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Abstract Flow through a fluid-filled compliant tube microstructure subject to periodic perturbations is not widely
reported. An understanding of this phenomena is sought herein, as it may be useful for design of biological flows in
microfluidic devices. An experiment conducted at the milli-scale to study the fluid flow produced within a closed-
loop network of tubing, having a compliant millitube section subject to periodic perturbations from a probe is
presented, and provides a basis for a micro-scale experiment. To test the fluid response, the boundary of the
compliant millitube section was periodically perturbed by the probe at a variety of frequencies at five locations.
Experimental results demonstrate fluid circulation within the closed-loop of tubing, which varies significantly with
the frequency and location of applied perturbations. Overall, the study herein illustrates a unique design for pumping
which utilizes periodic vibrations of a compliant tube structure to create a net positive displacement of fluid.

Keywords: impedance pumping, fluid-structure interaction, elastic tube

Cite This Article: Nicholas G. Garafolo, Bryan C. Rich, and Matthew J. Cymbal, “An Experimental
Investigation of Closed-Loop Impedance Pumping in a Compliant, Elastic Tube Millistructure by Variation
of Perturbation Location.” Journal of Mechanical Design and Vibration, vol. 5, no. 1 (2017): 1-10.

doi: 10.12691/jmdv-5-1-1.

1. Introduction

Fluid flow within a compliant tube microstructure,
subject to periodic perturbations, is not widely reported. A
microfluidic flow under these conditions is similar to
vascular flow; flow through vessels which are compliant
and, at times, are subject to perturbations from body
movement or contact with external stimuli. Moser et al.
have suggested, based on the works of Weber, Donders,
Ozanam, and Liebau, that boundary movement of vessels
can produce a pumping effect which assists in the
circulation of blood that the heart cannot sustain alone [1],
and it was even suggested to be an optimal use of energy
[2]. Future devices will likely be engineered to mimic
such biological microflows and so a method for recreating
this valveless pumping by perturbation of compliant tube
microstructures will be needed. Therefore, it was of
interest to quantify how a fluid, inside of a compliant tube
microstructure, responds to periodic boundary movement
and how that might produce pumping.

Many microfluidic pumps in use today use a controlled
boundary movement to move a fluid. Pumps which
operate based on this principle are classified as
displacement pumps. The challenge with displacement
pumps is to control the flow direction and a number of
different methods, employing various check valve
structures have been developed that achieve such flows
[3,4,5,6,7]. A special method, called acoustic streaming,

does not use check valves but instead propagates a
traveling wave at the boundary to produce unidirectional
pumping. A common mechanism to almost all these
displacement micro-pumps is the deformation of a thin
linear elastic boundary to cause fluid flow where the
deformation is directly proportional to the size of the
actuator used. More representative of a real biological
flow, however, is the use of a fully compliant tube
structure that would more easily deform under a load and
propagate a traveling wave. Therefore, it was expected to
require less actuation at lower frequencies in order to
produce an effect similar to traditional micro pumps. The
material costs, power consumption, and weight of a pump
can be reduced if less actuation is needed.

It was hypothesized that development of a novel,
affordable, and effective micro-pump is possible using
controlled perturbations of a compliant tube structure.
Accordingly, the research objective of this study was to
quantify the performance of a pump utilizing the
vibrations of the elastic structure as the carrier method.

1.1. Valveless, Impedance Pump

Perturbations of a compliant structure will produce a
traveling wave at the boundary called a Rayleigh wave.
This wave propagates equally in all directions unless it
encounters destructive or constructive interference. A
unidirectional wave is produced which can facilitate
unidirectional pumping if the wave is destructed in all but
one direction. This is one example of the acoustic
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streaming methods used to produce pumping of fluid [8].
One way to diminish a Rayleigh wave is at the boundary
of two solids with different impedances. At this location
the wave can be both damped and reflected. Perturbations
of a compliant structure near a solid-solid boundary
produce waves which are either destructed or reflected and
added to the propagated wave in the opposite direction,
creating a mainly unidirectional wave that can facilitate
pumping. This is called impedance pumping as first noted
by Liebau in 1954 [9] which has been applied to microfluidic
applications [10,11,12].

