rate of 0.5 𝜇L/s. The ILC
algorithm is able to achieve a stable smooth flow profile. The control signal is a
smooth pressure wave that is actually the result of connecting 8 lines. The slopes
of these lines are determined by the second-order linear update equation used as the
ILC algorithm. This particular data set was captured after running the algorithm for
over 8 hours. The average flow rate after running for this long was approximately
0.502 𝜇L/s, showing that the volume check component of the algorithm does drive
the flow profile to the exact flow rate over time.

The resulting pressure signal and flow rate measurements when testing at the 0.5

𝜇L/s flow rate are seen in Figure 5-9. Aside from the spikes in the flow profile from

opening and closing the outlet valve, the fluctuations about the flow rate set point

curve are small and in the acceptable range. During the initial ramp up period, the
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measured flow rate only slightly lags behind the set point curve. The pressure signal,

otherwise known as the control signal, is a smooth curve that is actually composed

of 8 lines. The slopes of these lines are determined by the ILC algorithm. At the

time of this data capture, the algorithm had been running for over 8 hours and the

average flow rate at that time was 0.502 𝜇L/s. This accurate average flow rate is the

result of the volume check component of the algorithm.

Figure 5-10: The finalized ILC algorithm run at a flow rate of 0.75 𝜇L/s. The ILC
algorithm is able to achieve a stable smooth flow profile. The control signal is a
smooth pressure wave that is actually the result of connecting 8 lines. The slopes
of these lines are determined by the second-order linear update equation used as the
ILC algorithm. This particular data set was captured after running the algorithm for
1 hour. The average flow rate after running for this long was approximately 0.746
𝜇L/s, showing that the volume check component of the algorithm does drive the flow
profile to the exact flow rate over time.

The resulting pressure signal and flow rate measurements when testing at the 0.75

𝜇L/s flow rate are seen in Figure 5-10. When the flow rate was increased to 0.75

𝜇L/s, the fluctuations across the flow rate set point increased. This is expected since

the set point has to increase to reach the higher flow rate. The fluctuations about the

flow rate set point curve are still in the acceptable range and the flow profile has been
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greatly smoothed when compared to the standard flow control method. During the

initial ramp up period, the measured flow rate only slightly lags behind the set point

curve. Similarly to the ILC algorithm run for a flow rate of 0.5 𝜇L/s, the control

signal is a smooth curve composed of 8 lines with slopes that are determined by the

ILC algorithm. At the time of this data capture, the algorithm had been running for

over 1 hour and the average flow rate at that time was 0.746 𝜇L/s. This accurate

average flow rate is the result of the volume check component of the algorithm.

Figure 5-11: The finalized ILC algorithm run at a flow rate of 1 𝜇L/s with a pump
cycle rate of 1 Hz. The ILC algorithm is able to achieve a stable and relatively smooth
flow profile. The control signal is a smooth pressure wave that is actually the result of
connecting 6 lines. The slopes of these lines are determined by the second-order linear
update equation used as the ILC algorithm. This particular data set was captured
after running the algorithm for 5 minutes. The average flow rate after running for
this long was approximately 0.964 𝜇L/s. Because the algorithm has only been run
for a short period of time, the volume check component of the algorithm has not yet
been able to drive the flow profile closer to 1 𝜇L/s.

The resulting pressure signal and flow rate measurements when testing at the 1

𝜇L/s flow rate are seen in Figure 5-11. When the flow rate was increased to 1 𝜇L/s,

the fluctuations across the flow rate set point increased as well. This is expected since
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the set point has to increase to reach the higher flow rate, and because the pump is

being actuated at a rapid cycle rate of 1 Hz. This rapid cycle rate results in a

dispense period of 740 ms, because it takes 260 ms to aspirate and actuate the valves.

Dispensing over a short period of time presents two challenges: quickly achieving a

high flow rate without overshooting too much and maintaining the high flow rate for

the duration of the dispense. Fluctuations are expected and ensure too much fluid

is not dispensed too quickly. The highest instantaneous flow rates measured were

approximately 200 𝜇L/min, which is still an order of magnitude lower than the flow

spikes created with the standard flow control system. While these fluctuations are

higher at the 1 𝜇L/s flow rate, they are still in the acceptable range for this flow

rate. The flow profile has thus been greatly smoothed when compared to the flow

profile generated with the standard flow control method. During the initial ramp up

period, the measured flow rate only slightly lags behind the set point curve. For the

high flow rate of 1 𝜇L/s, the control signal is composed of 6 lines with slopes that are

determined by the ILC algorithm. At the time of this data capture, the algorithm

had only been running for 5 minutes and the average flow rate at that time was 0.964

𝜇L/s. Since the algorithm has only been run for a short period of time, the volume

check component of the algorithm has not yet been able to drive the flow profile closer

to 1 𝜇L/s.

The finalized ILC algorithm produced great results when testing high flow rates.

The performance is much better than what was achieved with the initial modified

proportional controller. The ILC algorithm successfully generates smooth flow profiles

for flow rates up to 1 𝜇L/s. Therefore, unlike the modified proportional controller,

the ILC algorithm does satisfy the flow rate requirements of the system.

5.3.3 Stability

To check the stability of the ILC algorithm, we ran the controller for over 24 hours.

The ILC algorithm was set for controlling 8 lines using the right point slope with

volume check method. As a reminder, this means that 7 sample points of flow and

the volume dispensed were used to determine the errors used in the algorithm. The
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7 sample points of flow are compared to the flow set point and used to control the

slopes of the first seven lines. The volume dispensed is used to calculate the average

flow rate for that dispense cycle. The error between the average flow rate and the

commanded flow rate is used to determine the slope of the last line. This volume

check method is essential to ensuring the stability of the ILC algorithm.

Figure 5-12: The resulting flow profile and pressure signal after running the finalized
ILC algorithm at a flow rate of 0.5 𝜇L/s for a 24.33 hour stability test. The ILC
algorithm maintained a stable smooth flow profile after running for 24 hours. The
average flow rate after running for this long was approximately 0.502 𝜇L/s, showing
that the volume check component of the algorithm does cause the flow profile to
converge to the desired flow rate over time.

