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Abstract

Precisely controlling the flow of fluids on a microscopic scale has been a technological challenge in the field of microfluid-
ics. Active microfluidics, where a defined manipulation of the working fluid is necessary, requires active components such
as micropumps or microvalves. We report on an optimized design of an integratable, wireless micropump made from the
magnetic shape memory (MSM) alloy Ni-Mn—Ga. An external magnetic field generates a shape change in the MSM mate-
rial, which drives the fluid in a similar fashion as a peristaltic pump. Thus, the pump does not need electrical contacts and
avoids the mechanical parts found in traditional pumping technologies, decreasing the complexity of the micropump. With
a discrete pumping resolution of 50—150 nL per pumping cycle, which is further scalable, and a pumping pressure well
exceeding 2 bar, the MSM micropump is capable of accurately delivering the fluids needed for microfluidic devices. The
MSM micropump is self-priming, pumping both liquid and gas, and demonstrates repeatable performance across a range
of pumping frequencies. Furthermore, it operates simultaneously as both a valve and reversible micropump, offering supe-
rior possibilities compared to existing technologies within the flow rate range of 0-2000 uL/min. Due to its simplicity, this
technology can be scaled down easily, which lends itself for future integration into lab-on-a-chips and microreactors for life
science and chemistry applications.

Keywords Microfluidic - Micropump - Fluid delivery - Lab-on-a-chip - Magnetic shape memory - Ni-Mn-Ga

1 Introduction

The field of microfluidics has developed rapidly in recent
years due to the many advantages of handling fluids in small
scale. Such advantages include reduced sample and reagent
use, higher sensitivity, shorter processing times and preci-
sion dosing of nanoliter volumes. Additionally, microflu-
idic devices such as micrototal analysis systems (LTAS),
point-of-care diagnostics (PoCD) and lab-on-a-chips (LoC)
offer increased mobility compared to their laboratory-scale
counterparts (Manz et al. 1990; Stone et al. 2004; White-
sides 2006). A driving force for this development is the
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sophistication of MEMS technology and their manufactur-
ing methods.

There has been significant research conducted to address
the key challenge of fluid handling in microfluidics which
has been identified as a microfluidic component that is rela-
tively underdeveloped (Laser and Santiago 2004; Nguyen
et al. 2002). There are several different methods for handling
fluid, such as capillary flow (Juncker et al. 2002; Zimmer-
mann et al. 2006), acoustic wave (Guttenberg et al. 2005;
Wang and Jian 2011) and electrokinetic (Harrison et al.
1991; Webster et al. 2000), as well as piezoelectric (Smits
1990; Sheen et al. 2008) and peristaltic (Berg et al. 2003;
Kai et al. 2004; Husband et al. 2004; Jang and Kan 2007,
Pecar et al. 2014) micropumps. An ideal fluid handling solu-
tion should have the following characteristics: (a) It should
be robust and perform reliably. (b) It should be simple with
minimal external connections. (c¢) It should minimize the
overall device size. The aforementioned technologies each
have their own shortcomings, such as passive check valves,
high voltage requirements, dependency on fluid properties,
or complicated design and manufacturing. Mechanical parts
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found in traditional pumping technologies, such as check
valves and flexing diaphragms, significantly increase the
complexity of the micropump and make it more difficult to
integrate these pumping technologies into the lab-on-a-chip
device.

The magnetic shape memory (MSM) alloy Ni-Mn-Ga
has a variety of properties that make it an excellent material
for microdevice fabrication. Through a process known as
twinning, the crystallographic structure of the MSM alloy
can be reoriented by converting energy from an applied mag-
netic field (Ullakko et al. 1996). The material is capable
of large (up to 10%) strains from magnetic field-induced
stress (Murray et al. 2000; Sozinov et al. 2002), the strain
can be precisely controlled (Ullakko and Likhachev 2000;
Smith et al. 2014a) and it has a short actuation time (Tellinen
et al. 2002; Smith et al. 2014b; Saren et al. 2016). Since
this technology is actuated by a magnetic field, the device
can be contact-free. This combination of unique properties
makes the MSM-technology-based micropump a competi-
tive device that is ideal for integration into LoC and PoCD
devices. Furthermore, the MSM micropump has no mechan-
ical parts; the MSM element is the primary component that
acts as both the pumping mechanism and the valve.