A valveless, impedance pump consists of a compliant
section of fluid channel coupled to more rigid fluid
channels that have a higher impedance. The pumping is
dependent on wave reflection and interference and so the
compliant material allows for wave propagation while the
rigid material allows for wave reflection, Figure 1.
Periodic compressions of the compliant section at an
asymmetric location creates an imbalance of wave
reflections which accumulate and drive flow. An
advantage of this pump is that it is valveless, reversible,
and requires few components.

SE—
Zy Impedance Z( Vi)

il

Figure 1. Pinching scheme and wave reflections of an impedance pump
[13]

An impedance pump operating similar to the proposed
pumping principle was developed and tested by Ottesen
[14]. The apparatus consisted of a closed ring of tubing
made of two different rubbers and filled with an
incompressible fluid. It was noted that periodically
compressing the tube at an asymmetric location causes the
internal fluid to flow and the flow rate depends on the
frequency of compressions, elasticity of the tubes,
compression ratio, and type of compression. The
experiment was conducted at the macro-scale, however,
and may not hold true for a micro-scale flow, as many

fluid flow principles have been noted to differ at this scale.

A micro impedance pump was developed by Wen et al.
[12] in which a thin-walled section of channel, made of
nickel, was actuated by a single PZT element placed at an
asymmetric location to induce pumping. Results of the
experiment demonstrated a water level difference in two
vertical capillaries which indicates an accumulation of a
pressure gradient and therefore the potential to drive flow.
Furthermore, peak pumping was reported at a frequency
as low as 25 Hz. The operating principles of this pump are
very similar to the proposed pumping method to be

studied except for the use of a compliant material and
closed-loop network of tubing.

Lee et al. [10] created a similar impedance pump using
a single compliant PDMS membrane driven by
electromagnetic actuation. Results of an experiment
demonstrated a water level difference in two vertical
capillaries which indicates the potential to drive flow.
Flow was only evaluated at frequencies between 100 Hz
and 500 Hz where peak pumping occurring at 200 Hz.
Deformation of a single compliant membrane may not
provide the same pumping effect as deformation of a
compliant structure.

Several efforts have been made in the area of
impedance pumping since its discovery by Liebau. The
majority of these works, however, describe the pinching of
a tube at the macro scale or the compression of a
compliant membrane at the micro scale to produce a
pumping effect

1.2. Peristaltic Pump

Pertubations of a fluid-filled compliant tube structure
will cause the fluid and structure to deform. If the fluid is
nearly incompressible it will undergo an undirected
displacement per the method of displacement pumping.
When the compliant tube structure is pinched closed,
subsequent perturbations will produce a unidirectional
displacement of fluid. This method is known as peristaltic
pumping and has been applied to microfluidic applications.

A peristaltic pump consists of a single loop of tubing
with a compliant section that can be squeezed externally
by three or more rollers or actuators to produce pumping.
Each roller or actuator acts to displace volume for
pumping and as a valve to rectify flow. By compressing
the tube with rollers or actuators in a particular sequence a
net positive displacement of fluid was achieved [3].

Koch et al. [15] developed a miniature rotary peristaltic
pump that pumps fluid by deforming a micro channel
integrated into a compliant microchip. The miniature
rotary pump was also tested with traditionally used
compliant tubing to provide a comparison of pumping
performance. It was determined that both pumps had
similar performance and the first was of benefit to
interface with microfluidic devices.

Shkolnikov et al. [16] created a miniature peristaltic
pump controlled by a single actuator. The design of a
special structure was presented which surrounds a
compliant tube and compresses it in such a way that
recreates the effect of a traditional three-actuator
peristaltic pump. Their pump is also simpler to control
than other three-actuator pumps which require careful
timing of the actuation sequence to produce pumping.

Graf and Bowser [17] developed a peristaltic
micropump which uses actuation of cantilever beams to
compress a compliant fluid channel and produce pumping.
During operation the beams compress the compliant
channel to completely close off flow. A sequential
actuation of three of these beams produces a net positive
displacement of fluid similar to a rotary peristaltic pump.

