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1  Introduction

The demands on emerging microfluidic technologies have 
steadily increased as the field has matured. There is a 
strong interest in the development of portable devices such 
as point of care diagnostics (Whitesides 2006), microto-
tal analysis systems (Manz et  al. 1990) and the lab-on-a-
chip (Stone et al. 2004). In order to fully realize a portable 
microfluidic device, its components must be built into the 
device with minimal dependency on external components. 
As such, miniaturization and integration of microfluidic 
technologies is a necessary technological development. An 
essential element to these devices is the method in which 
the fluid is moved through the system. In comparison with 
the other microfluidic components, micropumps are a lag-
ging technology with several devices still being driven by 
external pumps, such as peristaltic pumps and syringes, 
which are connected to the device (Laser and Santiago 
2004).

One can imagine several qualities that a micropump 
must have in order for it to be capable of integration within 
a microfluidic system. It must meet all the expected per-
formance requirements. It should be a simple design with 
a minimal number of moving mechanical parts and electri-
cal contacts to make manufacturing and integration easier. 
Furthermore, it must be self-priming so that the micropump 
can independently and completely control the flow within 
the microfluidic system. There have been several develop-
ments in micropump technologies such as using piezoelec-
tric diaphragms (Smits 1990), acoustic wave (Guttenberg 
et al. 2005), finger-operated pumps (Qiu et al. 2009; Yang 
et al. 2010) and several others discussed in Woias’s review 
(2005). Although these micropumps are not suited for inte-
gration, recent research has shown new technologies which 
have more potential.
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Kan et  al. (2008) has developed a serial-connection 
multi-chamber piezoelectric micropump that achieves sig-
nificant flow rates (about 125 μL/s at 400 Hz) and pressures 
(48.6 kPa) while requiring less voltage (40 V) than traditional 
piezoelectric micropumps. The disadvantage of this design 
is that it consists of many mechanical parts and is relatively 
difficult to manufacture which inhibits its direct integration 
into a microfluidic system. Sheen et  al. (2008) and Wang 
et  al. (2010) present valveless piezoelectric micropumps 
that have a simple design. Sheen’s micropump achieves flow 
rates of 0.47 μL/s and a pumping pressure of 1.1 kPa, which 
is insufficient for many microfluidic applications. Wang’s 
micropump has acceptable flow rates (10 μL/s), but also has 
low pumping pressure (1.4 kPa) and requires a high voltage 
(150 V). A specific disadvantage of the valveless micropump 
design is that any pressure differential will cause leaking 
unless the piezoelectric diaphragm is actively actuated. Addi-
tionally, any piezoelectric micropump requires electric con-
tacts to actuate the piezoelectric diaphragm which compli-
cates how they could be integrated into a microfluidic device. 
Thus, it is clear that further development of micropump tech-
nology is needed before it can be reasonably considered as a 
component that is incorporated into microfluidic devices.

The micropump that is used in this study was first pro-
posed by Ullakko et  al. (2012) and is a strong candidate 
for integration into microfluidic devices. The pump uses 
primarily a magnetic shape memory (MSM) alloy, Ni–Mn–
Ga, as the pumping mechanism, and thus, it is a simple 
design with minimal parts. It is driven by a magnetic field 
and does not require direct contact with its power source. 
It is self-priming and robust, capable of pumping both gas 
and viscous liquids. These characteristics coupled with its 
resolution and repeatability make the MSM micropump 
(MSMM) a strong candidate for an integratable flow con-
trol solution within microfluidic systems. In this study, the 
(MSMM) is further developed, characterized and mod-
eled. Key performance characteristics that are important 
in microfluidic devices, such as the flow rate, repeatability 
and maximum pressure, are measured, and the unique qual-
ities of the MSMM are analyzed.