The micropump based on the MSM alloy Ni-Mn-Ga
was first reported by Ullakko et al. (2012). A prototype was
later characterized by Smith et al. (2015) and Barker et al.
(2016) used the MSM micropump to deliver drugs into the
brain of a rat. The main disadvantage of the design con-
cept suggested by Ullakko et al. (2012) and utilized later
by Barker et al. (2016) is the insufficient sealing of the fluid
channel which manifests itself in rather big flow rate scat-
tering (reaching +35%) at a constant motor speed (Barker
et al. 2016). As a result, these pumps would be unstable and
work only against small backpressures (unfortunately, no
pressure characterization was presented in these papers). In
the design characterized by Smith et al. (2015), the MSM
element was purposefully surrounded by an elastic sealing,
which substantially improved the pumping performance.
However, for operation, this design required the pump being
placed between two plates that were clamped together with a
fixed force. Our further investigations demonstrated that all
the pumping characteristics have a strong dependence on the
clamping force. This significantly complicates the practical
use of this pump as well as limits the integration possibilities
into devices with planar architecture. Furthermore, the pres-
sure characterization was done with another pump having
much lower flow rate.

During our research, it was revealed that constraining of
the MSM element is necessary for long-term stability of the
pump. In the present paper, we discuss a refined design that
stabilizes the performance of the pump without the need of
additional clamping, characterize the bidirectional pumping
and pressure capabilities of this design, and demonstrate the

@ Springer

MSM micropump as an effective pumping solution that can
be integrated into LoC devices.

2 Materials and methods
2.1 Pump design and assembly

Similar to previous designs, the MSM micropump consists
primarily of the MSM element and an elastic material, which
seals the fluid channel. In contrast to previous designs, the
MSM element in the reported MSM micropump is enclosed
in a constraining environment, which limits straining of the
MSM element and the elastic materials beyond the original
design intentions.

Figure 1a shows a photograph of the top and side view of
the MSM micropump. Figure 1b shows a schematic showing
the different parts of the design. The primary component,
the MSM element (1), is a single crystalline 5SM Ni-Mn—-Ga
sample that has the final dimensions of 7.9 x 2.6 x 1.0 mm?®
when in its compressed state (the material’s shortest c-axis
is aligned in the long direction of the element). It was orig-
inally cut by electrical discharge machine and then elec-
tropolished in a chilled solution of ethanol (66%) and 16 M
nitric acid (34%) to relieve surface stresses. The surface of
the element was further treated by shot peening to stabi-
lize a fine twin structure that improves the performance and
repeatability of the MSM micropump (Ullakko et al. 2015;
Musiienko et al. 2015).

The plastic housing that encases the MSM element
(1) (see Fig. 1) consists of three parts and was machined
from polycarbonate. The first piece, a base plate (2), has
a pocket milled into it slightly larger than the MSM ele-
ment, measuring 11 x3.1x2.3 mm?>. The second piece was

Fig.1 a A top and side view of the MSM micropump. A graphic
of the diametrically magnetized cylindrical magnet has been super-
imposed on the side view for reference, according to the scale. The
labeled parts are as follows: (/) MSM element, (2) base plate, (3)
inner plate, (4) cover plate and (5) silicone. Note that the encapsu-
lating elastomer layer and mounting epoxy are not clearly visible.
b Schematic cross-sectional view showing the different parts of the
design. The numbering is the same as in a
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an inner plate (3) measuring 7.8 x 2.8 x 1.4 mm?, which had
two holes 1.5 mm in diameter forming the inlet and outlet
channels. The third piece (4) was a cover plate, measur-
ing 14x 10 x 1.4 mm?> with two holes similar to the inner
plate. In addition, a 2.5 mm counterbore was drilled into the
cover plate to accommodate microfluidic attachments. The
purpose of the multi-part design is to constrain the MSM
element and minimize the thickness of the elastic material.
This results in better sealing of the fluid channel thus greatly
improving the pumping characteristics and stability.