For the stability test, the desired flow rate was set to 0.5 𝜇L/s, since this is a

flow rate that will be commonly used for biological experiments. The results after

running the algorithm for 24.33 hours is shown in Figure 5-12. The ILC algorithm
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maintained a stable smooth flow profile after running for 24 hours. The fluctuations

about the flow rate set point curve stayed at a small acceptable level. The control

signal remained as a smooth pressure wave experiencing only small changes with each

iteration. The average flow rate after running for this long was approximately 0.502

𝜇L/s, showing that the volume check component of the algorithm does cause the flow

profile to converge to the desired flow rate over time. These results show that the

finalized ILC algorithm is stable.

5.4 Using Iterative Leaning Control to Develop an

Open-Loop Controller

As mentioned at the beginning of the chapter, ILC can also be used as a training

tool for developing an open-loop controller. In order take advantage of the open-loop

controller capabilities of ILC, the ILC algorithm was run at 0.25, 0.5, 0.75, and 1

𝜇L/s for the purpose of generating open-loop curve parameters. The ILC algorithm

was run for an adequate amount of time so convergence to a representative control

signal could take place. Once the control signal and flow profile were converged, the

open-loop parameters were captured. In this case, open-loop parameters refers to the

array of slopes for the lines that make up the control signal pressure wave.

Once the open-loop parameters were collected for flow rates of 0.25, 0.5, 0.75, and

1 𝜇L/s, these parameters were used to run the pumps in an open-loop configuration.

Two data captures of running the pumps with an open-loop configuration can be seen

in Figure 5-13 and Figure 5-14. Figure 5-13 shows the pumps being run open-

loop at a flow rate of 0.5 𝜇L/s. Figure 5-14 shows the pumps being run open-loop

at a flow rate of 1 𝜇L/s. For both open-loop controllers, the flow profile and pressure

signal stay consistent across multiple pump stroke iterations. These results show that

using an open-loop controller to run the pumps can result in the desired smooth flow

profile. This is a good option, as no feedback is active and simpler and safer operation

results.
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Figure 5-13: The resulting flow profile and pressure signal that is generated when
running the pumps using open-loop control at a flow rate of 0.5 𝜇L/s. Both the flow
profile and pressure signal stay consistent across multiple pump stroke iterations.
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Figure 5-14: The resulting flow profile and pressure signal that is generated when
running the pumps using open-loop control at a flow rate of 1 𝜇L/s. Both the flow
profile and pressure signal stay consistent across multiple pump stroke iterations.
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Chapter 6

Flow Control Using Optical Sensor

Feedback

To eliminate the need for a sensor, such as the Sensirion, directly interacting with

the microfluidic chips, indirect sensing methods were explored. Since these chips are

designed to be single use and disposable, it is advantageous to integrate any sensing

elements used for feedback control into the chip platform manifold itself. Currently,

the manifolds are designed to hold four chips and the design could be easily changed

to contain sensing elements for these chips; that way the sensors are part of the

manifold and not part of the chips. The integrated sensors could then be used for

feedback control purposes and/or as an alert system for when a chip’s micropump is

malfunctioning.

Currently, the pneumatic manifold that houses the chips is designed to send the

same pneumatic signals to the four chips secured within the platform. In the future,

it is likely that multiple platforms would be controlled by the same pneumatic control

unit. This would allow for dozens of chips to be run simultaneously in the same way

for large batch experiments. Since the chips would not be controlled individually, a

closed-loop control system would likely need to rely on the feedback from a "master"

chip or some average over all the chips. In this scheme, each chip can be monitored

to detect chip malfunctions, such as leaks, delaminations, and membrane tears.

As briefly discussed in the previous chapter, using the pressure signals discovered
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when developing the feedback-driven flow controller as an open-loop control system

is a promising endeavor. With this in mind, it could make sense to rely on an open-

loop control scheme and solely use the feedback provided through indirect sensing

to alert the user if a chip’s pump is malfunctioning so they can account for the

malfunction when analyzing the results of the biological experiment they are running

on the platforms.

6.1 Selecting an Indirect Sensing Method

Figure 6-1: A drawing of three possible indirect sensing methods. The first method
uses a laser and photodetector to determine the displacement of the pump. A reflec-
tive coating is needed on the membrane so the laser can be reflected onto the pho-
todetector. The second method requires a camera and a mark on the pump chamber
membrane. The mark would be monitored using the camera to relate deformations
in the mark to membrane displacement. The third method utilizes an optical sensor
to monitor the displacement of the membrane. The membrane needs to be coated to
reflect the light emitted from the optical sensor.

Different indirect sensing methods focused on detecting pump displacement were

considered in an attempt to move away from direct flow sensing. The three main

proposed sensing methods included shining a laser at the pump chamber membrane

coated in reflective material, using a camera to estimate displacement, and using an

optical sensor to detect pump chamber movement. The first proposed method would
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require a laser, photodetector and reflective coating. The laser would be pointed at the

membrane and the angle the laser reflected at would be dependent on pump chamber

displacement. This angle would be determined using a photodetector. The second

method would require a camera and a mark on the pump chamber membrane. The

position of the mark would be tracked using the camera and changes to the shape

would be used to determine the current displacement of the pump chamber. The

third method would require an optical sensor package and a pump chamber coating

compatible with the sensor being used. Illustrations of the three proposed method

can be seen in Figure 6-1.

Figure 6-2: A dimensioned (mm) drawing to show the compact size of the QRE1113
optical sensor. Figure adapted from [45].

The simplest and cheapest option is using an optical reflectance sensor to detect

pump chamber displacement. The optical sensor that has been used by other members

of the Precision Motion Control Lab is the QRE1113 miniature reflective object sensor

[46, 47, 48, 49]. The QRE1113 costs approximately one dollar and is quite compact.

The largest profile of the sensor measures less than five millimeters, Figure 6-2.

The sensor package contains both an infrared (IR) light emitting diode (LED) and

a phototransistor, Figure 6-3. The QRE1113 can be used to monitor displacement
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because the phototransistor collector-emitter current is dependent on the amount of

IR light reflected back onto the phototransistor from the surface illuminated by the

LED. The electrical schematic for using the optical sensor in shown in Figure 6-4.

Figure 6-3: The QRE1113 miniature reflective object sensor contains an IR LED and
a phototransistor. Figure adapted from [50].

Figure 6-4: The schematic for operating the QRE1113 optical sensor: the QRE1113
LED and phototransistor are represented by components in the blue box. The 10 kΩ
pot is used to adjust sensor gain. Figure adapted from [46].