2 � Structure and pumping mechanism of the MSM 
micropump

2.1 � Structure of the micropump

Figure 1a is a schematic of the MSMM that was used in 
this study. The micropump, 17.5 mm × 10 mm × 4.7 mm 
in size, is composed of three parts: a supporting plate with 
holes that act as the inlet and outlet, the MSM element 
which is the body of the pump and an elastomer which 

seals the working channel of the MSM element. The sup-
porting plate is a 3-mm-thick polycarbonate plate which 
is the substrate to which the MSM element is anchored. 
It has two holes (1.5 mm in diameter) that act as the inlet 
and outlet for the pump. Larger holes (3  mm in diame-
ter) can be seen in Fig. 1a and were used to interface the 
MSMM with the various experiments. A primer (Dow 
Corning, 1200 OS) was applied to the surface of the plate 
which was used to increase the adhesion between the elas-
tomer and the plate. Removable plugs are inserted into the 
two holes to prevent the elastomer from filling them. The 
MSM element (10 mm × 2.5 mm × 1 mm) is compressed 
fully such that it is in a single variant where the shorter 
crystallographic c–axes are all aligned in the long direc-
tion of the element. It is then centered and placed over the 
two holes, and a two-part liquid elastomer (Dow Corning, 
Sylgard 184) is then poured into the mold, encapsulat-
ing the element and covering plate. After the elastomer 
has cured, the plugs are removed so that the inlet/outlet 
directly interfaces with the MSM element. The MSMM 
was then placed between two plates that were clamped 
together. At this point, the pump is complete and ready to 
operate.

The elastomer serves multiple purposes in this design. 
Since it is a liquid when the two parts are combined, it 
completely encapsulates the MSM element and coats the 
plate, conforming to any abnormalities and surface defects 
that are present in either part. Since the plate was previ-
ously primed, the elastomer between the MSM element and 
the plate preferentially adheres to the plate. Therefore, as 
the shrinkage moves across the element, the MSM mate-
rial is pulling away from the elastomer which indicates 
that the liquid is pumped between the elastomer–MSM 
element interface. In this way, a seal is created that is of 

Fig. 1   a A 3D rendering of the magnetic shape memory micropump. 
(MSMM). It consists primarily of three parts: (1) a polycarbonate 
plate to act as the substrate, (2) the magnetic shape memory material 
Ni–Mn–Ga which is the working mechanism and (3) the elastomer 
which seals the channel and prevents leaking. b A schematic of the 
experimental setup. A diametrically magnetized permanent magnet is 
rotated near the micropump to control the flow of fluid between the 
inlet and outlet
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critical importance for the performance of the micropump. 
The regular magnetic field from the diametrically mag-
netized cylindrical magnet creates a consistent shrinkage 
along the MSM element that has the same volume with 
each cycle. The strength of the magnetic field needed in 
order to create a shrinkage in the MSM element is depend-
ent upon the twinning stress of the material. For a twinning 
stress of 0.2 MPa, a magnetic field of 240 mT is needed. 
For this reason, a diametrically magnetized cylindrical 
rare earth permanent magnet (NdFeB N52 grade, 6.3 mm 
OD × 25.4 mm) with a strong magnetic field, measured to 
be 500 mT at the magnet’s surface, was used to operate the 
pump.

2.2 � The pumping mechanism

A key feature of this micropump is that it is remark-
ably simple. This is because Ni–Mn–Ga, an MSM alloy, 
is a material that can replace functions that are normally 
performed by a system of mechanical parts. In this case, 
a single piece of Ni–Mn–Ga is the heart of the MSMM, 
acting simultaneously as the pump, valve and channel. 
This material changes its shape and dimensions, through a 
process known as twinning, when a magnetic field of suf-
ficient strength is applied to the material. The magnetic 
field required for a typical sample with a 0.2  MPa twin-
ning stress is 240 mT, but recent research has shown that 
the magnetic field could be as low as 30  mT for MSM 
elements that use a different twinning mechanism (Kellis 
et  al. 2012). The magnetic-field-induced strain can be up 
to 10 % (Ullakko et al. 1996; Murray et al. 2000; Sozinov 
et al. 2002) which is two orders of magnitude greater than 
those of giant magnetostrictive materials, for example Ter-
fenol-D™, and piezoelectric materials. The material can be 
precisely controlled (Ullakko and Likhachev 2000), actu-
ates rapidly and responds quickly to the applied magnetic 
field. A unique benefit from drawing energy from a mag-
netic field is that the MSM element can essentially be con-
trolled by a driving mechanism that is physically separated 
from the element itself. This greatly simplifies the design 
and construction of MSM devices by allowing them to be 
contact-free. With an efficiency of over 90 % (Straka et al. 
2011), it is clear why Ni–Mn–Ga has received so much 
attention as an actuating material.