The micropump was assembled in a multi-step process.
Throughout the process, all components were cleaned with
ethanol to ensure there were no contaminants that could
inhibit the curing process of any of the resins. The prepared
MSM element (1) was centered in the pocket of the base
plate (2) and the inner plate (3) placed directly on top of the
MSM element. A silicone elastomer (Dow Corning, Sylgard
184) was used to completely encapsulate the MSM element
and to create a microfluidic channel. It was poured over the
inner plate, filling the pocket of the base plate. Once cured,
the elastomer in the holes of the inner plate was removed
to clear the microfluidic channel of the micropump. It was
determined that the cured elastomer was too stiff to allow
for the MSM element to strain along the length of the ele-
ment which is necessary for the pumping mechanism. As
such, the elastomer was removed at both ends of the MSM
element to make space for a softer material (labeled as (5)
in Fig. 1a). Silicone (Sika, Sikasil-C) was used to fill in this
empty space at the ends. The stiffer elastomer remained
between the MSM element and the plastic parts on the top,
bottom and lateral sides, providing the needed sealing of the
fluid channel. Similar to the design by Smith et al. (2015),
the fluid channel is formed between the stiffer silicone elas-
tomer—MSM element interfaces during actuation.

A two-part epoxy (Rexxan AG) was applied to the
edges of the inner plate (3) to fix it in place. Once cured
and grinded, the cover plate (4) was placed on the assembly
with the holes concentrically aligned with the holes of the
inner plate and held in place with a two-part epoxy. Once
cured, the construction of the MSM micropump is complete.
The results presented in this paper are from multiple MSM
pumps manufactured using these methods.

The feasibility of the MSM micropump to be integrated
into planar LoC devices was tested by developing a proof-
of-concept linear design. In this design, an MSM ele-
ment (0.5 2.6 x4.4 mm?) prepared similarly to the MSM
micropump was set with elastomer in a pocket milled into
a 1.32 mm sheet of polycarbonate. Instead of the inlet and
outlet being located on the top face of the MSM element,
they were oriented axially to it to demonstrate a two-dimen-
sional, linear design. The milled channels were sealed with
a self-adhesive film. Figure 2 shows a photograph of the
prototype using this planar geometry. The rectangular hole
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Fig.2 A prototype of the MSM pump utilizing linear design to dem-
onstrate the integration into a planar architecture

in the middle is to support this linear design on the magnetic
fixture and could be avoided.

2.2 Actuation and characterization of the MSM
micropump

The MSM micropump works similarly to the swallowing
mechanism of animals. The MSM material locally morphs
into a cavity when subjected to a heterogeneous magnetic
field generated by a diametrically magnetized cylindrical
magnet. The cavity formed along the MSM element fol-
lows a pole of the magnetic field. Thus, axially rotating the
permanent magnet changes the orientation of the magnetic
poles and repositions the cavity, moving it continuously
from one end of the element to the other. This cavity fol-
lows the poles in the direction the magnet is being rotated.
Providing the MSM element is in a sealed channel, this cav-
ity can transport fluid from an inlet, located on one end of
the element, to an outlet located on the other end. This works
analogously to a peristaltic pump. An important property of
the MSM micropump is that the direction of the flow can
be reversed by changing the direction the magnet is being
rotated. Further details regarding the material properties and
the pumping mechanism can be found in Aaltio et al. (2016),
Smith et al. (2015) and Ullakko et al. (2012).

