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ABSTRACT

The intestine is a fluid-filled compliant tube that twists, turns, and folds back on itself,
potentially causing changes in impedance of the tube. By asymmetrically compressing a
compliant tube of physiological geometries with impedance changes, a net pressure head was
induced. With Reynolds numbers ranging from 13-1350, the viscous and inertial effects of the
fluid response created interesting pressure responses. The system was found to have a natural
frequency near 1.69 Hz and exhibited frequency doubling. The dimensionless pressure and time
responses showed a complicated pressure response that decreased in overall magnitude with
increasing compression frequencies. The response is influenced by more parameters than just
the compression frequency and further work is recommended to understand those parameters.
Additional observations were made that suggested segmentation is not a mode of mixing.
Segmentation modeled as an impedance pump can induce cyclical pressure heads that may
contribute to flow in the intestine.
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Chapter 1

Introduction

Some of the best engineering principals were invented by nature. Naturally occurring processes
have had thousands and sometimes millions of years to evolve, change, and perfect themselves.
Humans have been trying to understand and learn how to replicate nature throughout evolution.
The human body, though, remains one of nature’s most mysterious specimens.
Thousands of processes go on in the human body that scientists and engineers alike don’t fully
understand. While understanding of the human body is improving with time, engineers have
begun to nature in order to better understand the function of biological processes.
1.1 The Small Intestine
One area of the human body that still lacks significant understanding is the small intestine. The
small intestine is responsible for the transportation, digestion and absorption of the chyme, or
digesta, that exits the stomach. There are three distinct motility patterns that drive digestion:
peristalsis, pendular contractions and segmentation [4]. While all three motility patterns
contribute to the digestion process in the intestine, the net fluid movement caused by each
motility pattern is not very well understood [32]. Of all the motility patterns, segmentation is

predominately misrepresented in the literature (4, 8, 29, 32].



1.1.1 Intestinal Segmentation

Segmentation is defined as the stationary contraction and relaxation of segments of the circular
muscle layers encompassing the intestine. The contraction frequency decreases down the length
of the intestine from about twelve to nine contractions per minute, or about 0.20 Hz at the oral
end and about 0.15 Hz at the aboral end. [4].

Segmentation in the intestine has been described as a process that divides and recombines
the intestinal content, but does not cause any net fluid propulsion [4, 8, 29]. This theory, though,
was challenged by Macagno & Christenson who experimentally determined that two circular
contractions could produce pumping and flow when the pumps were actuated with the same
frequency, but with a phase lag [20].

In his editorial review to summarize a unified theory for fluid movement in the intestine,
William Weems points out that “Recognitions limited to the fact that...segmentation mixes
luminal fluid in a tube ignores a variety of other observations and questions that are extremely
relevant to intestinal motility.” He goes onto to suggest that an understanding of the intestine is
only going to be achieved through systematically analyzing the system [32] as was begun by
Thueneberg [29].

1.2 Impedance Pumping

Impedance is the resistance of a medium to transmit waves and is dependent on the frequency
properties of the transmitted wave [1]. Whenever two mediums connect, part of the wave will be
reflected where the percentage reflected is a function of the change in impedance.

Impedance pumping can therefore be defined as a type of valveless pumping where a pliant
tube is connected to two rigid tubes of different impedance; as the pliant tube is compressed

asymmetrically from the rigid ends, a net pressure is induced [9, 10, 11]. The pressure is caused
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by the partial reflection of the waves from one end of the tube joining the reflected waves from
the opposite side of the tube. As the waves interfere constructively and destructively, a net
pressure head is induced on one side.

Extensive work has already been done to understand different aspect of an impedance pump.
In 1954, Gerbert Liebau demonstrated valveless pumping by periodically compressing an elastic
tube and showed that fluid could be pumped to higher pressure head [17, 18, 19]. He made
attempts to understand which parameters were influencing his experimental set up—such as
elasticity, viscosity, and inertia—but he was unable to understand what was actually contributing
to the pumping.