Several methods for pumping a fluid peristaltically
though a compliant channel have been developed. Similar
to all these pumps are the use of a three-part pumping
mechanism that compresses compliant tubing to produce a
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net positive displacement of fluid. This compression of
compliant tubing is similar to the pinching method of
impedance pumping, but peristaltic pumping is different
in that two additional actuators or rollers are employed to
control flow direction instead of allowing impedance
differences in the system to determine flow direction.

Fluid displacement by perturbation of a compliant tube
microstructure appears to be a variation of the presented
compliant pumps and may produce a different pumping
effect. Presented herein, is an experimental study of this
phenomena at the milli-scale by applying a variety of
pertubations to a compliant millitube section of a closed-
loop system of tubing filled with fluid. Results of this
experiment provide a quantification of the pumping effect
and basis for a micro-scale experiment.

2. Theory of Vibrations and Fluids

Periodic boundary perturbation of a compliant tube
structure was hypothesized to operate similar to an
impedance pump. The pumping effect was, therefore,
expected to be dependent on the imbalance of traveling
waves and the fluid displacement caused by a coupled
boundary displacement. This suggests that the theory of
structural  vibrations and fluids are useful for
understanding and quantifying the pumping behavior. A
review of structural vibrations and fluids is presented as it
relates to the study at hand.

2.1. Fluids

Boundary deformation of the compliant test section will
cause a coupled displacement of fluid within the closed-
loop system. For incompressible fluids in particular, the
volume of the fluid displaced through the system for a
single downstroke is equal to the volume of the fluid
displaced by the boundary based on continuity equation:

V'Uﬂuid =0 (1)

where wug,;q (bold) is the velocity vector of the fluid.
During an upstroke, the compliant tube section is free to
return to its original configuration and will undergo a
reverse displacement to do so causing a coupled reverse
displacement of fluid volume. This suggests that equal
volumes of fluid will be displaced over a downstroke and
upstroke causing it oscillate rather than produce a net
pumping effect.

Periodic perturbations of the compliant tube supply it
with kinetic energy. Some of the energy is converted into
potential energy as the compliant tube deforms, and some
of the energy is converted into vibrational energy causing
the compliant tube to vibrate. There is momentum
associated with the motion of the tube due to periodic
deformation and vibrations, some of which is transferred
into the fluid at the boundary and causes fluid to flow
according to the Navier-Stokes equations:

AU fiuig
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where p is the density of the fluid, F (bold) is the body
force vector, p is the pressure, I (bold) is the identity
matrix, and p is the dynamic viscosity of the fluid.
Momentum supplied by perturbations which are applied
perpendicular to the boundary of the compliant tube may
not produce a positive net fluid displacement as flow
through tubes is usually caused by a momentum
component parallel to the boundary. This suggests that
any net positive fluid displacement occurring must be due
to momentum transferred by vibrations which create a
traveling wave at the boundary and have a velocity
component parallel to the boundary.

2.2. Vibrations of Elastic Structures

The success of this research is largely reliant on the
vibration theory of mechanical structures as fluid flow is
expected to be induced by accumulations of a traveling
waves caused by periodic perturbation of the compliant
tube section. Wave accumulations in a system are known
to occur at its resonance frequency and so the amplitude of
wave accumulations, and therefore pumping, should be
maximum at the natural frequency of the compliant test
section. To determine the natural frequency, it is necessary
to first identify how the structure is supported. The
compliant tube section will be securely supported at both
ends by the test apparatus. It is assumed that these
conditions are equivalent to the classical definition of a
fixed-fixed support. This classical support defines a
general equation for the natural frequency of mechanical
structures which applies a set of non-dimensional
frequencies depending on the support conditions. This
general equation is as follows:

- El
Oy = ax 2 (3)
pAL

where @, is the natural frequency and is equal to the non-
dimensionalized natural frequency multiplied by the
square root of several material properties (e.g., density,
area, length, Young’s modulus, area moment of inertia).
Each non-dimensionalized frequency corresponds to a
different vibration mode shape starting with a single wave
with one crest and increasing by one crest for each
consecutive  non-dimensional  frequency. For this
application a minimum of two crests is desired which
corresponds to the non-dimensional frequency of a fixed-
fixed structure, w,

