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Traditional methods for studying the magnetic shape memory (MSM) alloys Ni-Mn-Ga 

include subjecting the entire sample to a uniform magnetic field or completely actuating 

the sample mechanically.  These methods have produced significant results in 

characterizing the MSM effect, the properties of Ni-Mn-Ga and have pioneered the 

development of applications from this material.  

 

Twin boundaries and their configuration within a Ni-Mn-Ga sample are a key 

component in the magnetic shape memory effect. Applications that are developed 

require an understanding of twin boundary characteristics and, more importantly, the 

ability to predictably control them.  Twins have such a critical role that the twinning 

stress of a Ni-Mn-Ga crystal is the defining characteristic that indicates its quality and 

significant research has been conducted to minimize this property. 

 

This dissertation reports a decrease in the twinning stress, predictably controlling the 

twin configuration and characterizing the dynamics of twin boundaries.  A reduction of 

the twinning stress is demonstrated by the discovery of Type II twins within Ni-Mn-Ga 

which have as little as 10% of the twinning stress of traditional Type I twins.  

Furthermore, new methods of actuating a Ni-Mn-Ga element using localized 

unidirectional or bidirectional magnetic fields were developed that can predictably 

control the twin configuration in a localized area of a Ni-Mn-Ga element.   

 

This method of controlling the local twin configuration was used in the characterization 

of twin boundary dynamics.  Using a localized magnetic pulse, the velocity and 

acceleration of a single twin boundary were measured to be 82.5 m/s and 2.9 × 10
7
 m/s

2
, 

and the time needed for the twin boundary to nucleate and begin moving was less than 

2.8 μs.  Using a bidirectional magnetic field from a diametrically magnetized cylindrical 

magnet, a highly reproducible and controllable local twin configuration was created in a 

Ni-Mn-Ga element which is the fundamental pumping mechanism in the MSM 

micropump that has been co-invented and extensively characterized by the author.  

 

Keywords: Local twin configuration, local magnetic field, Type II twins, magnetic 

shape memory alloy, ferromagnetic shape memory, micropump, actuating dynamics, 

twin boundary dynamics, twin boundary nucleation, Ni-Mn-Ga 
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P Power consumption of the MSM micropump 
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PNoLoad Power consumed by the DC motor without operating the MSM micropump 

R Terminal resistance of the DC motor 
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S Shearing plane 

σmag Blocking stress 

σtw Twinning stress 
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Vc Volume pumped per cycle 
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W Work done by actuation 
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Abbreviations 

 

5M Modulated five-layered martensite (also referred to as 10M) 

7M Modulated seven-layered martensite (also referred to as 14M) 

BSU Boise State University 

EDS Energy dispersive X-ray spectroscopy 

FCC Face centered cubic 

FEA Finite element analysis 

LoC Lab-on-a-chip 

MFIS Magnetic-field-induced strain 

MSM Magnetic shape memory 

NM Non-modulated martensite 

PCR Polymerase chain reaction 

PoCD Point-of-care diagnostics 

SMA Shape memory alloy 

SME Shape memory effect 

TB Twin boundary 

VSM Vibrating sample magnetometer 

XRD X-ray diffraction 
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1 Introduction 

There is some controversy regarding the history of the shape memory effect (SME).  

Some claim the effect was first observed in 1932 by the Swedish physicist Arne 

Ölander in the alloy Au47.5Cd.
1,2

  The explanation for this behavior was later provided 

by Chang and Read in 1951.
3,4

  Others claim that Kurdyumov predicted the SME in 

1948 and then experimentally proved it in 1949.
5,6

  The reason for this historical 

discrepancy is likely due to Kurdyumov’s results being published in journals exclusive 

to the USSR while the other results were published in international journals. In spite of 

its uncertain origins, the accidental discovery of the thermal SME in Ni-Ti, reported in 

1963, is widely accepted as the breakthrough that first motivated the extensive research 

on the SME and the development of applications that implement these results.
7,8 

 

The thermal SME is the result of a reversible change in the crystallographic structure, 

known as martensitic transformation, which is driven by a change in temperature.  Ni-Ti 

can achieve reversible strains of up to 8% while producing forces of about 500 MPa 

which has made it an attractive material for applications such as couplers, biomedical 

stents and actuators.  Significant limitations to Ni-Ti are its low cycling frequency and 

its fatigue life.  Since it depends upon ambient temperatures to cool, it cannot operate at 

frequencies beyond a few cycles per second, and the upper limit of its fatigue life is tens 

of thousands of cycles.
9,10

 

Ni-Mn-Ga is a shape memory alloy in which strain can also be produced by a thermally 

driven phase transformation.  However, it was observed that a large strain could be 

produced by a magnetic field in martensitic single crystalline Ni-Mn-Ga that was kept at 

a constant temperature. This shape change is due to the reorientation of twin variants 

within the sample by an internal stress that is generated by the applied magnetic field.  

This phenomenon was named the magnetic shape memory (MSM) effect.
11

  Typical 

strains for the MSM effect in single crystalline Ni-Mn-Ga are 6%,
12

 with some 

compositions straining nearly 10%.
13

  Since the MSM effect is controlled magnetically, 

it is not dependent on the kinetics of heat transfer for actuation, and research has shown 

that the material can be operated at frequencies as high as 2 kHz.
14

  Furthermore, a Ni-

Mn-Ga sample has been mechanically actuated for 2 × 10
9
 cycles which demonstrates a 

significantly longer fatigue life in comparison to Ni-Ti.
15,16

  These characteristics, many 

observed exclusively in the single crystalline form of Ni-Mn-Ga, make it an attractive 

material for the development of applications. 

The costs and difficulties associated with manufacturing single crystalline Ni-Mn-Ga 

have led researchers to study other forms of the MSM alloy, such as thin films,
17
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polycrystalline bulk material
18,19

 and foams.
20,21

  Grain boundaries and the antagonistic 

crystallographic orientation of individual grains prevents twin boundary movement in 

polycrystalline Ni-Mn-Ga which makes it less suited for application development.  As 

such, most research, including this dissertation, is focused on single crystalline Ni-Mn-

Ga because of its large strain, low twinning stress and predictable behavior.  The 

actuation of bulk single crystalline Ni-Mn-Ga is the primary method of actuation that 

has been studied and several applications, such as actuators, vibration dampers
22

 and 

energy harvesters,
23

 have been developed that utilize this mechanism.   

Existing applications could become more efficient by reducing the twinning stress of 

the material, and new applications would be possible by developing alternative methods 

for actuating the MSM element.  This dissertation presents the discovery of a new type 

of twin in Ni-Mn-Ga which has a significantly lower twinning stress and also introduces 

a new method of controlling the twin configuration of a Ni-Mn-Ga element.  This same 

method is used to study twin boundary dynamics and is the fundamental principle that 

enabled the invention of the MSM micropump (patent pending) that was developed and 

characterized during this research. 
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2 Background 

2.1 Fundamentals of Ni-Mn-Ga 

In 1903, Friedrich Heusler reported that it was possible to create ferromagnetic alloys 

from non-ferromagnetic constituents, such as the alloy Cu2MnAl.
24

  These Heusler 

alloys, which follow the composition X2YZ, have received significant attention because 

of their ferromagnetic properties and the shape memory effect that is related to the 

temperature driven martensitic phase transformation. The ferromagnetic properties of 

the Heusler alloy Ni2MnGa were first studied by Hames et al. in 1960,
25

 and the effects 

of and temperature on the alloy’s crystal structure were studied by Martynov and 

Kokorin in 1992.
26

  Prior to 1996, less than 400 scientific articles concerning Ni2MnGa 

alloys have been published.  In 1995, Ullakko invented the MSM effect
27,28

 and 

demonstrated a reversible magnetic-field-induced strain (MFIS) of 0.19% in a Ni-Mn-

Ga alloy at 265 K.
29

  Since this discovery, over 10,000 scientific articles have been 

published that are related to Ni-Mn-Ga.  This section reviews the alloy Ni-Mn-Ga, 

describing the MSM effect and highlighting important properties of the alloy which 

have been discovered. 

2.1.1 Crystallographic structure 

The high temperature parent phase of Ni-Mn-Ga, frequently referred to as its austenite 

phase, follows the highly ordered FCC L21 cubic structure that is characteristic of 

Heusler alloys.
30

  Figure 2.1 illustrates the atomic positions of the nickel, manganese  

and gallium atoms of stoichiometric Ni2MnGa in its austenite phase.  The gallium atoms 

(green) occupy each corner of the cubic unit cell as well as the center of each face.  