Further work has gone on to expand the analytical [3, 15, 16, 23, 25, 26, 28, 33] and
computational [5, 12, 13, 14] studies in an attempt to characterize impedance pumping, while
experimental results are just beginning to have an impact [9, 10, 11, 17, 21, 23]. The most recent
experimental study of impedance pumping was done by Hickerson, et al [9, 10, 11]. Hickerson
aimed to understand the characteristic behaviors of the impedance pump and discover which
characteristics dominate the response. While Hickerson advanced the understanding of the
impedance pump, her results were primarily focused on a closed loop system and a net flow
response. Her experimental study examined frequencies ranging 1-10Hz. Hickerson’s
experimental results suggested that a net flow was generated at each driving frequency and that
as frequencies increased, certain resonant peaks began to occur. However, a complete

understanding of the pressure responses that generated those flows remains elusive.



1.3 Motivation and Summary

The motivation for this thesis is to further understand the fluid dynamics of segmentation in the
intestine by assuming that turns and twists in the intestine cause impedance changes, thus
segmentation could be considered an impedance pumping problem.

This thesis assumes that segmentation in the intestine is caused by impedance changes of
the organ as it twists, turns and folds back on itself. It aims to understand the response of an
impedance pump on a physiologically realistic geometry at both physiological speeds, to
understand pressure responses caused by segmentation. The system was validated at higher
speeds as those tested by Hickerson, et al [9, 10, 11].

In the next chapter, we describe the experimental set up used to test the model of
segmentation as an impedance pumping problem. In Chapter 3, we present and discuss the

results of our experiment. Finally, in Chapter 4, our conclusions and future work are presented.



Chapter 2

Methods and Implementation

To understand the effects of impedance pumping at physiological and higher frequencies, an
experimental set up was designed and manufactured to replicate the process of segmentation in
the human intestine. The system was designed to operate at a range of frequencies, from below
frequencies recorded during segmentation through higher frequencies as those tested by others
[9, 10, 11]. As a result, impedance pumping and thus segmentation could be recorded to further
understand the fluid dynamics of the intestine and to elaborate on Hickerson’s [9, 10, 11]
findings by applying them to an open loop system.

2.1 Apparatus

An experimental apparatus was built based upon the physiological characteristics of
segmentation in the intestine (see Figure 2.4). It consists of three parts: an open loop system, a
compression mechanism, and an actuation stage. The actuation stage gears down a motor to
operate the compression mechanism which pinches a pliant tube in the open loop system. As the
pliant tube is pinched, a known amount of fluid is displaced. Manometers at both ends of the
open loop system record the height of the water as it changes due to wave interference and the

known volume change.
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By recording the change in height of the water at both ends of the open loop system, a
pressure change, AP, can be found as a function of the height difference, Ak, between the
manometers at both ends of the open loop system as:

AP = pgAh, 2.1
where p is the density of the fluid and g is the gravitational acceleration. In Equation 2.1, the
change in pressure is only associated with the wave interactions induced by the compression
mechanism. The volume change causes the same change in height on both ends of the open loop
system. The constant volume change causing the same change in height on both sides was
verified by positioning the pinchers in their fully closed position and measuring the change in
height of the water in both manometers. It was the same. Therefore by taking the difference in
the heights of the water at each time step, the change in height will be due to the wave
interactions and pressure build up due to the impedance changes of the tube.

2.1.1 Open Loop System

The open loop system is comprised of several sections: the manometers, the pliant tube, the rigid
connections, and valve mechanism. The manometers are hard-wall rigid clear PVC tubing with
an inner diameter of 3/16” and a height of 11.5”. The pliant tube is a poly-ethylene tube made
by ULINE with a diameter of 0.700” and wall thickness of 0.004” [30]. The overall length of
the plaint tube is 62.23 cm. The pliant tube is connected to the manometers using standard ”
PVC pipe with the appropriate fittings and an extra armed valve mechanism for filling. All of
the sections are joined by Amazing Goop [7], an adhesive and sealant for plumbing projects. An

illustration of the open loop system can be seen in Figure 2.1.
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Manometers

Rigid Connection

. Valve
Pincher Location Pliant Tube

s [k

I« > Filling Arm
I 62.23 cm |

Figure 2.1 Open Loop System comprised of a pliant tube rigidly connected to two manometers at either
end of the system. An extra arm of rigid PVC branches off manometer 2 and is used as a filling
mechanism for the system. The compression mechanism compresses the pliant tube at the pincher location
in the drawing.