It is also possible to determine the non-dimensional
natural frequencies by solving the roots of a characteristic
equation. As with the non-dimensional frequencies, these
equations vary based on the support conditions. In this
case of a fixed-fixed structure, the characteristic equation
of the vibration modes is:

cos AV cosh 24 =1 (4)

where the roots, $\lambda$, of the characteristic equation
are related to the non-dimensional natural frequency by:

o =4 (5)

Theoretically, there are an infinite number of solutions
to this equation, meaning that for any given structure there
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are an infinite number of natural frequencies and resulting
mode shapes at which an object will vibrate. While the
instrumentation may not exist to utilize them all, there are
still many frequencies in the operational range which can
be applied to excite the complaint test section [18].
Furthermore, the energy output of excitation instruments
is limited and so the displacement amplitude of an
excitation must be decreased to allow for an increase in
frequency. In general, as the excitation frequency is
increased the displacement amplitude is reduced to
essentially nothing so that no boundary displacement and
coupled fluid displacement will occur. This is also
somewhat true in the reverse direction in that no
displacement occurs for an excitation frequency of 0 Hz.
Therefore, an excitation at the lowest natural frequency of
the compliant test section should produce the largest fluid
displacement as it would result in the largest boundary
displacement and amplitude of traveling waves.

3. Experimental Evaluation of Pumping

In order to quantify the circulation pumping effect
caused within a closed-loop system an experiment was
setup to facilitate a controlled application of perturbations
to the compliant test section. The perturbations were
varied by location and frequency in a series of tests and
the resulting pumping effects were quantified.

3.1. Compliant Test Section

A commercially available thin-walled latex rubber tube,
0.2 inch in diameter, was selected for testing, Figure 3. The
tube was considered very compliant because of its low
elastic modulus and thin-wall which allow it to easily deform
under a small load. This was advantageous because a small
load was sufficient to provide a large and easily measureable
coupled fluid-structure response. The test specimen was

created by cutting section from the tubing 2-3 inches in
length. Each end of the test specimen was stretched over a
larger diameter glass tube on the test apparatus to create a
water tight seal. The gap between the glass tubing that the
test specimen spanned was 1.25 inches making this its
effective length.

3.2. Test Apparatus

A test apparatus was constructed to facilitate the
quantification of fluid pumping when the compliant
millitube structure was perturbed. It consisted of several
glass fixtures which were joined with an O-ring seal to create
an incomplete ring of glass tubing to be completed by a
complaint test section, Figure 2. Two semicircular glass
tubing fixtures with an effective bending radius of 1.75
inches were used to shape the tubing loop and are 11 mm
in diameter with a 2 mm thick wall. Two ends of the curved
glass fixtures were connected by a flowmeter spanning 12
inches. Specific features of this flowmeter include a full scale

flow rate of J_rZOOO”—L that is linearly mapped to a 0-10
s

V output, an operating temperature range of 5-50°, and an
accuracy of the larger between of 5% of the measurement
taken and 0.125% of the full scale flow rate. The
remaining ends each supported a smaller straight glass
tube 6 mm in diameter and 6 inches in length with a 1 mm
thick wall and are replaceable adapters for interfacing test
apparatus with different compliant test sections. When
fully assembled the incomplete glass loop had a gap of
1.25 inches where the compliant millitube structure was
attached. Also integrated into the test apparatus were two
stopcocks to regulate the internal pressure and threaded
ports to interface sensors for measuring variables such as
temperature and pressure. Constructing the test apparatus
in this way allowed for versatility of the measurement
devices and test sections used in experiments.