Manganese atoms (red) are located between the gallium atoms at the middle of each 

edge as well as at the center of the unit cell.  The nickel atoms (blue) are located in the 

center of each of the eight cubic sub-unit cells.   

When the material is cooled from its austenite phase, it experiences a diffusionless, 

shear transformation into its martensite phase.  This phase transformation distorts the 

high symmetry austenite lattice into a martensitic crystal structure of lower symmetry.
31

   

The structure of martensitic Ni-Mn-Ga is extremely sensitive to the composition of the 

alloy,
32

 but the temperature
33

 and applied stresses
34

 also affect its structure.  The 

primary properties that are used to characterize Ni-Mn-Ga alloys are as follows: 
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1. The ratio of the c-axis and the a-axis of the martensitic unit cell.  This defines 

the theoretical maximum strain possible due to reorientation of the crystal 

lattice, which is given by the equation ε = 1 – c/a. 

2. The twinning stress, σtw, of the martensite.  This defines the minimum stress, 

and therefore the minimum magnetic field, needed to strain the material. 

3. The blocking stress, σmag, of the martensite.  This defines the maximum stress 

that can be created in the material by an applied magnetic field. 

4. The austenite transformation starting temperature, As.  This defines the 

maximum temperature that the material will remain in its martensite phase, 

which is the phase where twin reorientation occurs. 

Various off-stoichiometric compositions of Ni-Mn-Ga, which result in different 

properties and crystallographic structures, have been developed in an effort to minimize 

the material’s twinning stress, maximize the possible MFIS and increase its austenite 

transformation starting temperature.   

 

 

Figure 2.1.  The FCC L21 cubic structure of stoichiometric Ni2MnGa in its austenite phase.  

Gallium atoms are green, manganese atoms are red and nickel atoms are blue. 

 

Non-modulated (NM) Ni-Mn-Ga has a tetragonal structure and has a twinning stress 

that is much greater than its blocking stress.
35

  As such, NM Ni-Mn-Ga does not 

appreciably strain in a magnetic field and therefore is not extensively studied.  

Modulated seven-layered (7M) Ni-Mn-Ga has a pseudo-orthorhombic structure with a 

c/a ratio of 0.90
36

 and it has been experimentally shown to produce a 9.5% MFIS.
13

  

The disadvantage of the 7M structure is that it is considered metastable
37

 and has a low 

blocking stress of 1.6 MPa.
38

  This low blocking stress correlates to a low work output, 

which is a function of the twinning stress and blocking stress.
39
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Modulated five-layered (5M) Ni-Mn-Ga has a pseudo-tetragonal structure with a c/a 

ratio of 0.94.
35

 A MFIS of 6% has been demonstrated by Murray et al. which is nearly 

the maximum that is theoretically possible.
12

  Significant research has been conducted 

in an effort to reduce the twinning stress.  Likhachev et al. reported a twinning stress in 

5M Ni-Mn-Ga to be greater than 1.0 MPa in 2003,
40

 and Rolfs et al. reduced the 

twinning stress to 0.5 MPa in 2009 by minimizing crystal inhomogeneity and 

impurities.
41

  Coupled with a blocking stress that can be as high as 3.0 MPa and an As 

that is above room temperature,
42

 it is clear why single crystalline 5M Ni-Mn-Ga is 

most often studied.  It has the lowest twinning stress and highest work output while still 

maintaining a large MFIS. Crystallographic details of Ni-Mn-Ga in its austenite and 

various martensite structures are presented in Table 2.1.
36,40,43-47

 5M Ni-Mn-Ga was 

used for all of the experiments conducted within this dissertation. 

  

Table 2.1. The crystal structure and lattice parameters of Ni-Mn-Ga in its austenite and 

various martensite phases. 

Material Phase Crystal Structure 
Crystallographic  

Space Group 

Lattice Parameter (Å) 

a b c 

Austenite Cubic Fm-3m 5.82 5.82 5.82 

7M Martensite Pseudo-Orthorhombic Fmmm 6.12 5.80 5.50 

5M Martensite  Pseudo-Tetragonal I4/mmm 5.94 5.94 5.59 

NM Martensite Tetragonal I4/mmm 5.46 5.46 6.58 

 

2.1.2 Magnetic shape memory effect 

The MSM effect results from the coupling of a material’s crystallographic orientation 

with its magnetic structure and is unique in comparison to other shape memory effects.  

Not only can the strain be controlled by a magnetic field, but it is caused by twin 

boundary motion while the material stays completely in its martensitic phase.  The total 

strain that is possible from the MSM effect is determined by the crystallographic lattice 

parameters and, as such, giant MFIS of nearly 10% have been achieved.
13

  This is 

substantially greater than what has been achieved with magnetostrictive and 

piezoelectric materials.  Magnetostrictive materials, such as Terfenol, can strain up to 

0.17%
48

 whereas typical piezoelectric ceramics strain only 0.1%.
49
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The principles for the MSM effect were suggested several times
11,27,50,51

 prior to it being 

first demonstrated in Ni-Mn-Ga in 1996.
29

 There are two conditions that must be met in 

order for the MSM effect to be possible: 

1. The material must have a low twinning stress so that the twin boundaries are 

mobile. 

2. The material must be ferromagnetic with a high magnetic anisotropy when 

compared to the energy necessary to move the twin boundaries. 

During cooling from the austenite phase into the martensite phase, the Ni-Mn-Ga crystal 

forms a twinned microstructure to accommodate the internal strains of the shear 

distortion caused by the phase transformation.
52

  This microstructure consists of ideally 

two twin variants which are separated by twin boundaries.  When the twinning stress of 

the material is low, the twin boundaries are more mobile and the twin variants can 

easily convert into one another.  The high magnetic anisotropy of Ni-Mn-Ga correlates 

to a reluctance for the magnetization vector to deviate from the easy axis of 

magnetization.  If the magnetic anisotropy energy, Uk, is greater than the energy 

required for twin boundary motion, Etw, any work done by actuation, W, and all other 

energy terms, E0, then it is possible for the unit cells of one twin variant to be converted 

to another.  This is expressed by the following equation
11

 which was presented by 

Ullakko in 1996: 

 𝑈𝑘 > 𝐸𝑡𝑤 + 𝑊 + 𝐸0 (2.1). 

A theoretical model explaining the relationship between an external magnetic/electric 

field, the shear stress in the twinning plane and the motion of twinning dislocations was 

reported in 1998.
53

  A year later, a quantitative model describing the MSM effect was 

presented.
54

  Figure 2.2 schematically illustrates the MSM effect.  The initial state of 

the Ni-Mn-Ga element consists of two twin variants, yellow and red, that are separated 

by a twin boundary, TB, which are illustrated as diagonal lines within the blue region.  

The easy axis of magnetization is depicted by the small black arrows within each unit 

cell.  By increasing the magnetic field, H, that is applied to the sample, a difference in 

the Zeeman energy is generated between the unit cells on either side of the twin 

boundary.  This energy difference, which is the result of the material’s high magnetic 

anisotropy, exerts a stress on the twin boundary which drives the reorientation of the 

unit cells, which is possible due to the material’s low twinning stress.
55,56

  In the figure, 

the applied magnetic field causes the preferentially aligned red twin variant to grow at 

the expense of the yellow twin variant.  The preferential variant will continue to grow as 

the strength of the magnetic field increases until the entire sample is in a single variant. 
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2.1.3 Properties and applications 

Ni-Mn-Ga has a variety of properties beyond the reversible MFIS that make it an 

appealing material for technology development.  The following is a list of such 

properties that have been reported for Ni-Mn-Ga: 

 Due to the physical reorientation of the martensitic structure via twin boundary 

motion, the strain induced in an MSM element is stable and will remain even 

when the energy source is removed.   

 The actuation of the material can be precisely controlled.  As such, the total 

strain of the material is continuously variable between one twin variant and the 

other.
57

 

 An actuator can complete a full stroke in less than 1 ms.  This allows for high 

frequency applications. 
14,58

 

 The movement of twin boundaries dissipates energy. 
59,60

 

 The efficiency of converting energy from the applied magnetic field, which is 

dependent on the twinning stress, can be as high as 90%.
61

 

 The magnetic anisotropy between the hard and easy axes of magnetization are 

significantly different from each other.
62,63

 

 The material has a high fatigue life.  An MSM element has been mechanically 

actuated for 2 × 10
9
  cycles before failing.