For simplicity, the manometer and side that is closest to the pinching location will be
called manometer 1 and side 1, while the manometer and side that is farthest from the pinching
location will be called manometer 2 and side 2. For all experiments, the compression
mechanism is positioned at the pincher location which is 13.02 ¢m from the rigid connection on
side 1.

When filling the open loop system, a careful procedure is followed. First, the valve in the
filling arm is opened and water is poured into the system until the valve is covered in water, At
this point, water is visible within the manometer tubes. Then, the valve is closed, such that the
entire filling arm is full of water and no air. Once the seal on the valve is secure, manometer 1 is
slowly lowered, removing approximately 4 cm of water from the manometers. At this point, the
height of the water in the manometers is lower than the height in the filling arm. The water in
the filling arm cannot escape, though, because of the vacuum created by closing the valve. Once

the system is filled and the height in the manometers adjusted in order to allow for the
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appropriate volume change induced by the compression mechanism, the system is allowed to
settle. The pliant section of the tube is massaged by hand until all bubbles release from the
inside lining of the pliant section. Once the air bubbles are released, the open loop system was
allowed to sit for more than 12 hours before any testing began.

2.1.2 Compression Mechanism

While segmentation is a circumferential compression, our model aimed to simplify the process

by only pinching the tube in one direction. The mechanism can be seen in F igure 2.2 below:

=

Pliant

—_—]

Tube

Cam

Moving Pincher

e

Stationary o Constan-t
Pincher Force Spring
J =

Figure 2.2 Compression Mechanism consists of two pinchers—one stationary and one moving. A
constant force spring keeps the moving pincher pressed against a rotating cam. As the cam spins, the
moving pincher compresses the pliant tube against the stationary pincer.

The compression mechanism acts like a pair of kitchen tongs—a compression force is
applied and a spring restores the tongs to their ori ginal position; a rotating cam applies the
compression force. As the cam is driven, it pushes the moving pincher toward the stationary
pincher, compressing the pliant tube between the pinchers. The moving pincher maintains

contact with the cam by a constant force spring.
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The cam rotates creating a sinusoidal motion as seen in Figure 2.3. The tube is

compressed to approximately 20% of its original diameter.

= Pincher Position
Resting Tube

NS
uy
o

Position (cm)
=
~
~N

o
w
a

Time
Figure 2.3 Compression Profile in Time. The compression mechanism creates a sinusoidal motion of the
moving pincher toward the stationary pincher.
2.1.3 Actuation Stage
The actuation stage connects the actuating device to the compression mechanism. The two-stage

low-frequency actuation set up is shown in Figure 2.4

Figure 2.4 Low Frequency Actuation Stage uses two stages of gearm to enable actuation at
physiological frequencies.

The motor is geared down twice to enable actuation at physiological frequencies. The actuation

device is a 14.4V Milwaukee '4” Driver-Drill 0612-20 [22] disassembled and plugged into an HP

E3632A power supply [2]. To enable examination of higher frequencies such as those
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investigated by Hickerson, et al [9, 10, 11] the set up can be re-configured to enable a single
stage actuation such that the motor directly drives the cam shaft. For both actuation set ups, the
drill motor is kept in the high torque, low speed regime. The single stage actuation set up will be

referred to as the high-frequency set up for simplicity. It is seen in Figure 2.5 below:

Figure 2.5 High Frequenc Atuation Stage. The high frequency set up consists of a direct
drive stage from the motor to the cam shaft.

