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Abstract. 'This paper discusses a valveless pump-
ing mechanism, the impedance pump, inspired
by the embryonic vertebrate heart in the con-
text of fluid management aboard spacecraft. The
impedance pump relies on a resonant wave mech-
anism to produce flow and can be highly efficient
as well as robust to changes in material properties
and size scale. Data is presented on the flow rate
versus frequency response of the impedance pump
demonstrating the basic characteristics of its out-
put such as resonant flow peaks and flow reversals.
The impedance pump is also examined for ther-
mal management, a critical role for pumps aboard
spacecraft, demonstrating its ability to provide flow
in single-phase forced convection cooling loops for
heat removal from electronics and thermal regula-
tion of astronauts.

1 Introduction

Effective fluid handling is essential for long term space
travel being fundamental to thermal management of
electronics, supplying fuel to thrust generating systems
and maintaining life support systems for manned space
missions. Along with valves, and other fluidic compo-
nents, pumps are critical to fluid management systems
aboard spacecraft. Currently many different types of
pumps have been implemented on spacecraft, the most
frequently occurring types being passive pumps that op-
erate by capillary forces such as, capillary pumped loops
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(CPLs) [9, 26] and heat pipes [6], or rotating vane turbo
pumps to provide the high pressures required by fuel
systems [13, 5]. Other pump systems, mainly being
adapted from earth driven industrial based designs, have
less of a history in mission based space flight. At present
further development is needed as the current options for
pumps do not provide a complete solution nor possess
the flexibility in design to address all the needs of pumps
aboard space missions.

More recently with the hope of reducing the cost and
burden of long term missions, space programs have en-
deavored to move towards smaller spacecraft such as mi-
crosatellites and rovers, thereby prompting instruments
and other components aboard the craft to proceed to
smaller and smaller packages [2]. In this regard, pumps
for space need to emphasize low power consumption,
high efficiency and high reliability, in addition to meet-
ing the pressure and flow requirements as well as pay-
load and weight restrictions. Similar to consumer elec-
tronics, these constraints force more electronics into
smaller areas resulting in drastically increased thermal
heat fluxes. Extravehicular activity by astronauts is an-
other circumstance requiring pumped fluid for thermal
management. Current techniques employ either subli-
mation based systems or require the astronaut to be teth-
ered to the craft through an umbilical cord which sup-
plies coolant [11]. Sublimating systems require pressure
to be relieved and umbilical cords are often difficult to
manage creating a need for a self-contained circulating
system with zero mass loss which can provide sustained
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thermal regulation for astronauts.

Instrumentation and hardware for space applications,
particularly with the drive to reduce the size and mass of
spacecraft, have looked to microelectromechanical sys-
tems (MEMS) as a means to attain integrated sens-
ing and diagnostic capabilities even micropropulsion,
leveraging the low mass, low power consumption, small
footprint and potential redundancy of these technolo-
gies [3]. Many of these MEMS technologies involve
microfluidics. Microfluidic pumps have been tested in
many different configurations to create thrusters for the
next generation of microspacecraft [22]. 'There is also
a growing need for MEMS pumps for nanosatellites or
on rover missions to perform biological assays of plane-
tary matter and to study the effects of microgravity and
other environmental conditions found in space on biol-
ogy. MEMS technologies also have a role in the med-
ical well-being and performance enhancement of astro-
nauts through their integrated drug delivery and diag-
nostic abilities. While there is much promise in MEMS
for space technologies, the MEMS based pumps cur-
rently being utilized are for the most part miniaturiza-
tions of successful terrestrial designs, which commonly
suffer due to reliability issues caused by wear on moving
parts.