Figure 2. Image of the assembled experimental apparatus comprising of (1) stopcocks for pressure regulation, (2) threaded ports with thermocouples, (3)
a flow sensor, (4) glass tubing for interfacing the test section, (5) curved glass tubing to form the flow loop

Figure 3. Image of compliant test section

3.3. Experimental Approach

Testing of the fluid response caused by periodic
perturbation of the compliant test section was carried out
in parametric sweeps. A ball-point probe attached to a
dynamic shaker was aligned to one of several locations
along the test section and then compressed into the test
section 0.14 inch to ensure consistent contact was made.
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Perturbations were applied at a gain of 3.1 V, and at
several locations along the length of the test specimen of
0.125 inch, 0.375 inch, 0.625 inch, 0.875 inch, and 1.125
inches and correspond to positions on the test section as
shown in the following diagram, Figure 4. A sinusoidal
function with an initial amplitude of 1 V peak to peak was
defined and its amplitude was varied with an amplifier to
3.1V and is expressed by the following equation:

d(t)=d; sin(2z ft) (6)

where t is time, f is the frequency, dy is the maximum
displacement amplitude at a given frequency, and d(t) is
the amplitude at a given time. The selected gain
corresponds to a peak-to-peak displacement amplitude that
varies with frequency, Figure 5. The frequency of the
signal was varied from 10-50 Hz and the flowrate of fluid
inside the apparatus was measured with a flowmeter. No
significant flow response was detected at frequencies
outside this range. Through these series of experiments the
pumping performance of the compliant test section was
obtained for perturbations applied at a variety of locations
and frequencies.

Probe Initial

Compression (inch)

0.14

\ i i i
0.125 0.375 0.625 0.875 1.125

Probe Location (inch)

Figure 4. Diagram of test specimen showing a mapping of the probe
locations tested

Probe Displacement (peak-to-peak mm)
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Figure 5. Graph showing the peak-to-peak displacement of the probe at
the selected gain for the band of frequencies studied

3.4. Bias

Quantification of the fluid response was dependent on
the conservation of fluid flow from the point of
perturbation to the flow sensor and the capability of the
flow sensor to measure it accurately. According to the
manufacturer, sensor measurements are accurate to within

the larger of 5% of the measured flowrate and 0.125% of
the sensor’s full scale flowrate of izooo%. For most of

the flowrates measured, which are below 50 % the larger
error was the one based on the full scale flowrate which
simplifies to +2.5 L This error was quite significant as it

N
was equal to or larger than many of the flowrates
measured.

3.5. Precision

To determine the precision error associated with
repeatability of experimental conditions, ten frequency
sweeps were conducted at an arbitrary location. From
these measurements, the mean, standard deviation, and
precision error were calculated from the following
equations:

L
x:ﬁgxi (7
N
o= |15 (% - %) ®)
N 1
¢:tV,PG' (9)

where X is the arithmetic mean, N is the number of tests, ¢
is the standard deviation, x; are the values of the flow
measurements, ¢ is the precision error, and t,p is the
tswiisic OF v+1 data samples with a P confidence level as
determined using a Student's t-distribution.

The standard deviation of experimental measurements
was added to the error in flowmeter measurements to
determine the total uncertainty and is presented along with
the mean, Figure 6. From this study it was concluded that
the flowrate measurements were accurate to within about

+2.5— 4%, depending on the frequency being applied.

6

Average Flowrate (uL/s)
o

® Mean of Average Flowrates

T T T T
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Frequency (Hz)

Figure 6. Graph showing an average of ten measured flow responses and
their total uncertainty in resolution and repeatability

4. Results and Discussion

Flowrate measurements taken during the experiment
revealed a sinusoidal oscillation of internal fluid whose
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frequency was synchronous with the applied perturbation,
Figure 7. The oscillatory fluid response exhibited both
large and small peaks in some cases, as the one shown,
and were assumed to be the result of wave reflections
occurring at the interface of the test section and test
apparatus, as described by impedance pumping. At some
of the frequencies studied the oscillatory fluid response
was offset from zero which indicates pumping. The wave
shape and amplitude of the fluid oscillations also varied
with frequency. For each flowrate measurement the offset
of the oscillatory fluid response was determined by taking
the average of the flow response and was defined to be the
effective pumping rate. Changes in this pumping rate were
studied at a small band of frequencies over several
locations.
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Figure 7. Graphs showing the (a) waveform generator excitation signal
which was synchronous with the (a) oscillatory fluid response

4.1. The Effect of Location on Pumping

Variations in the average flow response resulting from
perturbations applied at the five locations along the test
section are presented. At each location the average flow
response over a sweep of frequencies is presented.