 Typical devices that have utilized Ni–Mn–Ga in the past 
have applied a uniform magnetic field to the bulk mate-
rial which causes the entire MSM element to actuate. Only 
recently has research shown how the material can respond 
locally, with a predictable twin configuration, when a 
magnetic field is applied to a small area of the MSM ele-
ment (Smith et al. 2014a, b). For the micropump presented 
here, a diametrically magnetized permanent magnet was 
rotated to create and move an identical magnetic field 

repeatedly across a section of the MSM element. The ele-
ment responds accordingly with a specific, reproducible 
twin configuration which has been called shrinkage. This 
shrinkage forms at the inlet of the micropump and follows 
the rotating magnetic field, transporting the volume of 
liquid to the outlet of the MSMM. The movement of the 
shrinkage across the MSM element is similar to the mecha-
nism of an animal swallowing. As the magnet rotates, the 
MSM element immediately in front of the shrinkage con-
tracts, which creates space for the liquid to move forward. 
Simultaneously, the MSM element immediately behind the 
shrinkage expands, forcing the liquid forward into the cre-
ated space. Figure  2 shows experimentally and schemati-
cally how the shrinkage moves across the MSM element. 
Further details about the magnetic field from the permanent 
magnet, how it creates the shrinkage in the MSM element 
and how the shrinkage propagates through the MSM ele-
ment are further discussed by Ullakko et al. (2012).

3 � Experimental setup

After the MSMM was constructed, an experimental setup, 
shown schematically in Fig.  1b, was built for driving the 
micropump and measuring its performance characteristics. 
As such, a plastic jig to operate the MSMM was prepared 
that had a hole, 7 mm in diameter, drilled into it 0.3 mm 
away from the surface where the MSMM would be placed. 
The larger hole size provides an air gap between the magnet 
and jig, therefore minimizing friction. A custom aluminum 
adapter was machined that connected the permanent mag-
net to a 6-W brushed DC motor (Maxon Motor AG, A-Max 
22) that was used to power the MSMM. It should be noted 
that one revolution of the magnet is equal to two complete 
pumping cycles, and that, for the purpose of this paper, 
the speed at which the pump is operated will be referred 
to as pumping cycles per second, or pumping frequency. 
The speed that the motor was rotating was measured by 
an optical encoder (Honeywell, Optoschmitt sensor) and 
an oscilloscope (Metrix, Scopix III OX 7204). The motor, 
optical encoder and jig were fastened to a rigid plate that 
was held in place. The highest pumping frequency that was 
used in these experiments was 270 Hz due to limitations of 
the experimental setup. The MSM material itself has been 
shown to actuate and respond to an applied magnetic field 
very rapidly, which implies that higher frequencies could 
be used (Smith et al. 2014a, b).