15,16
 

A variety of applications have been developed that utilize the above properties.  The 

most developed application is the use of magnetically driven actuators.
49,64,65

  The large 

strokes are over an order of magnitude greater than piezoelectric and magnetostrictive 

actuators.
48,49

 Furthermore, MSM actuators can maintain a variable stroke length 

without the use of a power source.  Both magnetostrictive and piezoelectric actuators 

require an active power input, such as a magnetic field or electric field, respectively, in 

order to maintain strain.  Thermal shape memory actuators have a similar stroke length 

but are limited by how quickly they can dissipate heat to the environment.  

Comparatively, MSM actuators can operate at much higher frequencies since they are 

actuated by a magnetic field.  Since twin variant reorientation consumes energy, an 

MSM actuator can also serve as a vibration damper.
59,60 
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Figure 2.2. A schematic illustrating the magnetic shape memory effect.  A Ni-Mn-Ga sample 

with two twin variants (left) is subjected to an applied magnetic field.  The magnetic field 

causes the preferentially aligned red twin variant to grow at the expense of the yellow twin 

variant (middle) until the entire Ni-Mn-Ga sample is a single variant (right).  Picture reprinted 

with permission from the Magnetic Materials Laboratory, BSU.
66

 

 

Suorsa et al. reported that straining the MSM element also generates a measurable 

change in an inductor’s inductance.
67

  This is due to the large differences between the 

magnetic anisotropy of the easy axis of magnetization, the c-axis, and the hard axis of 

magnetization, the a-axis.  When the twin variants are reoriented, it changes the 

magnetic flux within the inductor and creates a voltage potential and therefore current. 

This phenomenon has been exploited to create sensors that can detect the overall twin 

configuration, and therefore total strain, of an actuating MSM element.
68,69

  It is also the 

working principle that is used in MSM energy harvesters and voltage generators.
70-73

   

Ni-Mn-Ga alloys have also shown promise as a refrigerant to be used in magnetocaloric 

refrigeration.  This is due to how sensitive the alloy’s martensitic phase transformation 
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temperature is to the alloy’s composition.
74

   It is known that large magnetocaloric 

effects are expected near the Curie temperature, TC.
75

 When the TC is near the phase 

transition temperature of the material, they merge into a first-order magnetostructural 

phase transition
76

 which is where the maximum magnetocaloric effect is found.
77

  Other 

novel applications have also been developed from Ni-Mn-Ga, such as micropropulsion 

flappers
78,79

 and four-state memory devices.
80

 

Many of these applications and a majority of the previous research on Ni-Mn-Ga utilize 

the MSM effect when the entire sample is subjected to a uniform magnetic field.  This 

method of controlling the twin configuration is schematically illustrated in Figure 2.3 

using the MSM actuator as an example.   A magnetic field of increasing strength is 

applied to the bulk of an MSM element in order to actuate the material.  This method is 

advantageous in that it creates the largest strains possible from the MSM element.  

However, a distinct disadvantage to bulk actuation is that the twin configuration cannot 

be predictably controlled.  As such, this method is beneficial when large strokes of the 

MSM element are needed rather than a precise and reproducible twin configuration. 

 

Figure 2.3. A schematic illustrating an MSM actuator which uses the traditional method of 

inducing twin variant reorientation within an MSM element.  A uniform magnetic field, H, of 

increasing strength is applied to the entire MSM element which causes maximal straining of the 

element.
58

  

 

2.2 Twinning 

Twinning is the deformation method that is responsible for the reversible strain 

produced by the MSM effect.  It is a shear deformation process which creates a new 

crystallographic orientation, called a twin, in the parent crystal structure that can be 

viewed equivalently as either a reflection over a common plane or a rotation about a 
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common axis.  The plane that divides the twin variant from the parent crystal is called 

the twin boundary.  Twinning causes individual atoms to move distances that are less 

than their interatomic spacing. Twinning is typically characterized by four twinning 

elements: the planes K1 and K2, and the directions 1 and 2. 
81-83

  These are illustrated 

in Figure 2.4.
84

  The plane parallel to the parent crystal, called the habit plane, is 

denoted as K1.  The shear direction, noted as 1, is the direction that an atom is shifted 

during twinning and lies on the intersection of K1 and the shearing plane, S.  The plane 

that is parallel to the twinned crystal, called the conjugate plane, is labeled K2.  The 

conjugate direction, 2, is defined by the intersection of K2 and S.
85

  There are three 

types of twin variants that are possible that have been classified according to their 

symmetry and twinning elements.  Type I twins have a reflection symmetry over K1, 

and K1 and 2 are the only elements with rational indices.  Type II twins have a 180° 

rotational symmetry about 1, and K2 and 1 are the only rational elements.  Compound 

twins have mirrored symmetry and all four twinning elements are rational.
82,83,86

   

 

Figure 2.4.  An illustration of the twinning elements.  1, the shear direction, lies on the 

intersection of K1, the habit plane, with S, the shear plane.  K2 and 2 are the conjugate plane 

and direction, respectively.
84

 

 

An example of the crystallography of a sample with two twin boundaries is 

schematically illustrated in Figure 2.5a.  It is important to note that the twin boundaries 

create a measurable change in the orientation of the crystal axes, resulting in 

macroscopic shape changes represented by  in the figure.  Although this angle varies 

according to the composition and twin variant, it has been measured to be ~3.6° in Ni-

Mn-Ga.
87

 This angle is significant because it allows for optical observation of both twin 

variants and their twin boundaries.  Figure 2.5b is an optical micrograph that shows the 

surface of a polished Ni-Mn-Ga sample that has a thin twin variant configuration.  The 

dark stripes, labeled as variant 2 according to Figure 2.5a, reflect the light away from 

the objective lens of the microscope whereas the light reflected by variant 1 is easily 
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seen. This principle has been used extensively in the observation and characterization of 

twin boundaries and structures in Ni-Mn-Ga alloys. 

 

 

Figure 2.5.  a) A schematic representing the angle caused in the crystallographic structure by 

twin boundaries. b) An optical micrograph that shows how twin variants can be observed due to 

the difference in angle.  The light stripes correspond to twin variant 1 and the dark stripes 

correspond to twin variant 2.  Pictures provided courtesy of the Magnetic Materials Laboratory, 

BSU. 

 

Perhaps the most defining property of the quality of a Ni-Mn-Ga single crystal, and 

therefore its utility for most applications, is its twinning stress.  A lower twinning stress 

directly correlates to higher twin boundary mobility within the crystal,
88

 a decrease in 

the magnetic field required to actuate the material and an increase in material’s work 

output and efficiency.
61

  Significant research has been performed in an effort to 

minimize the twinning stress in Ni-Mn-Ga.  In 2010, Straka et al. carefully controlled 

the impurities within a Ni-Mn-Ga alloy to achieve a very high quality single crystal 

with a twinning stress σtw = 0.1 MPa for a single twin boundary.
89

  In spite of this 

accomplishment, there remains a strong interest in further reducing the twinning stress.   

Cu-Al-Ni is a well-studied shape memory alloy that was first developed and 

characterized in 1970.
90-91

 Type II twins were conclusively demonstrated in 1985 in this 

alloy
89

 and later, results were presented that indicated that Type II twins had greater 

mobility and a lower twinning stress than Type I twins.
93

  These results preceded even 

the discovery of the MSM effect itself and suggest that a similar effect may be possible 

in other materials.  Indeed, this was found to be the case by two research groups 

independent of one another.  Straka et al. discovered highly mobile Type II twin 

boundaries that had a reduced twinning stress, measured to be 0.2 MPa, while Type I 
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twin boundaries found in the same sample had a twinning stress of 1 MPa.
94

   Müllner’s 

research group grew their own Ni-Mn-Ga single crystals and then demonstrated that a 

Type II twin boundary required a magnetic switching field of 30 mT compared to 300 

mT needed for a Type I twin boundary in the same sample (see Publication I).  