2.2 System Calibration

For both actuation stage set ups, the systems need to be calibrated such that a compression
frequency could be found given the voltage indicated on the power supply. Both the high-
frequency and low-frequency actuation stage set ups were calibrated. For the low-frequency
actuation set up, the system was set to a known voltage, as displayed on the power supply, then a
Survivor IT Accusplit XL stop watch was used to time a known number of cycles. One cycle is
defined as the time it takes for the set screw in the cam to rotate 360°. The compression

frequency, f;,»,, was determined as:

No.of Cycles
feomp = ——— (2.2)

Time
For the high-frequency set up, the cam was rotating faster than could be reasonable timed

using a stop watch. As a result, a Cole-Parmer 08199 Optical Tachometer was used [6]. A strip
15



of reflecting tape was secured to the edge of the cam. Once the compression mechanism was
actuated, a reading was taken by placing the tachometer over the cam. The device recorded the
speed of the cam in revolutions per minute (rpm) which were then converted to Hertz.

Three readings were recorded at each voltage. Voltage was plotted to the average compression

frequency and a linear fit agreed to within 3% as can be seen in Figure 2.6:

Low-Frequency Set Up

0.000 2.000 4.000 6.000 8.000 10.000 12.000 14.000

Voltage [V]

Compression Frequency
[Hz]
o
N

(a)
High-Frequency Set Up

30 4~

2_5 [ —
2.0 -
15 s
1.0 4
0.0 4

0.000 2.000 4.000 6.000 8.000 10.000
Motor Voltage [V]

Compression Frequency
[Hz]

(b)
Figure 2.6 System Calibration of the power supply output voltage to the compression frequency
of the compression actuation Part (a) is the low-frequency set up and part (b) is the high-
frequency set up. Error bars on each point are less than 3%.
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The voltage to compression frequency conversion equations are presented in Table 2.1 below.
For the remainder of this study, results will be displayed as a function of compression

frequencies rather than voltages.

Table 2.1 Calibration Equations to convert the output voltage from the power supply to the
compression frequency of the compression mechanism.

Calibration Equation
Low Frequency | f. =0.058 x Voltage - 0.048
High Frequency | f. = 0.407 x Voltage - 0.346

2.3 Experimental Measurement

To complete the set up, a Sony Handycam HDR-SRS [27] video camera is used to record the
experiment in standard definition (SD) at a frame rate of 29 frames/second. It is positioned on a
tripod at a distance such that the entire open loop system is in the frame of the camera. It is also
raised so that the camera is approximately level with the settled water height in the manometers.
The camera is also leveled such that the lens is parallel to the experimental set up.

In order to increase the visibility of the water, approximately 20 drops of green dye is
added. A piece of 4.25” by 11.0” white paper is taped to the back side of each manometer to
improve the contrast. The paper also serves as a reference for the image processing and analysis.

The experimental procedure begins by allowing the system to settle. The open loop
system is secured in its stand and the fluid is allowed to come to rest. A permanent marker is
used to mark the paper with the settled height of the water. The distance between the pinchers
and side 1 of the open loop system is measured and re-positioned until it is at 13.02cm. The
power supply is turned on and the output voltage recorded. The compression mechanism begins
pinching the pliant tube. After 30 seconds, the video camera is turned on using a remote control

and records approximately 30 seconds of pumping.
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The voltage is then increased on the power supply. Once again the system is given 30
seconds to adjust to the new compression frequency. The camera is turned on again and records
for approximately 30 seconds. This process is repeated from 0.126-0.59 Hz in approximately
0.058 Hz increments for the low-frequency and from 0.874-4.53 Hz in approximately 0.41 Hz
increments for the high-frequency set up.

2.4 Image Processing

The raw video footage is transferred from the camera as a movie file (mpg). First, it is
converted by AVS Video Converter [24] to a Quicktime movie (.mov) with an H.264-best
quality video format using the original frame rate of 29 frames/second and original frame size
720x400 pixels and an audio format of MP2/4(AAC LC) — 320kbps at a frequency of 48kHz.