6.2 Coating the Membranes

In order to detect the displacement of the membrane of the pump chamber, the

transparent COC membrane needs a coating of some sort. The optical sensor emits
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infrared light, so the coating must be able to reflect infrared light. Furthermore,

to ensure that there is no biological contamination from the coating, the membrane

should be coated on the pneumatic side and not the fluidic side. This ensures that

the fluidic circuit is not contaminated. Furthermore, coating the pneumatic side

eliminates the possibility of the coating being broken down by the cell media.

6.2.1 Toner Transfer Foil

Toner transfer foil, which is typically used in arts and crafts projects, is a thin film

that can be transferred onto dry laser printer toner using heat [51]. This allows

transferring to a printed pattern or some substrate. Toner transfer foil comes in a

variety of colors, but most of the foils are shiny and metallic-colored. Two different

colors of toner transfer foil can be seen in Figure 6-5. The intended use of the foil is

to print the desired design using a laser printer so the design can then be covered in

the foil. After printing the design, the foil is placed on top and then heated. Heating

the foil causes it to adhere to the toner. The sheet is then peeled off and only the

foiled design remains. Based on the thermal adhesion properties of the toner transfer

foil and its thin profile, we decided that toner transfer foil could potentially be used

as the membrane coating.

Initial testing was performed to see if the toner transfer foil could be properly

transferred onto the E-140 membrane material. At first, a mask was printed using

a laser printer to allow for the transfer of the foil onto all the printed areas. A

photograph of the first attempt using the toner method is in Figure 6-6. Transferring

the foil onto the toner mask worked most of the time, but often some foil patches were

left behind. To avoid this, a document laminator sheet was used as the mask. To

make the masks, one half of a laminator sheet was cut using a vinyl cutter. The shape

of the membrane was cut with a hole cut out where the pump chamber membrane is.

The adhesive material contained in the document laminator sheet melts and sticks

to the toner transfer foil when heated. When the document laminator sheet mask

is peeled off, all that remains is the template to be aligned with the membrane for

transfer of the pump chamber coating.
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Figure 6-5: The two different colors of toner transfer foil used to coat the pump
chamber. Because the foil is laminated on the underside of the membrane, the back
of the toner transfer foil is visible. For the cricut transfer foil the shiny silver colored
side is visible, whereas the matte white side is visible for the PCB transfer foil.

Figure 6-6: The first successful lamination of transfer foil onto COC elastomer.

The finalized transfer process is a six step process. Step one: vinyl cutting the

document laminator sheet to the correct mask shape. Step two: cut a rectangular

portion of the transfer foil and stack this on top of the document laminator sheet.

Step three: Place the stack between a folded piece of paper and send this through

a laminator approximately five times. Step four: peel the laminator sheet mask off
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the transfer foil rectangle, the template for transferring the pump chamber coating

on the membrane should remain. Step five: align the template outline with the outer

edge of the membrane and then send these through the laminator approximately three

times. Step six: peel the transfer foil rectangle off the membrane, and the circle pump

chamber coating will remain on the membrane. The intermediate steps of transferring

the pump chamber membrane coating are shown in Figure 6-7.

Figure 6-7: The process of getting toner transfer foil laminated onto the membrane.
This example shows a toner transfer foil 1 mm diameter circle. First, a template is
vinyl cut into a document laminator sheet. This template is covered by a rectangular
piece of transfer foil and run through the laminator until the template’s coating melts
and sticks to the transfer foil. When peeling the two pieces apart the transfer foil,
except for the circle, sticks to the template. The circle is then transferred onto the
membrane by aligning the two pieces and running them through the laminator.

6.2.2 Verifying the Ability to Sense Pump Displacement

After dialing in the process of coating the membrane, it was time to laminate the

membrane to the pneumatic side of a chip for testing. The first round of testing

was done by securing the coated pneumatic side of the chip in a vice while holding

the optical sensor a few millimeters away from the chip with a helping hand. Once

both the pneumatic side and optical sensor were positioned properly, a pneumatic
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line connected to a pressure regulator outputting approximately +8 psi was used to

actuate the pump chamber. The setup of this test is shown in Figure 6-8. The

voltage measurement from the optical sensor was monitored using the myRio analog

input. The quick change from no applied pressure to +8 psi being applied caused a

step response in the optical voltage reading. Once the pneumatic line was removed

the optical reading returned back to its original voltage reading. The resulting voltage

signal from the test is in Figure 6-9.

Figure 6-8: The first coated membrane laminated onto the pneumatic side of the chip.
With the optical sensor held in place, the pump chamber was actuated with positive
pressure to confirm that the deformation of the membrane could be sensed.

Figure 6-9: The resulting voltage signal from applying a step in positive pressure on
the pump chamber and then removing it. The change in voltage demonstrated that
the optical sensor could detect the pump chamber displacement.
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6.2.3 Assembling Toner Transfer Foil Coated Chips

After verifying that the toner transfer foil coating yielded promising results, two

different types of toner transfer foil were tested. The two types of transfer foil are

shown in Figure 6-5. Because the transfer foil is transferred to the membrane such

that it comes into contact with only the pneumatic side of the chip, only the backside

color of the transfer foil is important. The two transfer foils that were used have

a shiny silver-colored surface and a nearly matte white colored surface. The shiny

transfer foil offers an optically specular surface while the white transfer foil acts as a

more optically diffuse surface.

Figure 6-10: Two bonded chips with 3 mm diameter transfer foil coatings on the
pump chambers. The left chip has the white coating and the right chip has the shiny
silver-colored coating.

Both transfer foils were applied to two different pump chips to have two bonded

chips for testing. The process discussed in Figure 6-7 was used to coat the pump

chamber membrane with 3 mm diameter circles of the transfer foil. A circle diameter

of 3 mm was selected since that is the diameter of the pump chamber. After the

membranes were coated, the chips were assembled used a laminator and heat press

using the process discussed in O’Boyle’s work [3]. The two bonded chips can be
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side by side in Figure 6-10. These two chips were used to collect the optical data

discussed in the remaining sections of this chapter.

6.3 Optical Data From Open-Loop Control

Now that optical data will be collected as well, the LabVIEW front panel was up-

dated to have a graph for monitoring the optical sensor output. The updated front

panel is shown in Figure 6-11. The front panel differs from what was used for the

ILC algorithm because a third graph has been added below the pressure graph for

monitoring the optical sensor voltage output.