The pseudo-tetragonal crystal lattice structure of 5M Ni-Mn-Ga, as discussed in Section 

2.1.1, provides an adequate explanation on how the reorientation of twin variants occur 

and is reasonable for physical descriptions and properties of the material.  However, this 

lattice structure is unable to explain the presence of Type II twins.  It has been 

previously reported that the crystal structure of 5M Ni-Mn-Ga is monoclinic.
45

 

Although the difference between the a- and b-axes is relatively slight (less than 0.03 Å), 

and the  angle is only slightly greater than 90° (90.325°), this is significant enough to 

allow for Type II twins.  Straka et al. has reported a detailed experimental and 

theoretical analysis that provides an explanation of the Type II twin phenomenon after 

observing a striped contrast perpendicular to a Type II twin boundary.
94

 Using XRD, 

they experimentally observed that the striped contrast is a result of a- and b-oriented 

variants that create a laminate structure perpendicular to the deviated (101) twin 

boundary.  These results are supported by a theory that uses the monoclinic model of 

5M Ni-Mn-Ga.  In a later study, Straka et al. also demonstrated that the twinning stress 

of Type II twins is temperature independent whereas the twinning stress for Type I 

twins increases 0.04 MPa/K with decreasing temperature.
95

  These are clear signs that 

future applications will utilize Type II twins once they can be predictably stabilized and 

controlled by a magnetic field. 

Although not as critical as the twinning stress, other important properties that influence 

how Ni-Mn-Ga applications are developed are the actuating dynamics, twin boundary 

dynamics and how quickly the material responds to a magnetic field.  These have a 

direct influence on applications where speed and frequency are critical.  Research on the 

dynamics of Ni-Mn-Ga started by Marioni et al.
96

 when they showed that the extension 

velocity of a sample can reach speeds up to 0.5 m/s.  Suorsa et al.
97

 measured an 

extension velocity and acceleration of 1.3 m/s and 5,000 m/s
2
 and Korpiola et al.

98
 

presented a deformation velocity up to 2.5 m/s.  Shilo et al. reported a twin wall 

velocity of 0.1 m/s for Type I twin and a response time less than 100 μs.
99,100

 All of 

these results provide a strong foundation in characterizing the twin boundary dynamics 

of Ni-Mn-Ga, but they don’t support the original hypothesis by Ullakko that the twin 

boundary velocity should be a reasonable fraction of the speed of sound within the 

material.
28
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2.3 Current micropump technologies 

The trend in advancing technology is for devices to become smaller and more efficient 

with the most prominent example being the electronics and computer industry.  A 

similar trend is being followed by the microfluidic industry with portable field 

instruments, such as point of care diagnostics (PoCD), and micro total analysis systems, 

such as lab-on-a-chips (LoC), constituting the primary driving force.
101

  A key 

component that is underdeveloped that is necessary for microfluidic systems is a means 

to control the fluid, such as a micropump.
102

 Many microfluidic devices are still 

dependent on an external pumping device, such as a syringe, peristaltic or piezoelectric 

pump.
103,104

  Connecting an advanced microfluidic system to these traditional, external 

micropumps is counterintuitive to the microfluidic goals of miniaturization, precision, 

efficiency and portability.  There are currently no adequate solutions for an integratable 

micropump and, as such, research has continued in this area with this goal in mind. 

There are several features that an integratable micropump would need for it to be 

implemented into a microfluidic device.  First, it must meet the technical specifications, 

such as flow rate, pumping pressure and precision, that are the quantifiable standards for 

micropumps.  It should be simple in design so that it can be easily integrated into the 

microfluidic device.  This implies that the number of mechanical parts and electrical 

contacts should be minimized. Furthermore, it should be self-priming and robust so that 

it can completely and independently control the flow within the microfluidic device 

under a variety of conditions.  There have been a few micropumps that have been 

developed that have attempted to solve this problem. 

The most common micropump solution is the piezoelectric diaphragm pump.  The 

principle concept is illustrated in Figure 2.6.
105

  A piezoelectric diaphragm is actuated 

which causes it to flex convexly in relation to the pumping chamber.  This draws fluid 

into the pumping chamber through the inlet check valve.  The fluid is then displaced 

through the outlet check valve by actuating the piezoelectric diaphragm so that it flexes 

concavely in relation to the pumping chamber.  This type of micropump is well 

developed and has been implemented as a portable, external micropump.  However, the 

difficulty in manufacturing and integrating this micropump has prevented it from being 

developed commercially as an integratable solution.  It requires multiple mechanical 

parts, such as two check valves, a diaphragm and the piezoelectric actuator.  Electrical 

contacts are also needed to provide voltages as high as 150 V to actuate the 

piezoelectric actuator, which requires the micropump to be physically connected to an 

external power source.  Even if this micropump met the technical specifications 

required for a microfluidic device, these factors alone make it difficult to integrate. 
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Figure 2.6. a) A schematic of a typical piezoelectric diaphragm pump.  A piezoelectric actuator 

flexes to draw and expel fluid through the inlet and outlet check valve. b) A compact 

piezoelectric micropump developed by Truong et al.
105
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Other micropump technologies have been recently proposed as an integratable 

micropump solution.  Kan et al.
106

 developed a serial-connection multi-chamber 

piezoelectric micropump that achieves significant flow rates (about 125 μL/s at 400 Hz) 

and pressures (48.6 kPa) while requiring less voltage (40 V) than traditional 

piezoelectric micropumps.  This micropump exceeds the typical specifications for 

microfluidic devices at the cost of a significant increase in the complexity of the device.  

Sheen et al.
107

 and Wang et al.
108

 present valveless piezoelectric micropumps that have 

a much simpler design.  Sheen’s micropump achieves a flow rate 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 backflow unless 

the piezoelectric diaphragm is actively actuated.  Furthermore, all of these micropumps 

depend on piezoelectric actuation which requires electric contacts. 

It is clear that new microfluidic flow control solutions are needed considering that there 

are no commercially available micropumps that can be feasibly integrated and even 

recent research struggles to meet the demands.  The local actuating methods developed 

within this dissertation were used to invent a simple, wireless micropump that utilizes a 

single crystalline Ni-Mn-Ga element as the actuating mechanism.  This micropump was 
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first invented and reported in Publication II and then later improved and characterized 

in Publication V. 
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3 Objectives of the study 

Development of new methods of controlling the twin configuration in Ni-Mn-Ga 

The primary objective of this dissertation was to develop new methods that could be 

used to control and manipulate the twin configuration of a Ni-Mn-Ga element.  The 

underlying principle of these new methods was the use of a localized magnetic field to 

actuate a specific area of the MSM element rather than a uniform magnetic field which 

actuates the entire MSM element.  Publication II reports the use of a permanent magnet 

to generate a localized, bidirectional magnetic field that creates a specific and 

reproducible twin configuration within the MSM element.  The prototype of the MSM 

micropump, which utilizes this specific twin configuration, is also reported in this 

article.  Publication III uses a custom electromagnet to generate a localized, 

unidirectional magnetic field that can precisely rearrange a twin configuration in a 

constrained MSM element.  

Study of twin boundaries and their dynamics  

The movement of twin boundaries is the fundamental principle that allows for the large 

MFIS observed in Ni-Mn-Ga.  Furthermore, the twinning stress is the defining 

characteristic which indicates the crystal quality and how well the material will perform 

in most applications.  Publication I documents the independent discovery of Type II 

twins as well as the lowest twinning stress reported in Ni-Mn-Ga single crystals.  

Publication IV utilizes the methods developed within this dissertation to study twin 

boundary dynamics, particularly the twin boundary velocity, acceleration, and response 

time to a local magnetic field. This article reports faster twin boundary dynamics and a 

quicker response time which expands the potential applications that Ni-Mn-Ga can be 

used for.  

Invention and characterization of the MSM micropump  

The new method of actuation developed within this thesis has enabled the invention of 

new applications utilizing 5M Ni-Mn-Ga.  One such application is the MSM 

micropump (patent pending) which was invented during this dissertation.  Publication 

II presents the prototype of the MSM micropump which utilizes the specific twin 

configuration created by a permanent magnet.  Publication V further develops the 

MSM micropump, characterizes the performance parameters that are pertinent within 

the field of microfluidics and also compares it to existing micropump technologies. 
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4 Materials and methods 

4.1 Discovery and characterization of Type II twins in 5M Ni-Mn-Ga 

A modified Bridgman method was used to grow high quality single crystalline Ni-Mn-

Ga at Boise State University.  The elements used were all high-purity (99.995% nickel, 

99.999% manganese, 99.9999% gallium) with special attention paid to the manganese 

to minimize its oxygen content.  Further details on the methods used for growing the 

aligned single crystal can be found in Publication I.  After successfully growing a 

single crystal, its composition was analyzed by energy dispersive X-ray spectroscopy 

(EDS) and orientation confirmed by X-ray diffraction (XRD) prior to preparing 

parallelepiped samples which were cut by using a precision wire saw.  The samples 

were cut such that all the faces of the element were parallel to {100}c so that they could 

be uniaxially characterized.  The samples were electropolished to remove surface 

stresses from the material so that they could be characterized.  The twinning stress was 

then measured by a mechanical testing machine (Zwick, Ulm, Germany).  