In order to measure the volume of liquid that was 
pumped, small pipettes were attached to the inlet and out-
let holes of the MSMM to act as a reservoir for the liquid 
as it was being pumped during the experiments. Two liq-
uids were used for the flow rate measurements: pure water 
and a 60 %wt. glycerol solution. This glycerol solution, at 
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room temperature, is about ten times more viscous than 
water (Segur and Oberstar 1951) and was used to experi-
mentally model the pumping of more viscous fluids such 
as blood, plasma or serum. A volume of 0.5  ml of liquid 
was pumped at a known frequency and the time recorded 
in order to measure the flow rate of the pump. The liquid 
was then pumped back into the inlet pipette by reversing 
the rotation of the magnet so that the experiment could be 
repeated. By doing so, the same liquid was pumped for 
each measurement rather than replacing the original liquid 
with a new volume. The flow rate was then calculated as 
flow rate = volume/time. From the same data, the volume 
per cycle, Vc, could also be calculated for each of the fre-
quencies by the equation Vc = volume/(time × frequency). 
The repeatability of the micropump was measured in a sim-
ilar fashion. The time to pump the same volume of water 

at a frequency of 100 Hz was measured multiple times to 
determine the performance repeatability of the pump.

A customized closed fluid system, in which the pressure 
could be continuously regulated, was connected to a simi-
larly constructed MSMM in order to measure the pressure 
that the pump could operate against. The pump was oper-
ated at 100 Hz in the same manner as the flow rate experi-
ments. The pressure within the system was incrementally 
increased from atmospheric pressure until the pump could 
no longer move the fluid against the pressure. Since the 
MSMM could also be used as a valve, it was of interest 
to see how much pressure it could hold when it was not in 
active operation. As such, the motor was turned off so that 
the MSM material was in a closed position and the pres-
sure further increased until backflow through the inlet was 
observed.

Fig. 2   a From top to bottom, 
top-view photos of a single 
cycle of the micropump. The 
shrinkage can be distinctly seen 
moving from the inlet (left) to 
the outlet (right). b A correlat-
ing schematic showing the side 
view of the micropump as the 
shrinkage moves from the inlet 
to the outlet
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An important parameter of a micropump is how much 
power is required to operate it. As such, two tests were con-
ducted at room temperature to determine the electric power 
required to operate the MSMM: the power consumed with-
out the load of the MSMM and then the power consumed 
when the MSMM was being operated. To determine the 
former, the current–voltage characteristics of the motor 
were measured when the rotor was locked to obtain the ter-
minal resistance, R, of the motor. The voltage and current 
of the motor were then measured at various motor speeds 
without the MSMM in place to determine the power con-
sumed by the motor, PNoLoad. Finally, a similar experiment 
was conducted with the MSMM in place to determine the 
additional power consumed by the motor with the MSMM 
in place, PLoad. From these data, the power consumption of 
the MSMM itself, P, could be calculated:

where ΔPm, the difference between the power consumed 
by the motor with and without the load of the MSMM, and 
ΔPJ, the difference between the joule heat dissipated by the 
motor with and without the load of the MSMM, are calcu-
lated as

Since some fluids that are used in microfluidics are tem-
perature-sensitive, the increase in temperature during the 
operation of the MSMM was measured using two meth-
ods. For each of these experiments, the temperature was 
measured over a period of 10 mins using an infrared sensor 
(Fluke, VT04 Visual IR thermometer) while the MSM ele-
ment was being actuated at 100 Hz. No liquid was pumped 
during these temperature measurements since it would 
act as a coolant. In the first test, the temperature increase 
in the MSMM used in the previous tests was measured. 
However, concerns were raised that the infrared sensor was 
measuring the surface temperature of the polycarbonate 
plate which could be different than the temperature of the 
element itself. A second test was conducted on a different 
MSM element that was similar to the first except that it was 
not encased in an elastomer or polycarbonate plate. This 
allowed for a direct infrared measurement of the surface of 
the MSM element. This was deemed important because it is 
the surface of the MSM element that would be contacting 
the fluid that was being pumped and not the outer surface 
of the polycarbonate plate.