Although the environment of space varies quite a bit
from that on the surface of the earth, engineers and sci-
entists have benefitted greatly from understanding the
methods by which nature solves problems. The idea of
bioinspired design or learning from examples in nature,
presents carefully crafted solutions to biochemical and
physical sensing, actuation, and pumping. Organismal
systems have the ability to perform multiple functions,
self-sustain, adapt and evolve to maintain operation,
concepts which are desirable for space based systems.
To the acrospace and aeronautics community flight is an
example which is close to heart. Observations of birds
gave us the shape of the wing however, it was not un-
til humans realized that a wing provides both lift and
thrust that its functions were able to be separated and
implemented for air travel. Nature has given us numer-
ous mechanisms to move fluid whether for propulsion
or pumping. One example is capillary action, utilized to
draw water into plants, which involves similar physics to
CPLs and many two-phase fluid systems currently uti-
lized aboard spacecraft. Other examples are peristaltic
action by the gut to move the contents of the stomach
or valve-based positive displacement pumps who share
an action similar to the heart. In this regard nature or
biology has the potential to reveal many solutions appli-

cable to long term space travel.

'This paper will explore a bioinspired valveless pump-
ing mechanism, the impedance pump, for its potential
use in space applications first describing the mechanism
and method of manufacturing, and then describing its
potential use for space driven thermal management ap-
plications.

2 Background impedance pumps

Inspiration for the impedance pump mechanism came
from a study of the developmental biology of the ver-
tebrate heart [12]. 'The heart has the requirement of
maintaining adequate cardiac output to supply nutrients
and oxygen to the tissues and organs of the body. In its
earliest stages, the vertebrate heart consists of a prim-
itive tube that drives blood through a simple vascular
network nourishing tissues and other developing organs.
At this stage the embryonic heart does not possess valves
and only has a simple band of active cardiomyoctes (the
contractile cells in the heart), yet it demonstrates unidi-
rectional blood flow. In vivo cell lineage tracking stud-
ies on the developmental biology of the primitive verte-
brate embryonic heart revealed that early stage pump-
ing relied on a wave based mechanism to produce a net
mean flow. As a result of these wave based dynamics,
the mechanism was named the impedance pump.

The impedance pump mechanism was first discov-
ered in 1954 by Liebau who realized that periodic com-
pression of a pliant tube at an asymmetric location rela-
tive to its ends could pump fluid against a pressure gra-
dient [19]. In the late 1990s and beyond, a number
of computational studies have appeared describing the
pumps behavior [1, 4, 17, 21]. The first experimental
parametric study of impedance pump behavior was con-
ducted by Hickerson e al. while observations that the
same mechanism was present in the embryonic zebrafish
heart led to the first experimental investigation showing
the ability of the impedance pump mechanism to func-
tion at the microscale [15, 24, 14]. Of late many papers
on microimpedance pumps have appeared demonstrat-
ing the utility of the impedance pump mechanism for
micro pumps [7, 18, 27].

In brief, the mechanism of pumping utilizes a mis-
match in fluidic impedance to create constructive wave
interactions which result in a time varying pressure
gradient across the pump that generates a mean flow.
'The pump is simply formed requiring only a flexible

medium on which wave interactions can occur, the pres-
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F1GURE 1. 4 schematic of the basic arrangement of an impedance
pump. The impedances of respective segments are denoted by Zy, Z,
and Zy, the boundaries between these segments creates two wave
reflection sites (w.r.s). The arrow designates the location of the ex-
citation.

ence of one or more wave reflection sites and an exci-
tation located asymmetrically with respect to the flu-
idic impedance of the system. A schematic of the ba-
sic requirements for an impedance pump can be seen
in Figure 1. In practice, the pump is formed by cou-
pling a compressible material at either end with material
differing in compliance or geometry in order to reflect
wave energy. Figure 1 depicts these wave reflection sites
through a distinct mismatch in fluid impedance repre-
sented by Zy, Z; and Z,. Commonly in its implementa-
tion Z; and Z; are of identical materials and geometries
and asymmetry is imposed by an offset in the excitation
location along the length of the compressible section,
Zy. Excitation in the case of meso- and micro-scale
impedance pumps is commonly provided through elec-
tromagnetic or piezoelectric actuation due to their ease
of implementation however, any actuation scheme that
provides sufficient frequency dynamics and displaces the
wall of the compressible section can be used. A more
complete description of the mechanism of impedance
pumping can be found in the literature [15, 24].