The switching field to move a single twin boundary was measured from the best sample 

that was cut from the single crystal.  A single twin boundary was mechanically induced 

in the sample prior to being mounted to a sample holder.  Between individual tests, it 

was observed that the orientation of the mechanical stress applied to the sample created 

a single twin boundary of two distinct orientations.  In one orientation, the twin 

boundary made a nearly 90° angle with the edge of the sample.  The second orientation 

deviated from this angle by nearly 8°, creating an approximately 82° angle with the 

edge of the sample.  In each case, the sample was placed into the vibrating sample 

magnetometer (VSM, ADE Model 10) so that the magnetization could be measured as a 

function of field strength.  As the field strength increased, the magnetization of the 

sample would also increase linearly until it reached the magnetic field that was needed 

to move the twin boundary and make the sample a single variant.  This was revealed as 

a large and discontinuous increase of the sample’s magnetization up to saturation.  The 

field strength at which this discontinuous jump was observed correlates to the switching 

field of the twin boundary. 

4.2 Concept and construction of the Ni-Mn-Ga micropump 

The behavior of an MSM element near high strength permanent magnets, varying in 

size, shape and direction of magnetization, was experimentally observed. Of the various 

configurations tested, a diametrically magnetized cylindrical magnet created the most 

interesting effect.  As the magnet was rotated, it created a moving twin configuration 
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across the sample.  This is shown in Figure 4.1.  The magnet was placed near the MSM 

element which caused a localized twin configuration, named a shrinkage, in the MSM 

element near the poles of the magnet.  This shrinkage followed the poles of the magnet 

as it was rotated.  The movement of the shrinkage from one end of the MSM element to 

the other inspired images of an animal swallowing, “pumping” the food from the mouth 

to the stomach. This is the fundamental, biomimetic principle that the MSM micropump 

uses. 

 

Figure 4.1.  When 1) an MSM element is placed near 2) a diametrically magnetized cylindrical 

magnet, 3) a local twin configuration, named a shrinkage, is formed near the poles of the 

magnet (top).  As the magnet is rotated, this shrinkage travels along the MSM element to follow 

the poles of the magnet (bottom, left to right).  Pictures provided courtesy of the Magnetic 

Materials Laboratory, BSU. 

 

In order to utilize this phenomenon, a channel had to be made that the MSM element 

could be placed in so the shrinkage could carry fluid.  The design of the prototype is 

shown in Figure 4.2.  A glass slide was prepared as a substrate that the MSM element 

would be mounted to.  Two holes (1 mm in diameter) were drilled into the glass to act 

as the inlet and outlet for the channel.  The holes were spaced approximately 4 mm 

apart since this was slightly larger than the width of the shrinkage.  This ensured that 

there would not be a completely open channel between the inlet and outlet at any time.  

An 5M Ni-Mn-Ga element, produced by BSU, was electropolished to minimize the 

twinning stress.  The element, which had an induced shrinkage twin configuration, was 

then fixed to the clean glass substrate on the far ends using a two part epoxy so that it 
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was centered over the inlet and outlet holes.  The epoxy prevented the elongation or 

contraction of the MSM element and forced the shrinkage twin configuration to remain 

in the element.  After the epoxy cured, silicone was applied along the long edges of the 

MSM element to seal the working channel of the micropump.  The final step was to cast 

the entire pump with an elastomer (Dow Corning, Sylgard 184) to protect the MSM 

element and ensure that the micropump wouldn’t leak. This version of the micropump 

was used in Publication II.   

 

Figure 4.2.  A picture of the MSM micropump prototype used in Publication II with schematics 

of two cross sectional views. 

 

The design was later improved by using a smaller MSM element, obtained 

commercially, that had a shot-peened surface treatment that stabilized a fine twin 

configuration in the sample.  The MSM micropump was simplified so that, after 

construction, it consisted of only three parts: the single variant 5M Ni-Mn-Ga element, a 

polycarbonate substrate and the elastomer.  The epoxy was no longer needed to fix the 

ends of the element, and the elastomer created a superior seal compared to the silicone.  
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Fig. 1 Construction details of 

the MSM micropump.   

A. Epoxy is used to constrain both 

ends of the MSM element, and 

elastomer provides a sealing base 

(shown on top here, during 

construction).     

B. Minimal silicone is applied to 

the corner between the MSM 

element and the glass slide. 
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Furthermore, the elastomer completely encapsulated the MSM element such that there 

is a thin layer on the interface between the working face of the MSM element and the 

polycarbonate substrate.  This guarantees the best seal since the elastomer, prior to 

curing, will conform to any abnormalities or surface defects on either surface.  The 

polycarbonate substrate is primed using a primer (Dow Corning, 1200 OS) engineered 

specifically for the elastomer which causes the elastomer to preferentially adhere to the 

polycarbonate substrate.  The elastomer is cured while the MSM element is in a single 

variant state.  Due to the primer, the thin elastomeric layer remains in place when the 

shrinkage is formed in the MSM element.  Thus, the fluid is pumped between the thin 

elastomeric layer and the MSM element.  Figure 4.3 shows a 3D rendering of the latest 

version of the MSM micropump.  A thicker polycarbonate substrate was used in this 

model so that microfluidic tubing can easily interface with it. 

 

Figure 4.3. A 3D rendering of the MSM micropump used in Publication V.  It consists of 

primarily three parts: the single variant MSM element, the polycarbonate substrate and the 

elastomer sealing. 

4.3 Control of the twin configuration via electromagnet 

The success of creating and controlling a unique twin configuration by using a 

permanent magnet led to the experiments of producing similar results using 

electromagnets.  A custom electromagnet was made from a 0.2 mm insulated copper 

wire with an iron core that tapered to a bladed edge.  This electromagnet made it 
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possible to direct a high strength magnetic field onto a very specific area of a prepared 

5M Ni-Mn-Ga element with a nominal composition of Ni50Mn29Ga21.  This 

electromagnet was connected to a high voltage generator (EMC, Transient 1000) that 

could generate a strong, fast electric pulse with a rise time measured in microseconds.  

The MSM element, with the dimensions of 20 mm x 2.5 mm x 1 mm, was 

electropolished to reduce surface stresses and then a single side of the element was 

mechanically ground and finally polished using a 0.25 μm diamond suspension to 

enhance the surface reflectivity.  This sample, which had a known twin volume fraction, 

was then fixed with epoxy to a glass substrate.  Approximately 15% of the sample was 

in the twin variant where the c-axis was aligned along the short dimension of the 

element (labeled twin variant 2 for the purpose of this experiment).  Twin variant 1 is 

used in this experiment to describe the variant where the c-axis is aligned in the 

direction of the long dimension of the element. 

Figure 4.4 illustrates the experimental setup.  The electromagnet (labeled as 1) was first 

positioned in an area along the MSM element which was entirely twin variant 1 

(illustrated as the white area of the MSM element).  An electric pulse was applied to the 

electromagnet which generated a magnetic field sufficiently strong to produce a local 

twin configuration of twin variant 2 (labeled as 2) at the location (Figure 4.4a).  After  

 

 

Figure 4.4. A schematic showing the experimental setup used in Publication III.  The 1) 

electromagnet is pulsed to relocate 2) twins to a new location on a constrained MSM sample.  

The experiment is displayed sequentially from top to bottom. 
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recording the results using a polarized optical microscope, the electromagnet was then 

translated across the element to a new position near the first location (Figure 4.4b).  

Another pulse was applied to the electromagnet which moved the twins to the new 

location (Figure 4.4c).  The images obtained from the experiment were binarized using 

MATLAB so that the twin volume fraction that was induced with each pulse could be 

quantitatively analyzed to determine the consistency of this method in creating a 

reproducible twin configuration. 

4.4 Characterization of twin boundary dynamics 

The ability to create a strong magnetic field with a rapid rise time allowed for the 

opportunity to study the nucleation and twin boundary dynamics of a single crystalline 

Ni-Mn-Ga sample.  For this study, a parallelepiped 5M Ni-Mn-Ga with a nominal 

composition of Ni50Mn29Ga21 was used with the dimensions of 18.6 mm x 2.4 mm x 0.8 

mm with its faces parallel to the (100), (010) and (001) crystallographic planes.  The 

sample was electropolished to relieve surface stresses and then mechanically ground 

and finally polished with a 0.25 μm diamond suspension to enhance the surface 

reflectivity.  The twinning stress of the prepared sample was measured to be 0.17 MPa.  