Optimization of the MSMM is of interest in the future 
and as such, a model was created, with the same dimen-
sions as the MSMM, which simulated the flow of the liq-
uid caused by the closing of the shrinkage at the outlet. The 

(1)P = �Pm −�PJ

(2)�Pm = VLoadILoad − VNoLoadINoLoad

(3)�PJ = R

(

I
2

Load
− I

2

NoLoad

)

fluid dynamics would be the same on both halves of the 
outlet and shrinkage if the full geometry was used, being 
mirrored along the axis of symmetry. For this reason, only 
half of the shrinkage and outlet were modeled which sim-
plified the model and reduced the computational expendi-
ture. The finite element analysis software Elmer (developed 
by the IT Center for Science, Finland) was used to create 
a 2D computational fluid dynamics model of water being 
pumped through the outlet by a parabolic shrinkage that 
was moving in the same direction as the axis of the outlet, 
which was modeled to be 1.5 mm in diameter. This reason-
ably correlates to what occurs between frames 4 and 5 of 
Fig. 2b assuming the outlet is completely filled with fluid. 
A mesh of 26,000 elements was used in this model which 
was updated at each time step of 2.0 ×  10−4  s. The fluid 
being moved was assumed to be incompressible and was 
modeled by the transient Navier–Stokes equations which 
were linearized using Newton’s method. The linearized 
system was solved iteratively using BiCGStab and ILU 
preconditioning. Time was discretized by the second-order 
BDF and space discretized by the stability of the rendered 
finite elements.

4 � Results and discussion

4.1 � Pumping performance

The flow rate was first measured at a pumping frequency 
of 30  Hz and then at subsequent frequency intervals 
of 30 up to 270  Hz for the water measurements and up 
to 240  Hz for the 60  %wt. glycerol solution. Figure  3 
is a graph that shows the flow rate as a function of the 

Fig. 3   A graph of the flow rate of the micropump as a function of 
its pumping frequency. The flow rate of the water solution (blue 
squares) follows a linear trend with a slope of 111 nL/cycle. The flow 
rate of the glycerol solution approaches an asymptotic value of about 
13.2 µL/s at 240 Hz
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pumping frequency for both liquids. In the figure, the 
flow rate for water (blue squares) is quasi-linear. The 
volume pumped per cycle, which is the slope of the fit-
ted line, can be calculated by dividing the flow rate by 
the pumping frequency. Including experimental error, 
the volume of water pumped per cycle is calculated to 
be 110 nL ±  15 nL per pumping cycle which correlates 
to the resolution of the MSMM. The flow rate curve for 
the glycerol solution (red circles) approaches an asymp-
totic value of about 13.2 μL/s at 240 Hz. It was originally 
hypothesized that the volume pumped per cycle would be 
the same for liquids. However, in the case of glycerol, the 
volume pumped per cycle decreases as the pumping fre-
quency increases. This is due to surface effects and vis-
cosity which become a limiting factor that inhibits the 
flow of the liquid through the MSMM. It is expected that 
the flow rate curve for water would also follow a simi-
lar trend as the glycerol solution curve at significantly 
higher frequencies. Figure  4 is an optical micrograph of 
the side view of the shrinkage in both its closed (Fig. 4a) 
and opened (Fig. 4b) position. The depth of the shrinkage 
is approximately 30 μm which explains why the surface 
effects become dominant in the glycerol solution. The 
volume of the shrinkage, calculated from the micrographs 
of the shrinkage profile, is 130 nL. This calculated volume 
of the shrinkage correlates well with the experimental vol-
ume that was determined from the flow rate measurements 
of water. The time necessary to pump 0.5 mL of water at 
100  Hz was 40.3  s with a mean square error of ±  2  %. 
Given that a portion of this error is due to the methods of 
measurement, it is clear that the MSMM has high perfor-
mance repeatability. This repeatability measurement also 

reinforces the conclusion that the volume of the shrinkage 
is the same with each cycle.