3 Design considerations for
impedance pumps in space

'The extreme environment of space presents many chal-
lenges when designing pumps. Pumps not only must
meet the performance and lifetime requirements of
space operation but also be able to withstand the impacts
of solar radiation as well as function in the low pressures
and temperatures of space. Reliable space based fluid
systems must also resist biofouling and the growth of
contaminating bacteria that can harm water quality and
degrade performance [25]. In addition to mitigating
the impacts of space operation, pumps must also provide
high efficiencies and meet the cost, size, and weight re-

quirements of the payload.

'The impedance pump is a valveless pump and there-
fore, has no internal moving parts such as valves or ro-
tary mechanisms which often result in failure particu-
larly, in the harsh environment of space. The impedance
pump also requires only a single actuator and can be con-
trolled by frequency making it easy to actuate and drive.
'The resonant wave based mechanism by which it oper-
ates can make the pump highly efficient at converting
input power to fluid work, meaning high performance
can be attained with minimal power cost. While there
is a wide array of needs for pumps aboard spacecraft, the
impedance pump mechanism has been demonstrated to
be robust to changes in size scale and material proper-
ties [24]. In this regard, given that the pump has min-
imal required components and most of the weight re-
sults from the components required to drive the actu-
ator, with careful design impedance pumps can be im-
plemented to add only minimal weight increase to space
based fluid management systems. As a valveless pump
the impedance pump will not pump air. The pumping
mechanism however has been observed to be tolerant to
two-phase flows, which are common aboard spacecraft.
In designing impedance pumps for space, care would
therefore need to be exercised to ensure that bubbles
present in the flow do not have the tendency to stick to
the interior of the pump where they might merge and
create a blockage, or in general to ensure that bubbles
carried by the flow are adequately small relative to the
inner diameter of the pump. Additionally changes in
stiffness resulting from variations in transmural pressure
have been shown to shift the resonant frequency of the
pump [15]. Similar behavior would likely be observed
if the materials comprising the pump were not toler-
ant to the low temperatures of space. Consequently,
materials should be chosen which exhibit stable prop-
erties over the expected range of operating tempera-
tures. Furthermore in choosing materials to construct
impedance pumps for space applications, consideration
would also need to be made to minimize permeability
and resist fluid loss. These are metrics by which any
material would be chosen for fluid based applications in
space. However with regards to the impedance pump,
if temperature tolerant materials were identified, a rea-
sonable solution is a hermetically sealed case protecting
the pump from the vacuum and radiation of the space
environment.
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4 Results

4.1 'The behavior of impedance pumps

w2
=1

[\
=

—_
(=

Steady State Flow Rate (mL/min)
=)

—10} ]
_20, 4
_30 L L 1 1
0 30 60 90 120 150
Frequency (Hz)

F1GURE 2. 4 typical flow response of an impedance pump showing
resonant flow peaks and bidirectional flow as seen by examining
the flow response at 25 Hz and 130 Hz where the flow rate is -20
mL/min and 27 mL/min, respectively.

Impedance pumps are commonly characterized in a
flow loop that in addition to the parameters associated
with pump actuation enables both the flow rate and
pressure difference across the pump to be measured.
Flow rates are evaluated using a Transonic flow meter
model TS410 with a ME 2 PXN flow probe. Pressure
is recorded using two differential pressure transducers
(PX26) located on either side of the pump. The best
performance is achieved when the resonant frequencies
of the actuator coincide with that of the pump. In order
to understand and design the required actuator response,
actuator performance is decoupled from the material re-
sponse during testing. This is enabled through the use of
a voice coil actuator providing a fixed displacement over
a wide range of frequencies. Figure 2 shows a typical
frequency response of the pump and many characteris-
tics of its flow output.

The flow response in Figure 2 was produced with an
impedance pump made of a silicone tube with a length
of 15 mm, with an inner diameter of 2 mm and a wall
thickness of 780 pm coupled on either end to glass tubes
with a2 2 mm outer diameter and 1 mm inner diam-
eter. The change in material compliance between the
silicone tube and the glass creates two wave reflection
sites. Given that both wave reflection sites have similar