An electromagnet was made from 0.20 mm insulated copper wire such that the core of 

the electromagnet was open and it had a diameter 2.55 mm, just slightly larger than the 

width of the MSM element.  Figure 4.5 illustrates the experimental setup.  This 

electromagnet was embedded and fixed into an inclined sample holder such that the axis 

of the solenoid would align with the axis of the MSM element when it was also placed 

on the sample holder.  The Ni-Mn-Ga element was made single variant by a saturating 

magnetic field prior to fixing the element to the sample holder such that one end of the 

MSM element, referred to as the near end, was located at the opening of the 

electromagnet and the far end of the element was rigidly fixed to the sample holder, as 

shown in Figure 4.5a.  The solenoid was connected to a high-voltage generator (EMC, 

Transient 1000) which could create a strong, rapid electric pulse. 

The ~3.6° angle that is created by a single twin boundary
87

 is of critical importance to 

this experiment.  The change in the surface orientation of the MSM element causes the 

light from the optical microscope to be reflected away from the objective lens.  

Implementing this property with an inclined sample holder allowed for the quantitative 

observation of the movement of a single twin boundary.  Prior to the electromagnetic 

pulse, the sample was in a single variant (shown as dark green) such that the majority of 

the light was reflected away from the objective lens.  When an electric pulse was 

delivered to the solenoid, it generated a single twin boundary at the end of the sample 

that propagated a measureable distance through the sample, as illustrated in Figure 
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4.5b. This new twin variant (shown as light green) reflected significantly more light 

back into the microscope lens.  Figure 4.5c shows the MSM element both before and 

after the electromagnetic pulse.  Using this method, the movement of the twin boundary 

could be measured as a function of time, distance and the change in the light intensity.  

The light intensity was measured by a high-speed photodetector that was attached to the 

photo tube of the microscope.  The entire end of the MSM element nearest to the 

solenoid was within the viewing area of the microscope to ensure that the entire motion 

of the twin boundary was captured. 

 

 
Figure 4.5. a) A schematic representing the experimental setup, prior to the electromagnetic 

pulse, used to observe the position of a single twin boundary as a function of time. b) A 

schematic showing the experimental setup after the electromagnetic pulse.  c) A picture of the 

MSM element before (I) and after (II) the electromagnetic pulse.  The single twin boundary 

traveled a distance L due to the applied magnetic field.   

 

 

A 2 kV pulse with a rise time of <2 μs was delivered to the solenoid and the voltage 

from the photodetector measured as a function of time using a 200 MHz oscilloscope 

(Metrix Scopix III OX 7204).  The voltage signal from the generator was used as the 

trigger for the oscilloscope since it preceded any signal change from the photodetector.  

The change in the illumination measured by the photodetector corresponds to the 

change in the relative position of the twin boundary in reference to the moving end of 

the sample.  After each experiment, the distance that the twin boundary traveled was 

measured and used for scaling the data recorded by the photodetector.  This data was 

then analyzed to determine the relative velocity and acceleration of the twin boundary, 

the correlating actuation dynamics and the response time of the material to the magnetic 

field. 
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Theoretical calculations for the contraction of an MSM element were independently 

computed to compare with the experimental results.  The model assumes that the strain 

of the MSM element is induced by the applied magnetic field and does not consider the 

phenomena occurring during and shortly after twin nucleation.  Additionally, 

magnetostatic forces, magnetostrictive losses and the influence of eddy currents are 

neglected.  The twin boundary motion can be modelled by a simplified dynamics 

equilibrium equation.  The total mass, m, which is moved by the twin boundary at a 

contraction velocity of Vs, has the linear momentum mVs.  The time derivative of the 

linear momentum is equal to the difference between the calculated magnetic-field-

induced stress,
109

 σmag, and the twinning stress, σtw, of the MSM material multiplied by 

the cross-sectional area, A0, of the MSM element in its compressed state.  This is 

written in equation form as: 

 
𝑑

𝑑𝑡
(𝑚𝑉𝑠) = (𝜎𝑚𝑎𝑔 − 𝜎𝑡𝑤)𝐴0 (4.1) 

By using simple strain equations and substituting more complicated equations 

equivalents of the contraction velocity and mass, the following equation can be 

generated: 
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where k1 is the ratio of the initial load mass and the mass of the MSM element, ρl0A0, ρ 

is the density of the MSM material, ε is the current strain of the element when compared 

to its compressed length, ε0 is the maximum strain of the element and l0 is the fully 

extended length of the element. This equation was numerically solved for different 

initial conditions where ε is between the values of 0 and ε0 to obtain time-dependent 

results for the position, velocity and acceleration of the MSM element.  The maximum 

values for the relative twin boundary and actuation velocity were calculated from the 

above Equation (3) when d
2
ε/dt

2
 = 0 which results in the final equations: 

 𝑉 𝑠 𝑚𝑎𝑥 = √𝜀0
𝜎𝑚𝑎𝑔−𝜎𝑡𝑤

𝜌
  (4.3) 

 𝑉𝑏 𝑚𝑎𝑥 = √
𝜎𝑚𝑎𝑔−𝜎𝑡𝑤

𝜀0𝜌
  (4.4) 

where Vs max is the maximum contraction velocity and Vb max is the maximum twin 

boundary velocity relative to the end of the sample. In order to make the theoretical 

model better simulate the experiment, the magnetic field strength as a function of time 
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obtained from the experiment was used to calculate the magnetic-field-induced stress 

and the material parameters of the MSM element were used when solving the above 

equations.  Further details of this theory, including the derivations of the above 

equations and a schematic detailing the parameters used for this model, can be seen in 

Publication IV. 

4.5 Characterization of the Ni-Mn-Ga micropump 

After the newest model of the MSM micropump was constructed, it was necessary to 

characterize it so that it could be quantitatively compared to other technologies.  

Important characteristics of a micropump are its flow rate, the pressure it can pump 

against, the power required for operation, its resolution and repeatability.  As such, 

experiments were designed that could determine these parameters.  A dependable 

method for operating the MSM micropump was required, so a jig was constructed that 

utilized a 6 W DC motor (Maxon Motor AG, A-Max 22) to rotate the diametrically 

magnetized cylindrical magnet.  Optimization of the design was considered to minimize 

power losses due to friction.  Although the DC motor can operate at high frequencies, a 

disadvantage is that there is no feedback control.  As such, an optical encoder 

(Honeywell, Optoschmitt sensor) was used to measure the angular frequency of the 

motor.  With this feedback, the frequency of the motor could be closely regulated during 

the experiments.  The motor, optical encoder and jig were secured to a fixed, rigid plate.  

The MSM micropump could then be fixed onto the jig for the characterization 

experiments. 

To begin the measurements, small pipettes were attached to the inlet and outlet holes of 

the MSM micropump to act as a reservoir for the liquid as it was being pumped. Two 

liquids were used for the flow rate measurements: pure water and a 60% wt. glycerol 

solution.  This glycerol solution, at room temperature, is about ten times more viscous 

than water
110

 and was used to experimentally 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.  The flow rate could then be calculated with the simple 

equation flow rate = volume / time.  Furthermore, the volume per cycle, Vc, could also 

be calculated for each of the frequencies by the equation Vc = volume / (time x 

frequency).  The repeatability of the micropump was measured in a similar 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.  The back 

pressure that the pump could operate against was measured by connecting the MSM 

micropump to a pressurized fluid system.  The micropump was operated at a frequency 

of 100 Hz against the pressure within the fluid system.  The pressure within the fluid 
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system was increased until the micropump could no longer move fluid against the 

pressure.  Since the MSM micropump 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 

pressure further increased until backflow through the inlet was observed. 

The final parameter that was measured was the power consumed by operating the MSM 

micropump.  Since the micropump was operated by a DC motor, it was important to 

distinguish the power consumed by the motor without the load of the MSM micropump 

and compare it to the power consumed when the MSM micropump was being operated.  

To determine the former, the current-voltage characteristics of the motor were measured 

when the rotor was locked to obtain the terminal resistance, R, of the motor.  The 

voltage and current of the motor was then measured at various motor speeds without the 

MSM micropump in place to determine the power consumed by the motor, PNoLoad.  