Results illustrated the average flow response caused by
applying perturbations to the test section at a locations of
0.125 inch measured from an end, Figure 8. A significant
variation in magnitude and direction of the average flow
response over the range of frequencies is observed with a
very small positive peak at 21 Hz and several larger
negative peaks, the largest of which is at 27 Hz. The large
peak was observed to occur due to complete pinching

closed of the compliant test section over a perturbation
cycle which appears to cause the vibrational effects
inducing a flow response to be greatly amplified. In
general, the average flow response has a magnitude of

0% except at the band frequencies 20-35 Hz where it
significantly increases in magnitude.
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Figure 8. Graph showing the average flow response at several
frequencies for a 3.1 V gain excitation applied at a location 0.125 inch
from the end.

The average flow response caused by applying
perturbations to the test section at a location of 0.375 inch,
measured from an end are illustrated in Figure 9. A much
smaller variation in magnitude of the average flow
response over the range of frequencies is observed with a
negative peak at 35 Hz. In general, the average flow

response has a magnitude of 0 — 1 % except at the band of

frequencies 23-40 Hz where it increases in magnitude.
There is no obvious reason as to why the average flow

response did not have a magnitude of O%and so it was
assumed that this result was an error which reflected an
average flow response of 0 % as supported by the
uncertainty analysis. A decay in magnitude of the average
flow response after the peak frequency is evident and
occurs very gradually compared to the growth up to peak,
but this was assumed to be due to measurement error

based on the uncertainty analysis as this non-symmetry
was not observed at some other locations.

T

5
4
3
2
= T
2 4
=
B ol
B
o ~=r |
Q
g3 1
2 4} ]
=
=5:| 2
%L . 4
-7 —e— 31V Gain I 1
gs ‘ : . )
5 10 15 20 25 30 35 10 45 50

Frequency (Hz)

Figure 9. Graph showing the average flow response at several
frequencies for a 3.1 V gain excitation applied at a location 0.375 inch
from the end
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Results illustrating the average flow response caused by
applying perturbations to the test section at a location of

0.625 inch, measured from an end, are shown in Figure 10.

This location corresponds to the middle of the test section.
Little variation in magnitude of the average flow response
over the range of frequencies is observed with a negative
peak at 35 Hz that cannot be verified based on the
uncertainty analysis and suggests that the average flow
response is entirely zero for any frequency applied at this

location. In general, the average flow response has a

magnitude of —1-05% . except at the band of

N

frequencies 30-37 Hz where it very slightly increases in
magnitude. It is likely that the average flow response

actually approaches 0% but is not reflected in the data
due to measurement error.

5 T T T T T T
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Figure 10. Graph showing the average flow response at several
frequencies for a 3.1 V gain excitation applied at a location 0.625 inch
from the end

The average flow response caused by applying
perturbations to the test section at a location of 0.875 inch,
measured from an end, is shown in Figure 12. Results of
this study were extremely similar to those of the study
conducted at a location 0.375 inch from the end. A small
variation in magnitude of the average flow response over
the range of frequencies was observed with a negative
peak at 32 Hz. In general, the average flow response has a

magnitude of -1 —0.5% except at the band of
frequencies 25-37 Hz where it increases in magnitude.
The cases where it did not approach nearly 0% were

attributed to measurement error.