In the current design, the MSM element is in direct con-
tact with the pumped fluid. The corrosive properties of the
MSM alloys were deeply investigated by Liu et al. (2003),
Stepan et al. (2007), Gebert et al. (2009) and Pouponneau
et al. (2011). Where the corrosive properties of the MSM
alloy do not meet the requirements of a particular applica-
tion, the element has to be coated to prevent direct contact
with the pumped fluids. In addition of its chemical compat-
ibility, the coating should have an appropriate strain to fol-
low the MSM element’s strain.
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A diametrically magnetized cylindrical magnet (NdFeB
N52, 6.35 mm OD x 25.4 mm) with magnetic field measured
to be 0.61 T at the magnet’s surface was used to actuate the
MSM micropump. Magnetic field decays sharply from the
surface of the magnet. Because the actuation mechanism lies
upon magnetic interaction of the ferromagnetic MSM ele-
ment with highly inhomogeneous field produced by the mag-
net, the size of the magnet, its grade and distance between
the magnet and the MSM element would affect the pumping
characteristics. In the present research, the distance from
the magnet’s surface to the MSM element was kept around
0.5-0.6 mm. A variation of the distance of ~0.1 mm from
the magnet to the element produced up to 8% variation in
flow rate.

An experimental fixture was developed that held the
MSM micropump in place near the permanent magnet
and automated the research. The magnet was attached to a
6 W DC motor (Maxon Motor AG, A-Max 22) via a cus-
tom aluminum coupler, and an optical encoder (Honeywell,
HOA7720-M11) measured the angular frequency of the
motor. As there are two poles to a magnet, one revolution
of the magnet equates to two pumping cycles. Throughout
this paper, the frequency reported refers to the pumping fre-
quency and not the motor frequency. National Instruments
DAQs (USB-6002 and USB-6361), in conjunction with
custom LabVIEW modules which implemented closed-loop
feedback, measured the various sensors used in the experi-
ments and controlled the motor speed.

A separate experimental fixture was created to character-
ize the pulsatile flow of the MSM micropump. A similar
magnet as above was attached to a 1.5° stepper motor (Faul-
haber AM1524) to precisely actuate the MSM micropump
at pumping frequency of about 2 Hz. The flow generated at
this speed was measured using a microfluidic flow rate meter
(Sensirion SLI-1000). Due to a relatively slow response time
of ~40 ms, these measurements give only a qualitative view
of the actual flow rate. Thus, other experiments described
hereafter were conducted to more precisely measure the flow
rate and volume per single pumping cycle.

The MSM micropump is self-priming and can pump
gases as well as liquids. The air flow rate was measured by
attaching two transparent pipettes to the micropump inlet
and outlet. A small drop of water was placed in each of the
pipettes which trapped a volume of air of ~ 1 mL between the
inlet, pumping channel and outlet. The pump was operated
at a constant frequency, f, measured at 20 Hz intervals. The
number of pumping cycles, N, needed to move the water
droplet through the pipette, Ak, was recorded to calculate
the air flow rate, Q,;,, using Eq. (1), where S is the cross-
sectional area of the pipette:

Ah XS
~ M

Qair =
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These measurements were repeated when the direction of
flow was reversed. An average volume per cycle was cal-
culated by dividing the flow rate by the pumping frequency
maintained within + 1 Hz accuracy.

The liquid flow rate of the MSM micropump was meas-
ured in a similar way, with a known volume of water, V, of
0.5 mL, being pumped by the pump from one pipette to the
other. The number of cycles, N, needed to pump the water
to the other pipette, was recorded. Measurements were con-
ducted at multiple pumping frequencies starting at 20 Hz
and increasing in 20 Hz increments up to 320 Hz. A similar
set of measurements was conducted when the direction of
flow was reversed to compare the performance of the pump
in either direction. Equation 2 calculates the flow rate of

water, Q.- 1N these experiments:

Vs @

Qwater = N
The precision of the MSM micropump was measured by
pumping water repeatedly under the same conditions and
then comparing the variance between the measured results.
Using the custom software controlled apparatus, the MSM
micropump was operated at a constant frequency for a fixed
number of cycles across each set of measurements. Ten
measurements were conducted at each frequency tested.
The volume of water pumped was measured by water mass
transferred by the MSM micropump via microfluidic tub-
ing to a precision scale that had an accuracy of 0.03 mg
(A&D GH-202). The flow rate of water was calculated using
Eq. (2) with volume obtained from the mass measurements:
V= Am/p, where Am is the difference between mass meas-
urements before and after the experiment, and p is the den-
sity of water at room temperature.