The video was analyzed using LoggerPro 3.6.0 [31]. Each video was imported into its
own worksheet. The “correct aspect ratio for DV movies” was unclicked under movie options in
order to restore the original frame size.

Two analysis parameters were set for each video—the x-y origin of video and
measurement reference. The origin was set near side 1 with the x axis running through the pre-
marked settled water level on the white pieces of paper. Setting the origin here enables every
reference height to be made from the settled level. The measurement reference was drawn using
the height of white paper taped to the back of the manometers; it was recorded in the program as
11.0”. LoggerPro automatically uses this measurement reference to assign a value to each pixel.

For each video, three data sets are defined. Data set x:y is the x and y positions of
manometer 1. Data set x2:y2 is the x and y positions of manometer 2. Data set x3:y3 is the x
and y positions and times for the pinchers. For the first two data sets, a mark was made at the

height of the water in the manometer for each frame of the video for its entirety. For the third
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data set, a mark was made each time the pinchers where in their fully compressed position. The
third data set enables analysis based on compression cyclest For all data sets, the time is
recorded at each frame.

The height of the water in each manometer as a function of time is used to find the
difference in pressure between the manometers as a function of time using Equation 2.1 where
2=9.81 m/s? and p=1000kg/m’. As a standard, the change in height is recorded as:

Ah = hy, — hy (22)
where A, is the height in manometer 2 and 4; is the height in manometer 1. The change in
pressure as a function of time is determined for each pressure cycle, which will be discussed
further in the next chapter.

2.5 Reynolds Number
The Reynolds number is a ratio of inertial forces to viscous forces that show the relative
importance of these two forces for given flow conditions. It is defined as:

sl

Re=2L 2.3)

v

where vy is the velocity of the fluid, L is a characteristic length, and v is the kinematic viscosity
of the fluid. For the experimental apparatus described above, the Reynolds number inside the
compliant tube is important to understand which of these forces is dominating the response. It
can be found knowing the velocity of the fluid in the manometers and the geometric relationship
between the manometers and the compliant tube. Thus, the velocity of the fluid in the compliant
tube can be defined in terms of the height in the manometer, AH, over which the fluid oscillates,
the frequency of compressions, ®, and the diameters of the compliant tube, D. and the

manometers, Dy,
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—_ sz 4
vp = AHwE? (24)

Note that AH is the change in height of fluid in one manometer and therefore does not equal 4h.
Using the diameter of the compliant tube as the characteristic length for this apparatus, the

Reynolds number becomes:

__ AHwDy,?
vD,

Re 2.5)
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Chapter 3

Results and Discussion

3.1 Pressure Response

For each tested frequency, a unique pressure response resulted. The response varies for each
frequency tested due to the constructive and destructive wave interferences that result from the
impedance change at either end of the pliant tube. An example of such a response is presented in
Figure 3.1 below:

Pressure Response at 4.12 Hz
400

300 -
200

100

Pressure [Pa]
o

-100 -

-200

-300

-400
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Time [s]

Figure 3.1 Pressure Response at 4.12 Hz shows an example of a systematic response at a single
driving frequency.
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Figure 3.1 above demonstrates the cyclical nature of the response that results from a single
driving frequency. As the pliant tube is compressed, it generates waves in either direction. The
wave reaches manometer 1 and partially reflects before it reaches manometer 2. As the two
reflections meet, they interfere with each other, either constructively or destructively.

The cycle repeats and the waves cyclically cause a change in pressure between the two
manometers. The change is most likely attributed to the wave speed in the given medium and
the timing of the compressions. All of the results presented examine the system after a “steady
state” has been reached and the system falls into a regular cyclical pattern.

The Reynolds Numbers range from 13-1350 which is a transitional range from viscous
forces dominating the response to inertial forces. This transitional range suggests that both
forces are comparably influencing the flow, and therefore, the pressure.

3.2 Low Frequency Response
For the low frequency set up and regime tested, an interesting response was observed that has not
been previously documented for open loop systems. In Figure 3.2, two pressure responses are
shown—a dimensionless pressure response and a measured pressure response—as a function of
dimensionless time; t, where ¢ is defined as:

t=ot 3.1
where o is the compression frequency in Hertz and ¢ is time in seconds.