Figure 6-11: The updated LabVIEW front panel for optical sensor data collection.
The front panel user interface has stayed nearly identical when compared to the front
panel design used for the ILC algorithm discussed in the last chapter. The only
change is the addition of a third graph for optical sensor voltage output monitoring.

By updating the LabVIEW code and assembling chips with the proper pump

chamber coating, it became possible to see what the optical sensor reading looks like

when the pump is actuated using the open-loop controller. By monitoring the optical

sensor voltage output while running the open-loop controller, we can verify the optical

sensor’s potential as an indirect sensor for a modified ILC algorithm. If the optical
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sensor output is consistent when the open-loop controller is run, the signal can be

used as the set point for a new ILC algorithm relying on optical sensor feedback.

In order to get valuable data from the coated chips two intermediate steps needed

to be performed. Since the chips that were coated do not have a way to interface

to the Sensirion flow sensor, the coated chips needed to be linked to the integrated

tubing connection chip. Next, the optical sensor needed to be properly secured to the

chip so the sensor could produce accurate measurements.

6.3.1 Finalizing an Optical Sensing Platform and Securing the

Optical Sensor

A single manifold could not be used to house the two different types of chips. This

is due to the fact that the integrated tubing chip and the coating chips use different

pneumatic ports to control the pumps. To properly link the manifold containing the

integrated tubing connection chip to the manifold containing the coated chips, the

pneumatic line from the electronic pressure regulator output was split. Since the

coated chips did not need to actually pump fluid, only the pneumatic line controlling

the pressure on the pump chamber was necessary. The linked manifolds can be seen in

Figure 6-12. By linking the two manifolds it is now possible to collect both optical

and flow sensor data simultaneously.

To mount the optical sensor in the correct location on the coated chips, an optical

sensor holder was designed. The optical sensor holder was designed such that the

optical sensor face would be located 0.6 mm above the surface of the chip. This ensures

that the pump chamber membrane remains at a distance between approximately 1.4

mm and 1.8 mm depending on the membrane position. This distance was chosen to

ensure the distance from the sensor was within the ideal distance range of 1 mm to

2mm based on the QRE1113 data sheet [45, 50]. The sensor holder was also designed

to keep the sensor centered over the pump chamber. To make aligning the sensor

holder with the chip in the manifold as easy as possible, the sensor holder is the same

width as the chip and aligns with the face of the manifold. The sensor holder on its
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Figure 6-12: Two manifolds were linked together to allow for the collection of both
optical and flow sensor data simultaneously. Due to the difference in pneumatic port
connections, two separate manifolds were needed.

own is seen in Figure 6-13 as well as the sensor holder with the optical sensor hot

glued into the pocket and then taped onto the chip.

6.3.2 Shiny Silver-Colored Transfer Foil Coating Results

The chip coated with the shiny silver-colored transfer foil was the first chip the optical

sensor was mounted on. Once the optical sensor was set up properly, the open-loop
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Figure 6-13: The machined optical sensor holder. The pocket depth ensures the
sensor is located 0.6 mm above the surface of the chip. The holder is the width of a
chip and the sensor pocket is located such that when the edges are aligned with the
edges of the chip and the manifold, the sensor is centered above the pump chamber.
The optical sensor is secured using hot glue.

controller was ran at a flow rate of 0.5 𝜇L/s. A flow rate of 0.5 𝜇L/s was selected

since this is a flow rate that will be commonly used in biological experiments. The

measured flow rate, applied pressure, and optical sensor voltage output data for one

pump stroke is in Figure 6-14. The first section of data points on all the graphs

is showing the outlet valve closing and opening and is not part of the controlled

dispense state portion of the pump stroke. The applied pressure wave is consistent

with the pressure command being used to control the electronic pressure regulator.

The measured flow rate data is consistent with the response seen using the open-

loop controller at a flow rate of 0.5 𝜇L/s, which shows that the pump is functioning

properly.

Once the applied pressure is being changed gradually during the dispense state

of the pump stroke, the pump chamber membrane begins to smoothly displace. As

the pump chamber membrane displaces under the applied pressure, the optical sensor

voltage output goes from a high voltage to a low voltage. The highest voltage reading

is occurring when the pump chamber membrane is fully pushed down into the pocket

on the bottom pneumatic side of the chip. The lowest voltage reading corresponds to

the pump chamber membrane being fully pushed up into the pocket on the top fluidic
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Figure 6-14: The flow, pressure, and optical data from a single pump stroke of the
chip coated with the shiny silver-colored transfer foil. The pump stroke is being
performed at a flow rate of 0.5 𝜇L/s. At time 0, the outlet valve is being closed, so
the first small potion of the plots is occurring when the outlet valve is closed and then
subsequently opened. After the valve is opened, the dispense sequence occurs. The
flow and pressure data look as expected when running the pumps with the open-loop
controller. The optical sensor output voltage starts at a high voltage when dispensing
begins, and then follows a smooth curve to a low voltage once dispensing is complete.
The total voltage drop is on the order of 5 V.

side of the chip. The optical sensor output during the dispense state is a smooth curve

that could be used as a set point for a new ILC algorithm.

To ensure there are no fluctuations of the optical voltage output across individual

pump strokes, the optical data of three different pump strokes was collected and

plotted on the same graph. The resulting overlay plot is in Figure 6-15. The data
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from the three pump strokes is nearly identical and the individual curves cannot be

seen on the plot because the data is so similar. Because the data from the three pump

strokes is nearly identical, this curve could be used as a set point curve for an ILC

algorithm based on optical sensor feedback without any issue.

Figure 6-15: The optical sensor voltage reading collected off the shiny silver-colored
coated chip. The pump is being run at a flow rate of 0.5 𝜇L/s. At time 0, the outlet
valve is being closed, so the first small potion of the plot shows the optical reading
when the valve closes and then opens. Three individual pump strokes worth of data
is included and overlapped on the plot. The data from the three pump strokes is
nearly identical, showing that this curve could be used as a set point curve for an
ILC algorithm based on optical sensor feedback.