The downstream backpressure that could be generated by
the MSM micropump was measured using a piezoresistive
silicon pressure sensor (Honeywell, SSCDANT150PGAAS).
The inlet of the micropump was connected to a reservoir at
ambient pressure with a microfluidic flow rate sensor (Sen-
sirion, SLI-1000) connected inline, and the outlet was con-
nected to a closed volume with the pressure sensor attached.
The micropump was operated at a constant frequency and
the downstream pressure measured as a function of time.
In order to diminish errors in the flow rate measurements
caused by the pulsating flow, we connected a simple custom
flow pulsation dampener between the pump inlet and the
flow rate meter. The measurement continued until the micro-
pump could no longer move the water against the backpres-
sure of the outlet. Additional measurements were conducted
at 20 Hz to determine the maximum pressure that the pump
could operate against. In this case, the MSM micropump
was clamped to create additional compressive force on the
MSM element, therefore creating a tighter seal within the
microfluidic channel.
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The efficacy of the micropump as a valve, operating at
standard conditions, was also studied by measuring the flow
rate and differential pressure as a function of time. During
this experiment, the micropump was actuated at 20 Hz. Once
the flow rate stabilized, the chamber valve was closed. The
pump was actuated until the backpressure stabilized and the
flow rate became near zero. The pump was then stopped with
the magnet poles being parallel to the MSM element inside
the pump, thus closing the pumping channel. The decrease
in pressure was measured in this configuration until it sta-
bilized. The pump was then actuated slowly, at 0.16 Hz, to
actuate the pumping channel between its open and closed
configurations. The pressure drop and corresponding flow
rate were then measured.

All reported measurements were conducted at room
temperature.

3 Results and discussion
3.1 Pumping performance

Figure 3 shows the measured time dependence of the MSM
micropump’s flow rate when operated at a pumping fre-
quency close to 2 Hz. Each pumping cycle can be clearly
seen as distinct pulses with near-zero flow rate between
them. This peristaltic motion indicates both discrete resolu-
tion and precise dosing. The volume pumped per cycle is
dependent mainly on the cross section of the MSM element
(e.g., for a cross section of 1x2.5 mm?, the volume per cycle
is~110-130 nL). Since the MSM micropump is scalable, the
volume per cycle can be tailored specific to the application.
The profiles of each pulse are very similar, but due to the
measuring delay in the sensor, absolute flow rate and repeat-
ability characteristics cannot be inferred from these data.
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Fig.3 Pulsating flow rate generated by the MSM micropump at a
pumping frequency of ~2 Hz

Figure 4 shows the results of the flow rate experiments.
Results are given for both water and air pumped in either
direction. In the figure, the flow rate of the air experiments
(circles and squares) follow a quasi-linear fit through the
origin which indicate that the volume pumped per cycle is
consistent across a wide range of frequencies. The volume
pumped per cycle for air is 140 (125) + 5 nL for the forward
(reverse) direction. The flow rate of the water experiments
(down and up triangles) follows a parabolic fit through the
origin. The volume of water pumped per cycle starts at 135
(120) £ 3 nL in the forward (reverse) direction at 20 Hz,
but gradually decreases to 105 (85) +3 nL in the forward
(reverse) direction at 320 Hz.

The small difference in performance between pumping
directions is related to hysteresis properties of the MSM
material leading to asymmetry in the cavity shape for differ-
ent directions. The decrease in the volume of water pumped
per cycle at increasing frequencies can be explained by
the geometry of the cavity that carries the fluid which has
an approximate depth of 30 um (Smith et al. 2015). Thus,
surface effects, such as wettability, and viscosity begin to
dominate the microfluidic dynamics at these dimensions and
pumping speeds. Were the pumping frequency increased fur-
ther, we hypothesize the flow rate for water would approach
an asymptotic maximum. The effect of viscosity was
observed earlier with a 60 wt% glycerol solution, having a
viscosity approximately 10 times greater than water, where
an asymptotic maximum occurred at~250 Hz pumping fre-
quency (Smith et al. 2015).