The pressure response is affected by both the inertial and viscous forces comparably,

therefore, there are two methods to make pressure dimensionless. For conventionality,

dimensionless pressure, P, will here forth be described as:

PD,
uv

P=

(3.2)
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where P is the measured pressure, D, is the diameter of the compliant tube, u is the viscosity,

and v is the velocity in the compliant tube.

o 300
(=]
(=]
(=]
o
-
x
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——0.126 Hz
8 —0.184 Hz
——0.242 Hz
% —0.300Hz
al 0.0 g
—0.358 Hz
~—0.416 Hz
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~0.532 Hz
0.590Hz
-20.0
-30.0
t
(a)
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100
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—0.184 Hz
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-0.474 Hz
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0.590 Hz
-150
-200

t

(b)
Figure 3.2 Pressure Response due to Compressions for Low Frequency Regime. Both (a)
and (b) show different representations of pressure as a function of time. In (a), the dimensionless
pressure is plotted, while the dimensional pressure is plotted in (b).
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In Figure 3.2 (a), the dimensionless pressure response shows decreasing magnitude with
increasing frequency. The generally responses are amplified at lower frequencies and smaller at
higher frequencies. As compared with Figure 3.2 (b) where the pressure responses are very
similar for all the tested frequencies, the response is more complicated than can be understood
from a dimensionless pressure viewpoint. A single compression cycle for all frequencies can be

seen in Figure 3.3 below:

20.0

x 100000

—0.126 Hz
—0.184 Hz
~0.242 Hz
—0.300 Hz
" —0.358 Hz
—0.416 Hz
—-0.474 Hz
~=0.532 Hz

0.590 Hz

al

-10.0

-20.0

-30.0

Figure 3.3 Single Dimensionless Pressure Response. Dimensionless pressure response for a
single compression.

For the low frequency response shown in Figure 3.2 (b), the pressure spikes are highly
cyclical with compressions, as expected. As the tube is compressed, manometer 1 fills before
manometer 2. As a result, there is a large negative pressure change. As the tube begins
uncompressing, the height of water in manometer 2 goes down after manometer 1 and there is a
positive pressure change. The time delay that is seen from manometer 1 to manometer 2 is not
due to the pressure wave taking longer to arrive at one manometer than the other because the

delay captured by the camera is approximately 80 times slower than the expected delay due to
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the pressure wave. The time delay is not fully understood and further work and analysis is
needed to better understand the properties causing this delay.

For the low frequency response below 0.300 Hz, there tends to be more of a net negative
pressure than a net positive one. There is a transition region, though, around 0.300 Hz where the
net positive pressure and the net negative pressure are approximately equal. Above 0.358 Hz,
the net positive pressure tends to be greater than the net negative pressure. This changing region
suggests that flow will be stagnant in this regime. Above and below this regime, the flow will be
moving in opposite directions. It is probable that this results from the impedance changes of the
tube and the interfering pressure waves. The responses are all of similar magnitude, though, and
fall between about -150 to 150 Pa.

The net pressure overall suggests that flow could be generated even at these low
compression frequencies. In terms of the physiological phenomenon of segmentation, it is
possible that segmentation contributes to flow of digesta down the intestine. While water does
not exhibit the non-newtonian characterists of the viscous shear-thinning digesta, it does suggest
that a net pressure head can be created in an open loop system under impedance pumping which
exhibits similar characteristics as the pumping attributed to segmentation.

The steady state result is cyclical. One compression results in a full response of the
system, enabling it to come to rest between each compression. The system does not see a resting
pressure of zero in all cases. It is possible that this is due to the camera not being exactly lined
up correctly or due to air bubbles getting trapped in the system as the water heights oscillate.