6.3.3 Matte White Transfer Foil Coating Results

To keep the testing parameters consistent across the two coated chips, the open-loop

controller was kept at a flow rate of 0.5 𝜇L/s. The optical sensor holder was removed

from the chip coated with the shiny silver-colored transfer foil and mounted onto

the chip coated with the matte white transfer foil instead. The measured flow rate,

applied pressure, and optical sensor voltage output data for one pump stroke is in

Figure 6-16. Similarly to the data collected from the shiny silver-colored coated chip,

the first section of data points on all the graphs is showing the outlet valve closing and

opening and is not part of the controlled dispense state portion of the pump stroke.

Both the measured flow rate data and applied pressure wave are consistent with the
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response seen using the open-loop controller at a flow rate of 0.5 𝜇L/s, which shows

that the pump is functioning properly.

Figure 6-16: The flow, pressure, and optical data from a single pump stroke of the
chip coated with the matte white transfer foil. The pump stroke is being performed
at a flow rate of 0.5 𝜇L/s. At time 0, the outlet valve is being closed, so the first small
potion of the plots is occurring when the outlet valve is closed and then subsequently
opened. After the valve is opened, the dispense sequence occurs. The flow and
pressure data look as expected when running the pumps with the open-loop controller.
The optical sensor output voltage starts at a high voltage when dispensing begins, and
then initially drops quickly followed by a period of dropping slowly until dispensing
is complete. The total voltage drop is on the order of 500 mV. By modifying the
optical sensor circuit to increase the brightness of the LED or by increasing the
phototransistor collector resistor value, the magnitude of the voltage drop could be
increased to reach a magnitude similar to that seen on the shiny silver-colored coated
chip.
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When looking at the collected optical sensor voltage output data, the shape and

voltage drop magnitude of the curve is different than what was seen using the shiny

silver-colored coated chip. The voltage drop is an order of magnitude less (500 mV vs

5 V), but this could be rectified by modifying the optical sensor circuit to increase the

brightness of the LED or by changing the phototransistor collector resistor value. The

shape of the optical voltage curve is not a continuous gradual voltage decrease, which

was seen on the other chip, and is instead a steep voltage drop off followed by a slow

voltage drop off until dispensing is complete. Just like with the shiny silver-colored

coated chip, the highest voltage reading occurs when the pump chamber membrane

is fully pushed down into the pocket on the bottom pneumatic side of the chip. And,

the lowest voltage reading corresponds to the pump chamber membrane being fully

pushed up into the pocket on the top fluidic side of the chip. While the shape of the

optical sensor curve is different, it is still a continuous, smooth curve that could be

used as a set point for a new ILC algorithm.

Figure 6-17: The optical sensor voltage reading collected off the matte white coated
chip. The pump is being run at a flow rate of 0.5 𝜇L/s. At time 0, the outlet valve is
being closed, so the first small potion of the plot shows the optical reading when the
valve closes and then opens. Three individual pump strokes worth of data is included
and overlapped on the plot. The data from the three pump strokes is nearly identical,
showing that this curve could be used as a set point curve for an ILC algorithm based
on optical sensor feedback.

Again, the optical data of three different pump strokes was collected and plotted
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on the same graph to ensure there are no fluctuations of the optical voltage output

across individual pump strokes. The resulting overlay plot is in Figure 6-17. The

data from the three pump strokes in nearly identical and the individual curves cannot

be seen on the plot because of this similarity. Since the data from the three pump

strokes remains nearly identical, this curve could also be used as a set point curve for

an ILC algorithm based on optical sensor feedback, but it should only be used with

matte white coated chips.

6.4 Using Optical Feedback

Since it had been established that optical sensor feedback could be used for a new ILC

algorithm, a new algorithm was established. For simplicity, it was decided that the

flow rate feedback ILC algorithm would be modified to be used with optical sensor

feedback instead. To properly modify the algorithm the relationships between pres-

sure, displacement, change in pressure, and flow rate need to be revisited. Refer back

to Chapter 4 to understand these relationships based on the simplified mechanical

model of the micropump.

The initial ILC algorithm generates N slopes to construct an open-loop curve.

The slopes correlate to the change in pressure, 𝑑𝑃𝑖𝑛

𝑑𝑡
, which is proportional to flow

rate, 𝑄 = 𝑑𝑉
𝑑𝑡
. Controlling slopes is the correct choice for the original algorithm since

the flow rate is proportional to the change in pressure. However, since optical sensor

feedback correlates to displacement, 𝑥, and not to flow rate, 𝑑𝑉
𝑑𝑡
, modifying the slopes

of the lines no longer makes sense. Instead, the starting point of each of the lines

should be controlled. This will then correlate to pressure itself rather than change

in pressure. Since displacement is proportional to pressure, controlling the starting

points of the lines is the correct approach for the new ILC algorithm.

The optical ILC algorithm has the same structure as the flow rate ILC algorithm:

𝑢𝑗+1(𝑘) = 𝑢𝑗(𝑘) + 𝜆1𝑒𝑗(𝑘) + 𝜆2𝑒𝑗−1(𝑘) (6.1)

Again, the manipulated variable, 𝑢𝑗(𝑘), now corresponds to 𝑃𝑖𝑛 rather than 𝑑𝑃𝑖𝑛

𝑑𝑡
.
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The error in the equation, 𝑒𝑗(𝑘), now corresponds to optical error between the optical

sensor measurement and the optical set point curve. The update weights, 𝜆1 and 𝜆2,

were adjusted using trial and error to determine the ideal numerical values. Each time

the algorithm was run, the weights were initially changed by an order of magnitude

until the performance started to stabilize. Next, small adjustments were made until

changes in performance were not apparent. The second update weight was constrained

to be in the range of 20%-30% of the first update weight to ensure the most recent

iteration’s error has greater influence on the control signal. The finalized weights

used in the LabVIEW code are 𝜆1 = −0.4 and 𝜆2 = −0.1. With this algorithm, the

weights are unitless since both 𝑢𝑗(𝑘) and 𝑒𝑗(𝑘) have units of volts. This is because

both the optical and pressure sensor have voltage outputs. The shiny silver-coated

chip will be used when running the optical ILC algorithm. The set point curve will be

estimated as four lines based on the optical data collected from the shiny silver-coated

chip when running the open loop signal for a flow rate of 0.5 𝜇L/s. The slopes and

period of these four lines were determined by sectioning the data seen in Figure 6-15

and estimating the line of best fit for each section. Just like with the original ILC

algorithm, the starting pressure wave is a straight line ramping between minimum

and maximum pressure.