Figure 5 presents the results of the repeatability tests.
Water was pumped at frequencies between 20 and 50 Hz
at 10 Hz intervals, for a fixed amount of pumping cycles
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Fig.4 Flow rate of the MSM micropump as a function of pumping
frequency (no back pressure applied), for both pumping directions.
The flow rate of the air pumped (circle and square) follows a linear
trend whereas the flow rate of the water (down triangle and up trian-
gle) follows a parabolic trend. The effects of wettability and viscosity
lead to a decrease in flow rate for water at elevated frequencies
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Fig.5 Results of multiple flow rate tests conducted at various fre-
quencies used to determine the repeatability of the MSM micropump.
Each measurement consists of 1001 +1 pumping cycles, which cor-
responds to~0.13 mL pumped volume. The frequency and variability
of each set of data is included in the graph. Dotted lines show the
mean values for each set of data

(N=1001=1) in each measurement. The standard devia-
tion was calculated for each set of frequency-dependent data,
to determine the consistency in which the pump performed
between tests. At 20 Hz, the flow rate varied by 0.41%. The
variance increased to 0.88% at 50 Hz. These results demon-
strate that the volume pumped per cycle is very consistent
when using the same pumping parameters. This exceptional
precision is one reason why this version of the MSM micro-
pump is superior to previous designs. Under constant condi-
tions, the MSM material responds to the applied magnetic
field by generating the same cavity geometry each cycle. A
less constraining environment allows for a dynamic change
in the pumping conditions. This would affect the physical
response of the material to the magnetic field, thus alter-
ing the volume pumped per cycle and decreasing the instru-
ment precision. Constraining the MSM element creates a
static environment that improves the performance of the
micropump.

Figure 6 shows the relationship between the flow rate and
downstream backpressure of the MSM micropump when
operated at different frequencies. The micropump generated
pressure within the closed volume which, in turn, suppressed
the flow rate. The flow rate decreases with increasing back
pressure, reaching 0 pL/min at 3.25 bar when operated at
10 Hz and 4.5 bar when operated at 80 Hz. Zero flow rate
does not mean that we have no transfer of fluid, but rather
that there is a leakage in the pump sealing. At this point,
the pump is actively transporting liquid to the outlet via the
cavity, but equal amounts are forced back through the inlet
(backflow) in between, or during, active pulses. This was
verified by observing a pressure drop when the pump was
stopped.
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Fig.6 Flow rate versus differential (back) pressure dependencies
measured at different pumping frequencies for the MSM micropump

Figure 7 illustrates the differential pressure and corre-
sponding flow rate of the micropump, as a function of time.
The pump was actuated at =0, at 20 Hz pumping frequency,
and the flow rate stabilized at #~ 18 s. The chamber valve was
then closed, and the pump generated a differential pressure
of 3.76 +0.02 bar. At 145 s, the pump was stopped with the
pump channel in its closed position. The pressure dropped
0.03 bar over 55 s in this configuration. The pump was then
actuated five times at 0.16 Hz to open and close the pump
channel. Large negative spikes, indicating the pump channel

Differential Pressure
(bar)
N

-100 E

Flow Rate (pL/min)
o

-200 -

1 1 |l 1 L}
0 50 100 150 200 250 300
Time (sec)

Fig.7 Differential pressure and flow rate as functions of time for an
MSM micropump. Pressure was generated by actuating the pump at
20 Hz until a maximum pressure of 3.76 bar was achieved. The pump
was stopped at 145 s (see the arrow) and left in the closed position.
Negligible leakage was detected until the pump was slowly actuated
at 200 s. The pressure drop and corresponding negative spikes in flow
rate indicate leakage through the pump channel when the pump chan-
nel was open
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was open, can be seen in the flow rate which correspond to
pressure drops. The last two spikes correspond to manual
rotation of the magnet and are not equalized in time with
the previous five. The pressure stabilized at 1.64 +0.01 bar
with no pressure decrease detected during the last 45 s of
the experiment. These results demonstrate that the MSM
micropump simultaneously acts a closed valve which cannot
be opened at low pressures.