impedance, the pump is excited at a position of 12.4 mm
with respect to the left-hand-side of the pump. If the
impedance pump was actuated directly along the mid-
line of the tube length zero net flow would be produced,
due to a lack of asymmetry. A peak-to-peak amplitude
of 400 um was applied around the transverse axis of
the pump at frequencies spanning 0 to 150 Hz. Posi-
tive flow as measured is flow from the left-hand-side to
the right-hand-side of the pump. The maximum flow
rate of 27 mL/min can clearly be seen at around 130
Hz as represented in the flow response curve. Another
trait of impedance pump is bidirectionality, meaning the
pump can output flow in both directions. In this exam-
ple, the impedance pump exhibits negative flow between
the frequency range of 10 Hz and 60 Hz and a positive
flow above 60 Hz up to the maximum input frequency
of the experimental actuator. Examining Figure 2, it can
be seen that the maximum negative flow rate occurs at
25 Hz where the flow is -20mL/min and the maximum
forward flow frequency occurs at 130 Hz where the flow
rate is 27 mL/min. The pressure output of an impedance
pump follows a similar trend as the flow response curve
shown in Figure 2. In this regard, the maximum power
output of the pump also occurs at resonance and there-
fore represents the optimal frequency at which to con-
vert actuator work to fluid work.

4.2 Impedance pumps for thermal

management

Here we will examine the potential of the bioin-
spired impedance pump for thermal management in
space. The system consisted of a pump constructed and
driven similarly to that described in the previous section
and included a custom designed micromachined brass
heatsink with a channel depth of 100 um. The heatsink
was attached to the backside of a 100 Q power resistor
in order to dissipate a heat flux of 10 W/ cm?. Water at
room temperature was pumped from a reservoir across
the heatsink depositing the heated fluid in a second
reservoir. Although a closed loop with a radiator to dis-
pose of the heat would be ideal, the aforementioned ex-
perimental scenario was similar to a situation where the
fluid is jettisoned after being used for heat removal. The
temperature distribution on the heatsink was monitored
using a FLIR Phoenix DTS thermal camera. After 10
seconds of resistive heating, the pump was turned on at
a flow rate of 6 mL/min. At 6 mL/min the pressure
drop across the heatsink was measured to be 0.6 kPa.

Figure 3A is a thermal image of the heatsink roughly 50
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TABLE 1. 4 summary of the performance specifications of common small-scale pump technologies.

Pumping technology Actuation method fknl;:.)]( [mQ[,t;l;Tn] &V\‘;l]‘ T thermodynamic [%]
Impedance electromagnetic 20 10 21 4.0
Electroosmotic [8] - 33 0.015 0.42 0.49
Electroosmotic [16] - 160 7 2000 0.23
Electrohydrodynamic [23] injection-type 2.5 14 420 0.034
Microgear pump [10] magnetic motor 14 0.35 500 0.0041
Valveless diffusion [20] piezoelectric 16 16 72 1.5

seconds into the experiment. Figure 3B is an inset plot
of the temperature of two points, one located on the sur-
face of the heatsink and the other located on the outlet
tube (indicated by the two crosses in the thermal im-
age). In Figure 3B Region of interest (ROI) 0 indicates
the temperature on the surface of the heat sink whereas,
ROI 1 indicates the temperature of the outlet tube.

The general objective of single-phase forced con-
vection thermal management systems is to remove the
maximum amount of heat energy for a given volume of
fluid per unit time. The major power cost of such ther-
mal management systems is the pump. The pump is re-
quired to provide the fluid work required to meet the
pressure demands of the system while maintaining ade-
quate volume flow rate. The efficiency of the pumping
mechanism is therefore a key metric in determining the
efficacy of forced convection single-phase thermal man-
agement systems. Table 1 examines the performance of
the impedance pump versus other potential pump tech-
nologies available for thermal management. Py, qy is
the maximum pressure output of the pump and likewise
Qunax is the maximum flow rate. The thermodynamic
efficiency, Nhermodynamic, 18 defined as the ratio of fluid
work output to power input for the pump. It can be
noted in Table 1 that the impedance pump delivers rela-
tively high efficiencies in terms of the ratio of fluid work
done by the pump to power input to the actuator.