The results from using the optical ILC algorithm after selecting the correct weights

can be seen in Figure 6-18 and Figure 6-19. The optical ILC algorithm is run at 0.5

𝜇L/s as a ten point algorithm. This means ten equally spaced optical masurements

are used to calculate the optical error at these points. These errors are then fed into

the algorithm to adjust the output pressures at these points. The pressue input is

then extrapolated by connecting these ten points with lines. Figure 6-18 shows

when the algorithm is first started. After running for two minutes, the optical sensor

data matches the set point. The data after running the algorithm for two minutes is

seen in Figure 6-19.

After running for two minutes, the average flow rate is 0.55 𝜇L/s. The flow rate is

slightly higher than the input flow rate because the pump chamber volume is slightly

higher than 1 𝜇L and is fully depleted during the initial stages of the algorithm
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Figure 6-18: The moment the optical ILC algorithm is started for a flow rate of
0.5 𝜇L/s. The ILC algorithm is being run for is a ten point algorithm, meaning ten
pressures are being controlled by the algorithm. The input pressure is initially a ramp
from minimum pressure to maximum pressure. This linear pressure signal results in a
flow profile with excess flow at the center of the stroke and too little flow at the start
and end of the stroke. The pressure input will adjust itself after each pump stroke.

when a pressure ramp is being applied. The flow profile is not exactly the same as

what is produced running the open-loop controller since the optical set point curve

is estimated as four lines. The performance could be improved further by tuning the

optical set point curve.

This is a very promising outcome of using optical feedback to control the flow rate

of the micropump. More work should be done to optimize the pump chamber coating

and the corresponding set point curve. These results prove that the optical sensor

is a viable indirect sensing method that can be used to generate smooth flow on the

chips using the ILC algorithm.
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Figure 6-19: The moment the optical ILC algorithm is stabilized for a flow rate of
0.5 𝜇L/s. The ILC algorithm is being run for is a ten point algorithm, meaning ten
pressures are being controlled by the algorithm. It took 2 minutes for the optical
sensor output to fully follow the optical set point curve. In those two minutes, the
pressure input has adjusted itself after each pump stroke based on the optical error
data at the ten monitored points. The average flow rate at this time stamp is 0.55
𝜇L/s.
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Chapter 7

Open-Loop Flow Control Unit and

App

Based on the promising flow profiles generated by the open-loop pressure signals

derived with the ILC system, it was determined that building an open-loop control

unit was a worthwhile endeavor. The open-loop flow controller will be used instead

of the two-part CNBio pump control units. The control unit needs to be compact,

easy to use, and work for multiple flow rates. To ensure the control unit can be used

for experiments, it will be run continuously for multiple days.

7.1 Designing the Control Board

To control the micropump properly, the control board needs to contain much of

the same hardware discussed in Chapter 3. However, since no closed-loop control

is being done with the platform, robust real-time NI hardware, like the myRIO,

is not necessary. To control the solenoids and electronic pressure regulator digital

and analog output capabilities are needed. Additionally, the control board does not

include pressure regulators to provide inputs to the back pressure regulators on the

chip. This is due to the fact that the incubator room has already been outfitted with

two pressure regulators for this purpose, see Figure 7-1.
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Figure 7-1: Two pressure regulators (2-5 psi) mounted in the incubator room. These
pressure regulators are used to control the pressure drop across the gel compartment
in the EndoChip by acting as the inputs to the two on-chip back pressure regulators.

7.1.1 Compact Design

To keep the design of the control board compact, various changes were made to the

electrical and pneumatic components that were originally used in the bench-top setup.

Three main pneumatic component changes were made to both organize the board and

make the system more compact. Smaller footprint pressure regulators were selected,

a manifold was added, and the tubing used for positive and negative air pressure was

color coordinated; blue tubing was used for negative air pressure, while red tubing

was used for positive air pressure. The incorporated manifold is a dual-section right-

angle flow manifold that has three outputs for both positive and negative air pressure

signals. The electrical hardware changes were focused on replacing a breadboard

with something more permanent and switching out the myRIO. Instead of a standard

breadboard, a small solderable breadboard was used to build the necessary electrical

circuits. As previously mentioned, the myRIO utilized in the bench-top setup was

deemed unnecessary. The myRIO was replaced with Tinkerforge components, which

are compact, stackable microcontroller building blocks [52].
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7.1.2 Tinkerforge Hardware

The Tinkerforge building block system lends itself to the creation of tailored, modular

electrical platforms. Tinkerforge hardware is categorized into Bricks and Bricklets.

Each system needs at least one Brick, since the Brick is the base module that acts as a

connection point for Bricklets. A Bricklet is a sensor/actuator module that connects

to a Brick with a cable [52]. The easy cable connection makes adding or removing

Bricklets to a system a quick task. Another benefit of Tinkerforge hardware is the

fact that many programming languages are supported [52].

For the open-loop control board, three Tinkerforge modules were used: a Master

Brick (2.0), an Industrial Analog Out Bricklet (2.0), and an IO-16 Bricklet (2.0). The

three modules can be seen in Figure 7-2. These components are to be controlled

using a Python program to run the pumps.

Figure 7-2: a) Tinkerforge Master Brick. Image taken from [53]. b) Tinkerforge
Industrial Analog Out Bricklet. Image taken from [54]. c) Tinkerforge IO-16 Bricklet.
Image taken from [55].
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7.1.3 Finalized Control Board

The control board is meant to be mounted on the side of the incubator, so it was

decided that a 12"x12" acrylic sheet would act as the bounding box of the control

board. Initial attempts of fitting all the components onto the acrylic sheet revealed

that certain components needed to be downsized. We decided that the smallest readily

available solenoid array and two compact pressure regulators should be used on the

board to free up space. Opting for these components kept the board neat and compact

and allowed for a potential increase in functionality; by freeing up space, a section

of the board was fitted with mounting holes for two Clippard Cordis unit that could

be used to control the on-chip pressure regulators. Using electronic regulators with

integrated sensors and control algorithms would allow for a more accurate pressure

drop across the gel channels.

Figure 7-3: The open-loop control board mounted to the side of the incubator for use
in experiments.