Figure 8 shows the pressure generated by the MSM
micropump as a function of time when it was operated at a
constant frequency of 20 Hz under an additional compres-
sive force. The pressure within the closed volume increased
to 10 bar within 4.5 min. These data were further analyzed
to determine the pumping characteristics as a function of
backpressure, with the calculation results shown in the
inset. The flow rate was estimated based on Boyle’s law,
taking into account the known volume of the chamber and
ambient pressure. According to this calculation, the pump
performed consistently up to a backpressure of ~ 1.5 bar. At
this pressure, the flow rate began to decrease almost linearly
as a function of the backpressure, resulting in a maximum
pressure of 10 bar being generated when the flow rate was
reduced to zero. This is a significant improvement com-
pared to previous pumps which could not generate more
than 1.5 bar of pressure (Smith et al. 2015). Furthermore,
this is substantially closer to the theoretical limit of 20 bar
which is the blocking stress where the MSM material will
no longer strain from a magnetic field (Murray et al. 2001).
These results indicate that the maximum pressure the MSM
micropump can generate, strongly correlates to the quality of
the seal. Throughout these experiments, the power required
to operate the MSM micropump was measured in a similar
method as Smith et al. (2015). The power consumed by the
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Fig.8 The pressure generated by the MSM micropump, at 20 Hz, as
a function of time. Inset: the flow rate stays approximately constant
up to a pressure of 1.5 bar and then decreases until it no longer pumps
at 10 bar

MSM micropump was 0.8 +0.05 mJ/cycle, without changes
during the measurement, even at the maximum pressure.

3.2 Integration into lab-on-a-chip

In addition to its technical performance, the MSM micro-
pump has characteristics that make it a highly competitive
flow control solution for PoCD and LoC technologies. One
such characteristic is the simplicity and modularity of its
design. Mechanical parts, such as valves and diaphragms,
and electrical connections significantly increase the intri-
cacy of micropump technologies, complicating their inte-
gration into microfluidic platforms. The MSM micropump
utilizes an advanced magnetic material which controls the
flow of fluid and simultaneously acts as a valve, preventing
backflow. A magnetic field actuates this material, thereby
removing the need for electrical contacts interfacing with
the microfluidic device.

For systems with integrated sensors and control electron-
ics, the external magnetic field produced by the rotating per-
manent magnet should be taken into account. The maximum
field measured close to the magnet’s surface reaches 610 mT
and decreases down to 10 mT at a distance of 15-20 mm
from the magnet’s center. The length of the magnet can be
reduced to~ (1.2—-1.5) X W, where W is the width of the MSM
element. From these data, one can conclude that the inte-
grated sensors/electronics should be arranged at a proper
distance from the magnet, according to their requirements.
In addition, magnetic shielding materials (such as high mag-
netic permeability metal alloys or ferromagnetic metal coat-
ings) can be used to effectively draw the field away from the
sensitive devices.

The linear micropump design, shown previously in Fig. 2,
demonstrates proof-of-concept of one method of how the
MSM micropump could be integrated into PoCD and LoC
technologies. Figure 9 illustrates the flow rate, when pump-
ing water, of this integrated MSM micropump as a function
of frequency. The change in the flow rate decreases with
increasing frequency, nearing an asymptotic value of 260 uL/
min at 150 Hz. At 50 Hz, where both the flow rate versus
frequency for the original design and integrated design is
relatively linear, the flow rate is 380 and 160 puL/min, and
calculated volume per cycle is 127 and 53 nL, respectively.
The difference between these flow rates at 50 Hz is largely
accounted for the 50% difference in the cross section of the
MSM element in each case. However, a key difference with
the integrated pump is that it reaches an asymptotic value
much earlier compared to the original design. We hypoth-
esize that the interface with the microfluidic channel and the
cavity is substantially smaller for the integrated micropump
(in this case, ~ 15 pm X 2.6 mm) rather than the inlet inter-
facing with the entire face of the cavity as in the original
design. Further work is needed on the integrated design for
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Fig.9 Flow rate of water versus pumping frequency measured for the
integrated linear MSM pump presented in Fig. 2

it to have similar performance to the original design. A video
demonstrating this design pumping colored water in both
directions, at 20 Hz pumping frequency, can be found online
in supplemental materials.