The current and voltage of the motor, once without the 
MSMM and once with the MSMM being operated, were 
measured at a pumping frequency of 20  Hz and then at 
subsequent frequency intervals of 20 up to 180 Hz. Using 
Eqs.  1 through 3, the increase in the motor’s power con-
sumption was calculated for each measured frequency. It 
was found that the additional power consumed due to the 
MSMM is linearly proportional to the pumping frequency, 
with 0.77  mJ of energy being used per cycle. This cor-
responds to a power consumption of 208 mW at 270 Hz. 
Within experimental error, there were no differences in 
the additional power consumed due to the MSMM based 
on the fluid (air, water and 60 %wt. glycerol solution) that 
was being pumped. This indicates that the power is being 
used almost entirely to actuate the MSM element and that 
the resistance of the fluid is negligible in comparison. Fur-
thermore, this reinforces the previous conclusion that the 
shrinkage volume is the same regardless of the fluid or the 
pumping frequency.

A temperature increase of 3° ±  0.5  °C was observed 
on the surface of the MSMM after running it, without 
liquid, for 10  min at 100  Hz. In order to ensure that this 
temperature measurement was accurate, a second, simi-
lar experiment was conducted on a similar MSM element 
that was not encapsulated by elastomer or a plate. The sur-
face temperature of the MSM element increased 2.5  °C 
after being actuated for 10 min at 100 Hz. The similarity 
of this second experiment validates the first experiment 
on the MSMM. It should be noted that any liquid that is 
being pumped through the MSMM would act as a coolant 

Fig. 4   a An optical micro-
graph of the side view of the 
micropump when there is no 
shrinkage present and the ele-
ment is in a closed orientation. 
b An optical micrograph of the 
side view of the micropump 
when a shrinkage is formed and 
the element is in an opened ori-
entation. The two arrows in the 
middle of the photo emphasize 
the shrinkage, filled with a blue 
liquid, which has a depth of 
approximately 30 µm



1261Microfluid Nanofluid (2015) 18:1255–1263	

1 3

for the MSM element. The actual temperature increase in 
the liquid would therefore be significantly lower than what 
was observed in these experiments. This indicates that the 
MSMM would be able to pump temperature-sensitive flu-
ids, such as biological samples, without adverse effects.

Fatigue characteristics of the micropump are also impor-
tant to characterize. The same MSMM was used in all of 
the experiments reported in this paper. The performance of 
the pump in the final experiments was similar to its perfor-
mance in the first experiments, and it is estimated that the 
pump was actuated on the order of millions of cycles. It 
was observed, through optical microscopy, that there were 
no cracks or other visible signs of fatigue on the surface 
of the MSM element used in the pump. These fatigue data 
correlate well with previous research on the fatigue proper-
ties of Ni–Mn–Ga, which demonstrates that an MSM ele-
ment can actuate up to 2 × 109 cycles (Aaltio et al. 2010).

The MSMM continued to pump with a pressure differ-
ence of 150 kPa between the inlet and outlet. However, the 
MSMM can also act as a valve, in which case it can main-
tain up to 200 kPa of pressure. A decrease in the flow rate 
of the MSMM was qualitatively observed that correlated to 
the increase in pressure. It should be noted that the theoreti-
cal limit that the MSMM should be able to pump against is 
2 MPa since this is the blocking stress of the MSM mate-
rial (Murray et al. 2001). The current limitation regarding 
the pump’s operating pressure is therefore the sealing. It is 
expected that improvement in the sealing technology will 
further prevent backflow and therefore increase the pres-
sure that the MSMM can operate against and maintain.

4.2 � Simulation of the outlet flow

Figure 5a schematically shows the geometry that was used 
in the computational fluid dynamics model. The shrinkage 
was modeled to be parabolic to resemble the shape that was 
experimentally observed, which can be seen in Fig. 4. The 
geometry was particularly challenging due to the dimen-
sions of the shrinkage in comparison with the outlet. The 
depth of the shrinkage is significantly smaller than the out-
let’s dimensions, whereas the length of the shrinkage is 
larger. Additionally, the fluid flow was created by a mov-
ing boundary rather than inlet/outlet conditions. The mov-
ing boundary created further difficulties because the mesh 
that was initially rendered quickly became distorted at the 
interface between the outlet and shrinkage. To solve this, an 
artificial boundary was placed along the interface between 
the outlet and shrinkage and different conditions set for 
each area. Within the shrinkage, the dimensions of indi-
vidual mesh elements changed with time whereas the mesh 
elements in the outlet were static. This prevented severe 
mesh distortion and allowed the model to successfully be 
solved.