Finally, a similar experiment was conducted with the MSM micropump in place to 

determine the additional power consumed by the motor while operating the MSM 

micropump, PLoad.  From this data, the power consumption of the MSM micropump 

itself, P, could be calculated: 

 𝑃 = ∆𝑃𝑚 − ∆𝑃𝐽 (4.5) 

Where ΔPm, the difference between the power consumed by the motor with and without 

the load of the MSM micropump, and ΔPJ, the difference between the joule heat 

dissipated by the motor with and without the load of the MSM micropump, are 

calculated as 

 ∆𝑃𝑚 = 𝑉𝐿𝑜𝑎𝑑𝐼𝐿𝑜𝑎𝑑 − 𝑉𝑁𝑜𝐿𝑜𝑎𝑑𝐼𝑁𝑜𝐿𝑜𝑎𝑑 (4.6) 

 ∆𝑃𝐽 = 𝑅(𝐼𝐿𝑜𝑎𝑑
2 − 𝐼𝑁𝑜𝐿𝑜𝑎𝑑

2 ) (4.7) 

Since the most probable applications of the MSM micropump are likely in the field of 

biology, it was important to characterize how the micropump might affect biological 

specimens.  As such, two experiments were conducted on this front.  One was to 

measure the temperature increase caused by the operation of the MSM micropump.  The 

second was to test the biocompatibility of the MSM micropump with polymerase chain 

reaction (PCR), which is the widely used process that multiplies and amplifies DNA in 

a biological sample.  To measure the former, the MSM micropump was operated at a 

steady speed of 100 Hz for 10 minutes while the temperature was monitored by an 

infrared sensor (Fluke, VT04 Visual IR thermometer).  No liquid was pumped during 

this experiment since the liquid would act as a coolant to the MSM element.  To test the 
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biocompatibility, the reagents used for PCR were pumped through the prototype MSM 

micropump and the standard PCR protocol was followed.  Further details on the 

experimental methods for testing biocompatibility can be found in Publication II. 
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5 Results and discussion 

5.1 Characterization of twin boundaries in Ni-Mn-Ga 

5.1.1 Type II twins with low twinning stress 

The single crystals followed the orientation of the seed such that the axis of the crystal 

was parallel to the <001>c direction which matches the crystallographic orientation of 

the seed, as detailed in Publication I. The austenite start temperature of the crystal was 

measured using low-field magnetization to be 32°C and the twinning stress of single 

variant samples cut from this crystal ranged between 0.5 MPa to 1.5 MPa.  These 

measurements indicate that the quality of this single crystal was on par with the quality 

of single crystalline samples from Adaptamat Oy, which has been the standard supplier 

of single crystalline Ni-Mn-Ga elements. As such, the samples from this single crystal 

that were used in this study can be compared to previous research which used samples 

from Adaptamat.  Furthermore, since the orientation of the single crystal is known and 

can be controlled by the seed, a higher volume of working MSM elements can be 

manufactured from the bulk single crystal that minimizes both material waste and 

additional work in characterizing the single crystal after it has been grown. 

The single twin boundary was mechanically induced in the best sample that was cut 

from the grown crystal.  It was observed that the angle of the twin boundary strongly 

correlated to the angle of the applied mechanical stress.  Figure 5.1 shows the results 

from the VSM experiments which were used to determine the switching field of a single 

twin boundary.  Figure 5.1a illustrates typical results from a sample that had a Type I 

twin.  The switching field, Hswitch, is the required magnetic field needed to create rapid 

motion of the single twin boundary that was present in the sample. For Type I twins, the 

switching field was measured to be between 250 and 300 mT.  These results 

corresponded to a twin boundary that created a near 90° angle with the edge of the 

sample.  For Type II twins, the switching field was measured to be around 30 mT.  

These results corresponded to a twin boundary that created an angle of approximately 

82° with the edge of the sample.  The results from all of the switching field experiments 

are shown in Figure 5.1b.  The inset pictures illustrate the twin boundary that was 

observed in the sample prior to the experiment.  The open and closed points correspond 

to small and large jumps in the magnetization, respectively. 

The switching field experiments are an excellent method to measure the twinning stress 

of the sample because they are not as susceptible to misalignment or tilting of the 

samples that could affect the measurements from the mechanical testing machine.  This 
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is due to the sample being loosely fixed to the sample holder by Teflon tape such that 

the sample is free to expand, contract and reorient to the magnetic field according to the 

crystallography rather than to how the sample was cut or mounted.  An equivalent 

twinning stress can be calculated from the switching field measurements.
111

 For 

magnetic fields of 30 and 300 mT, the equivalent twinning stresses are 0.01 and 0.9 

MPa, respectively.  This twinning stress of 0.01 MPa is the lowest twinning stress that 

has been reported for a single twin boundary in Ni-Mn-Ga.  Given this extremely low 

twinning stress and the temperature independence that Type II twins have shown, it is 

clear that future applications will utilize Type II twins when they can be stabilized and 

repeatedly produced with a magnetic field.  The method of using an oriented mechanical 

force to preferentially induce a Type II twin in the sample is an important step to 

stabilizing this twin structure.   

 

 

Figure 5.1. a) A typical magnetization curve measured on the VSM for a Type I twin boundary.  

Hswitch is the switching field that caused the rapid movement of the single twin boundary of the 

sample. b) A summary of the results from the switching field experiments.  The insets on the 

graph show a micrograph of a twin boundary that was typical for each set of data points. 

 

5.1.2 Twin boundary dynamics 

Figure 5.2 is a graph that shows the typical results seen in the experiments studying the 

position of a twin boundary as a function of time. The magnetic field strength (blue 

graph) is calculated based on the current that is passing through the solenoid and the 

position of the single twin boundary (green) is calculated based on the output voltage of 

the photodetector.  It can be seen from the graph that the time needed for the twin 

boundary to move a measured distance of 1.40 mm was 28 μs.  The movement of the 

twin boundary stopped within the duration of the magnetic pulse which implies that the 

twin boundary moved the maximal distance possible from the solenoid.  It is also 
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important to note the 2.8 μs delay between the onsets of the two curves.  Part of this 

delay is due to the time it takes for the magnetic field to generate and also penetrate the 

sample to begin the actuation.  Because the sample was in a single variant at the 

beginning of each experiment, the other part of this delay must then be the amount of 

time necessary to nucleate a single twin boundary and for it to begin propagating 

through the sample, which suggests a nucleation time of <2.8 μs.  The lower portion of 

the experimental data, starting with its onset, was fitted with a hyperbolic curve to yield 

an equation that could be derived and used to calculate the twin boundary velocity and 

acceleration.  A maximum twin boundary velocity and acceleration were calculated to 

be 82.5 m/s and 2.9 × 10
7
 m/s

2
.  The corresponding contraction velocity and 

accelerations are 4.6 m/s and 1.6 × 10
6
 m/s

2
, respectively.  The graphs of these derived 

equations can be seen in Figure 5.3a.  

 

Figure 5.2. A superimposed graph of the magnetic field strength measured from the high 

voltage generator (blue) and the movement of the twin boundary (green) as a function of time.  

A delay of 2.8 μs can be seen between the onsets of the two curves. 

 

These experimental results were compared to calculations using Equations 4.1 – 4.4 

which considered the measured parameters of the MSM element used in this study (ε0 = 

0.056 and σtw = 0.17 MPa) and typical values for the magnetic-field-induced stress
41

 

and material density (σmag = 3.0 MPa and ρ = 8000 kg/m
3
).  Our theoretical results 

indicate a maximum relative twin boundary and contraction velocity of 77.4 m/s and 
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4.33 m/s, respectively. The maximum relative twin boundary and contraction 

acceleration were calculated numerically to be 2.9 × 10
7
 m/s

2
 and 1.6 × 10

6
 m/s

2
.  

Figure 5.3b shows the theoretical results when the magnetic field strength curve from 

the experiment is applied to the model.  Not only do the maximum twin boundary 

velocity and acceleration strongly correlate to the experimental data, but the shapes of 

the theoretical curves also match well with the experimental results. These experimental 

results, supported by the developed theoretical model, contribute to the field of Ni-Mn-

Ga dynamics.  The dynamics observed in these experiments are significantly higher 

than previously published results and it is assumed that these results demonstrate the 

highest acceleration of all actuating materials on this scale. Criticism based on the 

skepticism of these results showing the dynamics a single twin boundary can be 

addressed by the following arguments. 

 

Figure 5.3. A comparison of the a) experimental results and b) theoretical results of the 

dynamics of a single twin boundary propagating from the end of a sample. 