3.3 High Frequency Response
The high frequency response can be seen in Figure 3.4. As the frequency is increased the waves

begin to interact with each other and do not have time to come to rest between compressions.
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Each compression contributes a wave that will constructively or destructively interfere with

those already moving in the system.
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Figure 3.4 Pressure Response due to Compressions for High Frequency Regime. Both (a)
and (b) show different representations of pressure as a function of time. In (a), the dimensionless
pressure is plotted, while the dimensional pressure is plotted in (b).
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As a result, there is an increase in the overall magnitude of the pressure responses that are seen.
The compressions add momentum to the consecutive wave until an equilibrium is reached. As
the compression frequency increases, the magnitude of the pressure responses also tends to
increase. The dimensionless frequency response, once again, demonstrates the complexity of the
systems response and further analysis is needed to fully understand the driving forces behind the
systems response.

In Figure 3.4 (b), several differences exist from the responses seen in the low frequency
response. The general band of pressure responses falls between -200 to 400 Pa, which is higher
than those exhibited at lower compression frequencies. Additionally, the positive pressure peaks
are higher than the negative pressure peaks. There was no transition regime, as seen at low
frequency or net pressure change. This suggests that fluids compressed within these frequencies
would flow in the same direction. It is quite obvious from the videos that at these higher
frequencies manometer 2 rises while manometer 1 falls, causing a positive net pressure change.
As the system progresses through its cycle, manometer 1 rises while manometer 2 falls, but the
absolute change is not as great, therefore the net negative pressure is smaller in magnitude than
the net positive pressure.

In Figure 3.4(a), the high frequency response shows a similar decreasing magnitude with
increasing frequency as seen in the dimensionless low pressure response. An anomaly exists,
though, at 1.69 Hz. In both the dimensionless and measured pressure responses, 1.69 Hz exhibits
the largest “peak pressures”. This phenomenon is most likely due to the natural frequency
response of the system. The pressure response increases with increasing frequency toward a
natural frequency of the system. The natural frequency is the point at which compressions are

causing complete constructive interference and the pressure is at its highest. Increasing or
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decreasing the compression frequency near that natural frequency will cause a decrease in the
maximum pressure. Figure 3.4(b) shows that a natural frequency is neared at a compression
frequency of 1.69 Hz as discussed earlier. At this frequency, each compression causes a pressure
spike that is higher than all the rest.
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e
e
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Figure 3.5 Frequency Doubling. The pressure is documented versus dimensionless time as a frequency
near the natural frequency is doubled and observed.

If 1.69 Hz is indeed near the natural frequency of the system, then frequency doubling
should cause another pressure spike. For the compression frequencies tested in this experimental
set up, a frequency doubling is seen near 3.31 Hz. The natural frequency and its doubled
frequency can be seen in Figure 3.5. The frequency near the natural frequency shows a pressure
spike at each compression. The doubled frequency shows a spike every other compression. It
spikes negatively on the off compressions. This frequency doubling response takes twice the
dimensionless time to execute, but in real time, the responses are equally timed. By making time
dimensionless, the response at 3.31Hz looks as though it’s going half as slow, but in real-time,

the pressure response are in phase.
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The doubled frequency pressure response is smaller in magnitude than the natural
frequency pressure response. This suggests that the natural frequency is actually slightly higher
or slightly lower than compression frequencies explicitly stated. It can be inferred from figure
3.4 (b) that the actual natural frequency is slightly higher because as you increase and decrease
the frequency near the doubled natural frequency, the magnitude of the pressure response at 3.72
Hz is significantly higher than at 2.90 Hz.

While it seems viable to find the net pressure per cycle, defining a “cycle” was quite
challenging. Several different approaches were attempted. For example, a pressure cycle was
defined as the time it takes for the pressure response to make a full loop, but the pressure cycles
were not always consistent from cycle to cycle due to the complexity of the response. A cycle
was also defined in terms of compressions, but due to the compression doubling that occurred
after frequency doubling, it failed in terms of consistently defining a cycle for all the responses.
As a result, trying to define a “net pressure” generated at each frequency was almost impossible
because trying to define the cycle over which that pressure acted failed to accurately display the
complexity of the system’s response.