Due to the geometry, it was difficult to clearly see the 
results of the simulation when viewing the entire model. 
As such, an area of interest was chosen (the boxed area in 
Fig. 5a) which is centered on the corner between the shrink-
age and outlet areas. This area was chosen because this 
is where the velocity magnitude is the highest and where 
the velocity direction changes the most. Figure  5b shows 
the velocity field obtained from the simulation at a single 
time step. As expected, the maximum velocity occurs along 
the shrinkage boundary directly beneath the corner of the 
shrinkage and outlet areas. It was observed that the mag-
nitude of the velocity vectors changed with time but not 
their direction. The velocity magnitude increased with time 
as the shrinkage volume decreased with a maximum speed 
of 71.5 mm/s when calculated for a pumping frequency of 
100 Hz. The black lines in the figure are the velocity vec-
tors which indicate the direction of the flow, which is from 
the right to the left moving toward the outlet.

The difference between the shrinkage volume and flow 
rates between the simulation and the experimental results 
is 25  %. These errors are reasonable given the assump-
tions and simplifications made in the model. Therefore, 
the simulation results reasonably model the experiment 
and assists in understanding the fluid dynamics that are 
occurring within the MSMM. This model is the first step 
toward optimizing the design of the MSMM. For exam-
ple, the outlet geometry can be optimized, such as by 

Fig. 5   a The geometry that was used in the computational fluid 
dynamics. To simplify the simulation, only half of the shrinkage was 
modeled. The black, vertical dash-dot line indicates the axis of mir-
rored symmetry. The area of interest is outlined by the black dashed 
rectangle. The white dashed line is the boundary between the outlet 
and shrinkage mesh elements. b The results of the simulation within 
the area of interest. The maximum velocity shown is 71.52  mm/s 
which is located at the bottom of the shrinkage beneath the corner of 
the outlet. The black lines indicate the direction and magnitude of the 
flow, which is from right to left
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decreasing the outlet diameter or changing its interface, 
while minimizing the pressure within the micropump. 
The effects of other shrinkage geometries can be mod-
eled and understood prior to investing in changing the 
MSMM. Fluid properties such as compressibility and 
viscosity can be manipulated to determine the limitations 
of the MSMM. The model could be further developed to 
analyze the entire MSMM, its pumping mechanism and 
potentially the microfluidic system to which it would be 
integrated.

4.3 � Pump characteristics

It is important to emphasize that the MSMM has several 
qualities that make it a competitive technology beyond 
the quantifiable specifications mentioned previously. One 
such characteristic is its multi-functionality. The MSMM 
acts simultaneously as both a valve and a pump. This is 
because the MSMM is designed so that the MSM material 
is normally in the wider variant which closes the work-
ing channel. The MSM material will only contract into 
its thinner variant when a perpendicular magnetic field 
directly affects it and creates a shrinkage. Furthermore, 
the shrinkage length is shorter than the distance between 
the inlet and outlet so that there is never a completely 
open channel between the inlet and outlet. This means 
that the liquid cannot be transferred between the inlet and 
outlet without being actively transported by the shrinkage. 
The significance of this characteristic is further realized 
considering the MSMM can pump in both directions. The 
direction that the MSMM pumps can be reversed sim-
ply the direction of the magnetic field source. The MSM 
material seals the working channel of the pump regardless 
of its direction of operation. In this way, the MSM mate-
rial replaces mechanical valves and is superior to one-
way check valves that are commonly used in microfluidic 
devices.