Figure 10 shows a rendered isometric and cross-sectional
view of two plausible scenarios that the MSM micropump
could be integrated into a LoC or PoCD device. The first,
Fig. 10a, is similar to the integrated, inline MSM micropump
that is shown in Fig. 2 and was characterized in this paper.
In this case, the MSM element is integrated into an arbitrary
LoC inline with the microfluidic channel during the manu-
facturing of the microfluidic device, thereby maintaining the
planar geometry of the LoC. Figure 10b illustrates another
scenario where a modular MSM micropump can be attached
to the LoC. This method is advantageous in that the MSM
micropump can be easily distributed to microfluidic device
manufacturers and assembled onsite rather than requiring
integration during the manufacturing process. An advantage
in each of these scenarios is that the MSM micropump is
actuated externally by a magnet, shown in the figure. The

Fig. 10 An isometric and (a)
cross section rendering of two
methods of integrating the
MSM micropump into an LoC.
a The MSM micropump can be
integrated directly into the LoC
during its manufacturing. b The
MSM micropump can be modu-
lar and attach to the LoC after it
has been manufactured

design is simple and modular: Only the MSM micropump
needs to be integrated into, or with, the microfluidic device
or chip, and the magnetic field source and driving electron-
ics can be located separately being a part of an instrument.
This significantly reduces the complexity of integrating this
technology and reduces the costs associated with disposable
PoCD and LoC devices.

It has been demonstrated that Ni-Mn-Ga evinces the
MSM effect even at geometries of only a few micrometers
(Musiienko et al. 2017). With more advanced manufac-
turing techniques, the size of the MSM element could be
reduced and integrated directly into the channels of micro-
fluidic technologies. The volume pumped per cycle would
change according to the geometry of the MSM element, but
we expect similar quality of performance even at a reduced
scale. It would be self-priming, pumping both gases and
liquids. It could pump against a significant backpressure,
and it would offer precise management of nanoscale fluids
across a range of flow rates.

4 Conclusions

By applying a magnetic field, a peristaltic-like motion is gen-
erated in the magnetic shape memory material Ni-Mn—-Ga
which is used to repeatedly pump precise quantities of fluid.
In this paper, we present a design of the MSM micropump
where the MSM element is encapsulated in a constraining
environment which enables consistent, stable performance
of the pump. This technology is greatly improved compared
to the previous reporting of the MSM micropump.

The pumping performance was systematically character-
ized with air and water, in both directions, and in a wide
pumping frequency range. The water flow rate follows a
parabolic fit, measured 160 (140) pL/min in the forward
(reverse) direction at 20 Hz pumping frequency, and reach-
ing 2000 (1600) pL/min at 320 Hz. The nonlinearity is
attributed primarily to effects of wettability and viscosity,

(b)

Lab-on-a-chip

MSM element

Pump housing
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which begin to dominate the microfluidic dynamics at ele-
vated pumping speeds. For air, the flow rate follows a linear
fit, proving the pumping mechanism to work equally within
the measured frequency range.

The variance in pumping performance has been reduced
to ~0.5-0.9%, measured at pumping frequencies 20-50 Hz.
The flow rate is stable up to 1.5 bar, and the pump can gen-
erate a pressure of more than 4 bar. Additional clamping
allows generation of higher pressures, up to 10 bar. Fur-
thermore, the valve properties of the constrained design are
substantially improved, holding a consistent pressure of over
3.5 bar.

In addition to its strong technical performance, the MSM
micropump is a simple, modular technology. Mechanical
parts and electrical contacts found in other micropumps are
replaced by an advanced shape memory technology that
is controlled by an external magnetic field. This greatly
simplifies the process of integrating the MSM micropump
directly into microfluidic platforms such as PoCD and LoC
devices. We present a proof-of-concept design where the
MSM element is directly integrated inline with a microflu-
idic channel, modeling a potential method of integrating the
MSM micropump into planar microfluidic technologies. The
second plausible scenario is a modular MSM micropump
which can be attached to the microfluidic device after the
manufacturing process.
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