3.4 Mixing Observations

When the apparatus was first being set up, the open loop system contained un-dyed water. In
order to observe the mixing phenomenon, the camera was turned on to record how the dye
spread through the system when it was added through one of the manometers. When the dye was
added to the water, the system was set to run in the high frequency set up. Initially, it was set to
a compression frequency of 1.28 Hz. As soon as the dye hit the top surface of the water in the’
manometers, it diffused into the water in the manometers. The dye did not however mix in with

the rest of the water (see Figure 3.5). The compression frequency was increased through the full
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range under which the system operates and at no point did actuating the system cause the dye to

mix with the system.

Dye Added \
Manometer filled

o~ with dyed water
Pliant Tube

with no dye
PVC Connector

\, —

Figure 3.5 Mixing Observations. The dye is dropped into the top of the manometer while the
compression mechanism is running. The dye quickly mixes with the oscillating water in the
manometer tube, but that mixing does not cause the dye to mix with all of the water in the system.
As seen above, the dye does not move around the corner of the PVC connector and mix with the
fluid in the pliant tube even though the system is completely open.

When no mixing was observed, the system was shut off and the dye allowed to move through the
fluid via diffusion.

While this observation is not directly related to impedance pumping, it does however
suggest that impedance pumping does not directly attribute to mixing. It suggests that the

commonly accepted notion that segmentation causes mixing in the intestine may not be accurate.
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Chapter 4

Conclusions and Future Work

4.1 Concluding Remarks

In summary, this thesis presents an experimental investigation of impedance pumping at both
physiological frequencies, as those seen in the intestine due to segmentation, and at higher
frequencies. It has demonstrated that in an open loop system, complex pressure responses result
from constructive and destructive interferences of waves actuated by a compression mechanism.
The pressure responses can cause net pressure heads at all compression frequencies. The net
pressure heads were both positive and negative suggesting that the net flow caused by these
pressure heads would induce flow in opposite directions depending on the frequency of
compressions. The dimensionless pressure responses demonstrated the complexity of the
response and showed that pressure response is not solely a function of the compression
frequency. It was observed, though, that with increasing compression frequency the magnitude
of the dimensionless pressure response decreased. Additionally, the system exhibits natural
frequencies and frequency doublings that, when excited, cause pressure peaks approximately

four times greater than the general response.
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Finally, some general observations suggest that impedance pumping does not contribute
to mixing and that the common notion that segmentation causes mixing in the intestine may not
accurately describe the entire role of segmentation in the intestine.

4.2 Future Work

While this thesis just begins to understand impedance pumping in open loop systems, there are
many unresolved issues. First and foremost, the dimensionless pressure response demonstrated
the complexity of the systems characteristics. There are many factors that influence the response
of the system. More analysis and experimentation will be helpful in understanding those
unresolved issues and aid in providing a model of the system response.

Secondly, investigating the mixing properties of segmentation and impedance pumping
experimentally will give engineers and scientists a better understanding of why segmentation
occurs in the intestine. An interesting investigation would be to further define the property of
mixing and possibly how mixing and flow work together.

Finally, the experimental apparatus can be improved using digital pressure sensors that
will enable a finer and more accurate reading of the system. Additionally, an understanding of
how flow is influenced by pumping in an open system will enable a direct understanding of how
these pressure profiles influence the flow. Beyond that many parameters can be varied within
the current set up:

o The distance between manometer 1 and the compression mechanism
o The geometry of the pliant tube
e The fluid can be varied to simulate multiple fluids such as:

- 0il

— Digesta
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— Sludge
— Particle-fluid mixtures (slurries)
e The number of compression mechanisms and the distances between them
o The size of the entire mechanism
While these are just a few examples of what can be changed in order to better understand the
limitations and opportunities of impedance pumping, there are many possibilities. Future work
could aim to better understand impedance pumping in terms of the intestine or it could examine
the potential for further applications as in ink jet printers, oil pumping, pressure or flow control,

etc.
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