After minimizing component footprints, the final control board layout was cho-

sen to ensure all the electrical components were above the pneumatic components of

the board to avoid potential damage to the electronics. The finalized control board

mounted to the side of the incubator can be seen in Figure 7-3. The list of compo-
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nents and respective quantities used for the control board is in Table 7.1. Electrical

wire, electrical components for solenoid circuit (see Chapter 3), pneumatic tubing

are also necessary, but not included in Table 7.1.

Component Name Quantity

Pressure Regulator 2

Vacuum Regulator 1

Enfield Electronic Regulator 1

Pneumatic Manifold 1

Tinkerforge Master Brick 1

Tinkerforge IO-16 Bricklet 1

Tinkerforge Industrial Analog Out Bricklet 1

Solder Board 1

Solenoids 9

Solenoid Mounting Block 1

Cordis Unit 2

12 V Power Supply 1

Table 7.1: The name and quantity of all the control board components. Clippard
Cordis units are listed, but only necessary if electronic pressure regulator level control
is desired for the on-chip regulators.

7.2 Creating an App in Python

Running an open-loop control scheme eliminates the need for the robust real-time

closed-loop control capabilities of LabVIEW. To make things easier for the user,

Python was chosen as the programming language to use for the controller app. The

Python app can be run and edited on any computer with Python installed, or run

using an executable file on a computer that does not have Python.

The open-loop control app can be broken down into two main classes: the pump

object, and the graphical user interface (GUI). The pump object utilizes the states of

the pump to perform a pump stroke. The GUI relies on tkinter [56] and the extension

ttkbootstrap [57]. Integrating the pump object with the GUI results in an easy to
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use app that is both sleek and practical.

7.2.1 Pump Object

The pump object class takes the state transitions covered in Chapter 3 and assigns

them with actions to be performed by the Tinkerforge hardware. The four transitions

associated with the valves, opening and closing the inlet and outlet valves, call the set

output value function of the IO-16 Bricklet to switch the digital output corresponding

to the valve between true (close) and false (open).

The last two transition states, aspirate and dispense, are both associated with

controlling the pressure on the pump chamber. For aspiration, the voltage of the

Industrial Analog Output Bricklet is set to the voltage associated with the minimum

pressure applied to the pump chamber (-5.5 psi). Since aspiration is rapid, only

one voltage is used; however, this is not the case for the gradual dispense of the

pump chamber. The dispense state instead cycles through an array of voltages that

corresponds to the open-loop pressure signal.

7.2.2 Open-Loop Parameters

The open-loop pressure signals used to control the pump chamber were determined

using the ILC controller discussed in Chapter 5. The ILC controller typically gener-

ates 8 lines (potentially more or less lines will be used depending on the desired flow

rate) that make up the pressure signal. The controller algorithm adjusts the slopes of

these lines, so the pressure signal is described by an array of slopes. The start point

of the first line is determined by the minimum pressure input.

For the purpose of this open-loop control board, the user can select one of four

different flow rates. To provide these options, the open-loop parameters for the differ-

ent flow rates is contained in the code as a dictionary containing the array of slopes

for each signal. A function is then used when the pump is initialized to turn the slope

array into an array of voltages. This eliminates the need for a database containing

arrays of hundreds of voltage data points. Using the slopes as a way to store the
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information also makes it easier to modify the open-loop parameters when necessary.

7.2.3 App User Interface

The app graphical user interface (GUI) was designed for ease of use and a sleek

appearance. To achieve this the tkinter package [56], which is Python’s standard

interface for the Tk GUI toolkit, and the ttkbootstrap extension [57], a theme ex-

tension for tkinter, were utilized. We decided the app user interface should be split

into subsections based on function. The five finalized GUI subsections can be seen in

Figure 7-4 which shows the finalized user interface. It should be noted the Platform

A section could be split into multiple sections to include the ability to run more plat-

forms at once. Since only one open-loop control platform currently exits, this section

was kept for just Platform A.

Figure 7-4: The GUI of the open-loop controller app.

Another feature of the GUI to note is

this is what the GUI looks like when running on a laptop in the incubator room
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Figure 7-5: Some highlighted features of the open-loop controller app GUI.

Figure 7-6: The open-loop controller being run on a lab laptop.

7.3 Testing the Platform

To ensure the open-loop flow control unit and app were ready for use in long-running

experiments, the app was run while connected to the control unit for over three days.
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In the first attempt to run the unit overnight, the laptop went into sleep mode and the

program ceased to run. To avoid this, the laptop used to run the program needs to be

set to not fall asleep when plugged in. Another issue that we ran into was oscillations

with the Enfield regulator. When the oscillations occurred the Enfield would vibrate

while making a ringing sound. The ringing would occur at random intervals and was

not consistent. After troubleshooting, the root cause was discovered: variations in

house vacuum supply. To ensure that this does not happen it is crucial to set the

vacuum regulator between -7 and -8 psi. By keeping the set pressure in this range, the

fluctuations in house vacuum are not seen downstream. After fixing these two issues,

the control unit was able to run without malfunctioning for the three day period and

was approved for use in future experiments.
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Chapter 8

Conclusions and Suggestions for

Future Work

8.1 Summary

We have developed multiple variations of a flow control system for smooth flow using

the micropumps used on the Organ-on-a-Chip platform developed in the Griffith

lab. The three flow control system for smooth flow that were developed in this work

achieved smooth flow profiles at flow rates up to 1 𝜇L/s. This satisfies the biological

requirement that was set as a specification for this work. Two different iterative

learning control (ILC) algorithms were developed to allow for feedback driven control.

The first ILC algorithm relies on feedback from a flow sensor, and the second ILC

algorithm uses feedback from an optical sensor. To achieve indirect sensing using

an optical sensor, we developed a way to coat pump chambers on the membrane of

the chips. The optical sensor can be used to eliminate the need for a sensor directly

interacting with the microfluidic chips. The optical sensors can be integrated into the

chip manifold directly, which keeps the chip as single use, disposable components. We

have proved that integrated optical sensors can be used for feedback control purposes

and/or as an alert system for when a chip’s micropump is malfunctioning.

By running the flow sensor ILC algorithm at a variety of flow rates, open-loop

curves for those flow rates were found. These open-loop curves are the pressure
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signals discovered when running the feedback-driven flow controller. The open-loop

pressure signals are used in the open-loop control platform we developed. The open-

loop control platform consists of both a control board and Python application. The

open-loop platform will be used in future biological experiments. The open-loop

platform is a vast improvement over the standard flow control system when it comes

to producing a smooth flow profile.