Finally, the average flow response caused by applying
perturbations to the test section at a location of 1.125
inches, measured from an end, is shown in Figure 11. A
significant variation in magnitude and direction of the
average flow response over the range of frequencies is
observed with small positive peaks at 27 Hz and 38 Hz
and two very large negative peaks at 27 Hz and 33 Hz.
The large peaks were observed to occur due to complete
pinching closed of the compliant test section over a
perturbation cycle at this location which appears to cause
the vibrational effects inducing a flow response to be
greatly amplified. The occurrence of two peaks also

suggests that multiple resonance frequencies are involved
in the system and not only that of the compliant test
section as expected. For example, it may be that the
resonance frequency of the test apparatus also creates a
significant flow response. In general, the average flow
response has a magnitude of 0% except at the band of

frequencies 23-37 Hz where it increases in magnitude.
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Figure 11. Graph showing the average flow response at several
frequencies for a 3.1 V gain excitation applied at a location 1.125 inches
from the end
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Figure 12. Graph showing the average flow response at several
frequencies for a 3.1 V gain excitation applied at a location 0.875 inch
from the end

4.2. A Fourier Analysis of Pumping

An FFT analysis of the flow response was conducted at
every frequency for a sweep at all five locations to
determine the magnitudes of the fluid oscillations and net
pumping responses. The FFT obtained at each frequency
was gathered into a single graph for an easy comparison of
the flow response, Figure 13 (a)-(e). An FFT at a single
frequency of 34 Hz is also presented and demonstrates the
three major peaks observed in every FFT response.
Results of almost all cases reveal an increase in amplitude
from 10 Hz to between 30-40 Hz where the response
peaks and then starts to decrease.
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Figure 13. Graph showing a collection of FFT responses for the sweep of frequencies studied experimentally at all five locations (a) through (e)
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Figure 14. Graph showing a single FFT response at 34 Hz for a 3.1 V
gain excitation applied at a location of 0.125 inch.
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Figure 15. Graph showing the AO coefficient of the average flow
response for a 3.1 V gain excitation applied at several locations
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Figure 16. Magnified graph showing the A, coefficient of the average
flow response for a 3.1 V gain excitation applied at several locations

The highest peak for each FFT conducted at some
applied frequency always occurred at that frequency,
except for a few cases where it occurred at 0 Hz, and
exhibited a few smaller peaks at several higher
frequencies. Two interesting behaviors are observed in
every FFT. The large amplitude occurring at each
frequency studied is reflective of the amplitude of
sinusoidal oscillations of fluid in response to the applied

perturbation. This shows that the fluid oscillates with large
displacements but does not produce circulation. Secondly,
a non-zero amplitude of various magnitudes occurs at a
frequency of 0 Hz in each FFT, defined by the Ay
coefficient, and is reflective of the net pumping of the
fluid in response to the applied perturbation. The
amplitude of net pumping was much smaller than the
oscillatory displacements except at the end locations of the
test section where it was nearly equal or greater. A graph
of the A, coefficient is presented for each FFT collection
as varied by location and illustrates an average flow
response similar to those obtained experimentally, Figure 15
and Figure 16.

5. Conclusions

The study of periodic perturbations applied to a
compliant millitube section of a closed-loop system of
tubing demonstrated a variable circulation of internal fluid.
The results provide some useful conclusions about the
nature of pumping fluid as caused by periodic
perturbations of a compliant tube structure. A positive net
displacement of fluid was observed to occur in the closed-
loop system when the compliant test section was
perturbed. A graphical presentation of the average flow
response with frequency illustrated a significant increase
in net fluid displacement at a small band of frequencies
from 23-37 Hz. The overall trend is similar to an FFT, and
is indicative of a contributing resonance frequency as
predicted by vibration theory of elastic structures. A large
oscillatory fluid response was also observed to occur in
the closed-loop system when the compliant test section
was perturbed as predicted by the theory of fluids. It is
apparent that the periodic perturbations caused the fluid to
be displaced, but only the vibrations were responsible for
the net displacement. The magnitude of the flow was
determined to be controllable by varying frequency and
location of the applied perturbations The flow direction
was controllable only at the end locations of 0.125 inch
and 1.125 inches by varying the frequency of the applied
perturbations. The observed pumping effect was very
similar to impedance pumping except that it demonstrated
a significant change in magnitude when pinching the
compliant millitube section fully closed. Overall, the
results obtained in this study verified that perturbations do
create a pumping effect that significantly varies with at
least excitation frequency and location. Future studies will
provide a better understanding of this behavior and
progress towards its implementation as a pumping
mechanism in biological applications
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