The trend in microfluidic systems is to create the most 
value in the smallest amount of space, and, as such, sim-
plicity is an essential quality for microfluidic devices. The 
multi-functionality of the MSMM increases its value in a 
microfluidic system. The value of the MSMM is further 

increased due to both its small size and the simplicity of 
its design; it is fundamentally a piece of MSM material 
that is placed within a microfluidic channel. Furthermore, 
the MSMM does not require electrical contacts and is pow-
ered externally by a magnetic field. These qualities mean 
the MSMM is a microfluidic device that lends itself to sim-
ple integration into microfluidic systems. The pump could 
even be integrated into existing designs that need additional 
flow control with minimal reengineering of the microfluidic 
system.

Precision and accuracy are important characteristics 
to a micropump. The pumping precision of the MSMM 
is dependent upon discrete volumes, each the same as the 
other, that are transferred between the inlet and outlet. 
This means that the micropump has a discrete resolution 
based upon the volume that is transported by the shrinkage. 
Since the size of the shrinkage generated in the MSMM 
is dependent upon both the magnetic field and the size of 
the MSM element, the pumping resolution can be further 
improved should an application require increased accu-
racy or smaller volumes pumped per cycle. To demonstrate 
this concept, an experiment was conducted that demon-
strated that Ni–Mn–Ga retains the MSM effect even when 
it is 6 µm thick. This clearly shows that MSM technology 
is scalable. The size of the permanent magnet can also be 
scaled with the MSMM as long as its magnetic field is still 
sufficiently strong. However, since the MSMM is physi-
cally independent from the permanent magnet and motor, 
it can still be scaled down and integrated into microfluidic 
devices while still using the same permanent magnet and 
motor.

The MSMM is a very robust design because it not only 
pumps liquids that are substantially more viscous than 
water, such as the 60 %wt. glycerol solution, but it can also 
pump air. While conducting the flow rate experiments, the 
pump transitioned smoothly to pumping air after the liquid 
volume at the inlet was depleted. This is significant because 
it demonstrates that the MSMM will continue to operate 
well even if the liquid is not homogeneous or has bubbles 
present in the mixture. Furthermore, the same technology 
can be used in applications that need flow control of gas 
within the system.

Table 1   Summary of the 
quantitative and qualitative 
characteristics of the MSM 
micropump

Details of each can be found in 
Sects. 4.1 and 4.3, respectively

Summary of the measured MSM micropump characteristics

Quantitative Qualitative

Maximum pressure 150 kPa Multifunctional—valve & pump

Flow rate 0–30 μL/s at 0–270 Hz Simple design

Volume per cycle (Resolution) 110 nL Scalable

Repeatability 2 % Contact-free

Power consumption per cycle 0.77 mJ/cycle (208 mW at 270 Hz) Discrete volume resolution

Fatigue Millions of cycles Pumps gas and viscous liquids
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5 � Conclusions

Using the MSM alloy Ni–Mn–Ga, a micropump was devel-
oped and characterized. Table  1 summarizes the quantita-
tive and qualitative characteristics of the micropump. There 
are several advantages that make the MSMM unique and a 
promising technology. Its quantitative performance meets 
the expectations of microfluidic devices and competitive 
technologies. It has additional value compared to other 
micropump technology because its flow rate can be reversed 
and it simultaneously operates as both a valve and pump. It 
has a variable flow rate according to the cycling frequency 
which is controlled externally via a magnetic field. This 
means the MSMM is simple, contact-free and requires no 
electrical contacts to the micropump itself. The technology 
has been proven to be scalable which indicates that its size 
can be reduced to the dimensions of a microfluidic channel. 
Furthermore, it has been shown that the pump is self-prim-
ing and robust, capable of pumping gas and even viscous 
liquids. These attributes, combined with its simple design, 
indicate that the MSM micropump will be capable of inte-
grating directly into the microfluidic channel itself. These 
characteristics make the MSMM well suited for applications 
such as lab-on-a-chip and point of care diagnostic microflu-
idic systems. It is expected that the MSMM will both enable 
the development of new technologies as well as provide 
greater freedom for microfluidic system designers.
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