The open-loop control platform is readily available for use. The ILC algorithm

cannot currently be used until it is the standard for chips pump chambers to be

coated. If more development time is put into properly packaging the electrical and

pneumatic hardware needed to run the ILC algorithm, it could be packaged in a

similar manner as the open-loop control platform.

The developed ILC algorithms for smooth flow control set a foundation for de-

veloping a feedback control system where the user can input the desired pulsatility

of flow. Since a smooth flow profile has now been achieved, it is possible to add in

delays to make flow profile as pulsatile as desired. With this development, the biolo-

gist could tailor the flow based on the biological experiment being performed, which

would help ensure the experiment is run to best mimic in vivo conditions.

8.2 Suggestions for Future Work

Future work to further develop the flow control system can be split into three differ-

ent categories: exploring optical sensing capabilities in greater depth, adding more

functionality to the flow control software, and making modifications to the on-chip

fluidic circuit elements.

8.2.1 Further Exploration of Using Optical Sensor Feedback

Using optical sensor feedback was only preliminary explored in this work. More work

should be done to look into other potential pump chamber coating methods and

determining how consistent the optical sensor output voltage is across chips coated

in the same way. An ideal coating should be determined so it can be applied to all
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manufactured chips. By getting consistent results from the optical sensor, a universal

set point curve could be developed to use for the optical ILC algorithm. This curve

would then be stretched or compressed over different periods of time based on the

desired flow rate.

8.2.2 Using the Optical Sensor for Pressure Sensing

Another potential use for the optical sensor that should be explored is using it as

a pressure sensor. An in line pressure sensor could be connected to an integrated

tubing connection chip in the same way as the Sensirion flow sensor. The chip pump

chamber should also be coated so the optical sensor can be used. The optical and

pressure data should be correlated to each other so the relationship between on-chip

pressure and chamber displacement can be found. This way the optical sensor can

serve the additional purpose of being an on-chip pressure sensor.

8.2.3 A Flow Control System with Gradual Aspiration

A pumping scheme with both gradual dispensing and aspiration should be explored.

In this thesis only gradual dispensing was explored, meaning that spikes of high

instantaneous flow still occur in the fluid circuit between the reservoir and the inlet

valve. If cells, such as immune cells, are trafficked through the fluid circuit, they

will experience high shear forces due to the high instantaneous flow. To avoid this,

gradual pump aspiration is necessary. However, gradual aspiration will cause long

periods of no flow. To avoid this, two pumps should be put in the fluid circuit. If

two pumps are independently driven out of phase with both gradual aspiration and

dispense, smooth flow could continuously occur when these are run in parallel. The

two pumps would dispense to the same channel, and when one pump is aspirating

fluid the other would be dispensing fluid. This would result in a smooth flow profile

that is only interrupted when the outlet valves are opened or closed. To eliminate

the interruptions of the valves, they could also be actuated gradually using electronic

pressure regulators.
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8.2.4 Adding a Capacitive Element to Fluid Circuit

To minimize the effect of opening and closing the outlet valve, a capacitor should be

added back into the fluid circuit. The capacitor would help diminish the flow pulses

made my the valves as well as the small fluctuations generated when using the flow

control system developed in this work. Reintroducing a fluid capacitor would help

ensure the on-chip flow profile is as smooth as possible.

8.2.5 Exploring Larger Pump Volumes

To achieve even higher flow rates with the developed flow control systems, larger

volume micropumps would need to be used. By increasing the volume of the microp-

ump, more fluid would be dispensed in a single pump stroke, meaning that the pump

chamber could be actuated over a longer period of time. Currently, actuating the mi-

cropump over too short a period of time results in large fluctuations in instantaneous

flow rate. To avoid these fluctuations, the pump chamber needs to be actuated over

a longer period of time. The only way to extend the period of time during which the

pump chamber is actuated is by increasing the micropump chamber volume.

8.3 Conclusions

The three flow control systems described in this thesis were created to generate smooth

flow using on-chip pneumatic micropumps. We conclude that the three flow control

systems generate a significantly smoother flow profile that has acceptable fluctuations.

These systems all perform consistently and provide accurate flow rates up to 1 𝜇L/s.

Use of these flow control systems in future biological experiments will provide insight

into the effect of having smooth on-chip flow.

The optical ILC algorithm should be further developed so a feedback driven sys-

tem can be implemented on the chips. The open-loop control platform provides a

useful alternative to the standard flow control system. No feedback is necessary, but

smooth flow is still achieved with this platform. The open-loop control platform sets
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a foundation for using a smooth-flow profile during biological experiments without

needing extra complexity.
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Appendix A

Additional Figures, Data, and Images

A.1 Standard and Novel Flow Control System Com-

parisons

Figure A-1: One pump stroke resulting from using the standard flow control system
set for a flow rate of 30 𝜇L/min. This pump stroke is compared against the measured
average flow rate of the single pump cycle. The peak instantaneous flow rate is
approximately 1500 𝜇L/min and the resulting average flow rate of the pump stroke
is 26.6 𝜇L/min.
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Figure A-2: One pump stroke resulting from using the ILC flow feedback flow control
system set for a flow rate of 30 𝜇L/min. This pump stroke is compared against the
measured average flow rate of the single pump cycle. The peak instantaneous flow
rate is approximately 130 𝜇L/min when the outlet valve is closed (58 𝜇L/min during
the dispense sequence) and the resulting average flow rate of the pump stroke is 29.6
𝜇L/min.

Figure A-3: A comparison of one pump stroke resulting from using the ILC flow
feedback flow control system and the standard flow control system both set for a flow
rate of 30 𝜇L/min. These two flow profiles are then compared against a constant flow
profile of 30 𝜇L/min.
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A.2 COC E-140 Uniaxial Tensile Testing

Figure A-4: a) COC E-140 sample dimensions for uniaxial tensile testing. b)
Schematic showing how the COC E-140 sample will be glued between laser cut acrylic
sample holders so the COC E-140 sample can be clamped onto.
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Figure A-5: A Zwick machine loaded with a 50 𝜇m thick E-140 sample cut to the
dimensions specified in the previous figure. This is the setup for a uniaxial tensile
test.
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Figure A-6: Experimentally determined uniaxial stress-strain curve for COC E-140.
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