5 Discussion

Impedance pumps have been made on size scales rang-
ing from a few centimeters to tens of microns produc-
ing flow rates from liters per minute to microliters per
minute, respectively, and therefore are a viable option
for many pump driven applications. Due to the sim-
plicity of the governing principle, any tube, if compress-
ible, can be turned into a valveless pump. This presents
an opportunity for redundancy in space based fluid

management, eliminating system-wide failures when
a pump component fails. In this regard, impedance
pumps not only have the ability to drive systems in space
but also can be used to supplement existing pump sys-
tems in case of performance degradation during space
flight. The flow results presented in Figure 2 reveal many
characteristics typical of impedance pumps such as flow
reversals and frequency dependent flow peaks, making
available a wide range of potential flow outputs with a
single pump.

Micro impedance pumps with characteristic diame-
ters of around 100 pm generally have outputs in the tens
of microliters per minute making them widely useful in
a number of biotech driven applications such as thera-
nostic applications for astronauts providing a means for
both drug delivery and aid in diagnostic efforts for as-
tronaut health. Impedance pumps could also be imple-
mented as standalone systems for thermal management
of electronics or body temperature regulation for astro-
nauts. As demonstrated by Figure 3, even without de-
sign optimization, the impedance pump has the poten-
tial to remove moderate heat loads for cooling electron-
ics. The effect of convective thermal transport driven the
by the impedance pump is clearly visible in the inset plot
on the right in Figure 3B. During the first 10 seconds of
the experiment the surface temperature of the heat sink
plateaus at around 34 °C. After the pump is activated
this temperature quickly drops and the temperature at
the outlet tube peaks before decreasing, as stagnant fluid
which remained in the heatsink for the first 10 seconds
is swept out and flow is maintained. With improve-
ments to both the heatsink and the pump, such systems
would most likely possess the capability to exceed the
reported power density of 10 W/cm? in the experiment
and approach the likely 25 W/cm? power densities of
next generation electronics and instrumentation aboard
microspacecraft [3].

Efficiency and low power consumption are critical
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FiGUrE 3. (A) A thermal camera image of a heatsink attached to a resistor dissipating 10 W/em? being cooled by an impedance pump
with a mean output flow rate of 6 mL/min. (B) A plot showing the temperatures of two ROIs depicted by the cross-marks in the
thermal camera image versus time. ROI O corresponds fo the temperature on the surface of the heatsink whereas ROI 1 corresponds to the

temperature on the surface of the outlet tube.

aboard spacecraft where power is often only available
through onboard fuel reserves or solar power genera-
tion. Due to the resonant wave based mechanism by
which the impedance pump operates, properly designed
pumps can be highly efficient when compared to other
micropump technologies. Computational models of the
impedance pump have demonstrated that as much as
75% of the mechanical work done by the actuator on the
pump can be directly converted to fluid work [1]. Such
analysis may lend some insight into why nature chose to
utilize an impedance pump through its very early stages
of development. Although no study exists where the re-
sponse of the actuator has been matched to that of the
pump, the impedance pump still exhibits high efficien-
cies when compared to other pump technologies with
similar package sizes. In contrast to other mechanisms,
Table 1 shows the impedance pump has the potential to
significantly increase the efliciency of fluid power con-
version in space missions while delivering relatively high
flow rates and pressures.

6 Conclusion

As abioinspired pump whose mechanism is modeled af-
ter the embryonic vertebrate heart the impedance pump
holds great promise to provide fluid flow in a wide array
of applications for pumps aboard spacecraft. In partic-
ular, the versatility in format and lack of internal mov-
ing parts make it a viable candidate for thermal man-
agement of electronics or standalone liquid cooling un-
derneath the protective clothing used in space to miti-
gate the effects of fatigue on astronauts. The impedance
pump mechanism has been demonstrated to be scalable
and, as a result, has been designed to deliver a wide range
of flow rates from microliters to liters per minute. The
2 mm tubular pump presented in this manuscript dis-
played many characteristics typical of impedance pumps
including flow reversals and resonant flow peaks in re-
sponse to changes in the excitation input frequency.
A preliminary study examining the impedance pump
for thermal management applications utilizing a mi-
crochannel heatsink has demonstrated the capability of
impedance pumps to provide levels of heat flux removal
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which approach those projected for the next generation
of microspacecraft [3]. With further testing and devel-
opment of space based designs, impedance pumps have
the potential to be a highly effective solution for fluid
management in future space missions.
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