 

Before each experiment, the MSM element was made single variant by a saturating 

magnetic field and microscopically inspected to ensure there were no twin boundaries 

prior to the experiment. The magnetic driving force that is created by the solenoid first 
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exceeds the MSM element’s twinning stress at the end of the sample nearest to the 

solenoid which therefore causes the twin boundary to be created at the end of the 

sample. Furthermore, it is energetically unfavorable for a twin boundary to form within 

the bulk of the sample due to inertia. At the very end of the sample nearest to the 

solenoid, the inertial mass is effectively zero. In comparison, if a twin boundary were to 

form within the bulk of the sample, it would have to accelerate the entire mass between 

the twin boundary and the end of the sample. The energy needed to create the twin 

boundary therefore increases proportionally to its distance from the end of the sample. 

Thus, it is favorable to generate a twin boundary at the end of the sample instead. 

Once a single twin boundary is present in the sample, it is energetically more favorable 

to move the existing twin boundary than it is to create a new, additional twin boundary.  

According to Aaltio et al., the energy necessary to create a new twin boundary is at least 

five times greater than the energy to move an existing twin boundary.
112

 As the twin 

boundary accelerates and moves within the sample, the new variant experiences a 

change in both its velocity and mass. Referring to the differential equation in Equation 

4.1, this change of momentum in relation to time creates an additional internal stress 

within the bulk of the sample that further increases the energy that would be required to 

create a new twin boundary within the sample. These reasons clearly indicate that it is 

energetically favorable to create and move a single twin boundary as opposed to 

multiple twin boundaries. 

These improved results compared to previous research can be explained by a 

combination of the equipment and experimental method used. The maximum MFIS was 

quickly achieved and sustained within the sample for the entire duration of the twin 

boundary movement which was accurately recorded by the novel experimental method 

developed for this experiment. Furthermore, the twin boundary was created at the near 

end of the sample, which means that the inertia preventing rapid twin boundary 

acceleration was very small. These results, which show a combination of a short 

response time and giant contraction acceleration, clearly demonstrate that Ni-Mn-Ga 

can actuate much more rapidly than previously reported.  The time derivative of 

Equation 4.1 can be rewritten as: 

 𝐹𝑡𝑏 =
𝑑

𝑑𝑡
(𝑚𝑉𝑠) =

𝑑𝑚

𝑑𝑡
𝑉𝑠 + 𝑚

𝑑𝑉𝑠

𝑑𝑡
  (5.1) 

where Ftb is the force on the twin boundary. According to Equation 5.1, the force on the 

twin boundary is a function of both the change in the mass and the change in the 

velocity in respect to time.  At a constant velocity, the second term is zero and the 

primary consideration is the change in mass at the twin boundary.  Even though the 
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twinned variant is already experiencing the maximum constant velocity, there is a 

change of mass at the twin boundary that must be accelerated as the parent crystal is 

reorienting into the twinned variant.  Therefore, the maximum velocity is a function 

based on the maximum work output possible by the MSM element, and the maximum 

acceleration is dependent on the sample experiencing the maximum MFIS as 

instantaneously as possible. In this experiment, the maximum MFIS was achieved 

before the twin boundary even began moving.  Given these arguments, it is reasonable 

to believe that these results are near the maximum possible for a single twin boundary in 

Ni-Mn-Ga.  These results could be improved by decreasing the material twinning stress, 

minimizing bulk and surface defects and improving the sample purity.   

5.2 Control of local twin configuration 

5.2.1 Unidirectional magnetic field by electromagnet 

The results of the experiment to create and control a local twin configuration by an 

electromagnet are shown in Figure 5.4.  Initially, the electromagnet was moved to a 

location on the sample that was completely in twin variant 1 (Figure 5.4a). The 

generated magnetic pulse was sufficiently strong in order to create localized twinning in 

the area affected by the magnetic field. This localized twinning can be seen in Figure 

5.4b–d, which also shows how the twin configuration can be moved successively across 

the element by changing the position of the electromagnet and therefore the magnetic 

pulse. It is important to note that the twin configuration remained stable between each 

magnetic pulse.  Due to the sample being constrained with a fixed twin volume fraction, 

the quantity of twins that were induced by each pulse of the electromagnetic field stayed 

relatively constant. After processing each of the binarized images, the average volume 

of twin variant 2 relative to the entire sample space was 15.3 ± 3.0%. Figure 2e shows a 

sample binarized image where twin variant 2 appears as white stripes. 

A simulation of the electromagnetic pulse through the MSM element before and after 

the local twin configuration is induced is shown schematically in Figure 5.5.  The 

model indicates that the magnetic field strength generated by the pulse is greater than 65 

kA/m, which is the calculated switching field along the a-axis of a sample with a 

twinning stress of 0.7 MPa.  These results demonstrate that a localized magnetic field 

that is primarily unidirectional can be used to not only induce a local twin configuration 

in an MSM sample, but also to control its location.  Since the sample was constrained 

on both ends, the sample could not elongate or contract.  Thus, the twin volume fraction 

prior to fixing the sample remains constant throughout the experiment.  Were the 

element able to strain freely, each pulse of the local magnetic field would have created 
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an increasing volume fraction of twin variant 2 until the entire sample was in this 

variant.  This result demonstrates a new method of precisely controlling the twin 

configuration using a unidirectional magnetic field that is generated electrically. 

Examples of technologies that could be developed which utilize this method would be 

MSM microvalve or manifold technologies that control flow in microfluidics.  These 

could be precisely controlled by a quick magnetic pulse to stop or change the direction 

of fluid flow.  Since twin configurations are stable even after the magnetic field is 

removed, these technologies could potentially be very efficient.  Optical MSM devices, 

such as beam splitters, shutters and scanners could also benefit from this method of 

actuation. 

5.2.2 Bidirectional magnetic field by permanent magnet 

Figure 5.6 shows a magnetic finite element analysis (FEA) of an MSM element (1) 

with a shrinkage (2) that is caused by a diametrically magnetized cylindrical magnet (3).  

The key principle that allows the shrinkage to be formed even on an unconstrained 

sample is that the magnetic flux has two perpendicular components of sufficient 

magnetic strength within the MSM element.  This can be seen by the pink areas in the 

figure.  The magnetic field directly above the pole of the magnet causes the MSM 

element to contract in the Y-axis according to the figure.  This contraction is what 

creates the shrinkage.  However, the magnetic field also has sufficiently strong lateral 

component on either side of the shrinkage such that the MSM element elongates along 

the Y-axis.  This second component to the magnetic field is what differentiates this 

method of local actuation from the unidirectional actuation by an electromagnet.  The 

twin configuration generated by this method is self-regulating in that the magnetic field 

ensures the same configuration is repeatedly induced in the MSM sample, even if the 

sample is under no constraints.  The importance of this characteristic is amplified 

considering the cylindrical geometry of the permanent magnet.  The magnetic field, and 

consequently the shrinkage, can be moved along the sample simply by rotating the 

permanent magnet.  Each revolution of the permanent magnet then creates the same 

twin configuration that travels from one side of the MSM element to the other.  

Figure 5.7 is a micrograph of the side profile of the MSM element when it is subjected 

to the magnetic field from the diametrically magnetized cylindrical magnet.  The darker, 

diagonal lines are twins where the shorter c-axis is aligned in the vertical direction of 

the figure.  These twin variants create a local contraction within the element that can be 

seen in the figure.  The shape of the shrinkage can be easily identified as a hyperbolic 

tangent when compared to the red dashed line which indicates where the top surface of 

the MSM element is located.  If the permanent magnet were rotated in a clockwise 
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(counterclockwise) direction this twin configuration, and therefore shrinkage, would 

move with the magnetic field to the right (left).  This is the working principle that the 

MSM micropump utilizes which is illustrated in Figure 5.8.  Further details on the 

mechanics of the shrinkage can be found in Publication II. 

 

 

Figure 5.4.  The results of a series of short, focused magnetic pulses on a constrained MSM 

element.  a-d) A twin configuration (black stripes) was controlled by changing the location of 

the electromagnetic pulse along the sample. e) A sample binarized image used to quantitatively 

process the images. 
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Figure 5.5.  The results of a magnetic FEA model showing the magnetic field generated by the 

electromagnetic pulse through the sample when it is in a single variant where the c-axis is 

aligned axially along the MSM element. 

 

 

 

Figure 5.6.  A magnetic FEA that shows 1) an MSM element with 2) a shrinkage that is caused 

by the magnetic field generated by 3) a diametrically magnetized cylindrical magnet.  The white 

arrows on the MSM element correspond to the c-axis of the MSM element.  The magnetic field 

through, and on either side of, the shrinkage is strong enough to actuate the MSM element in the 

directions shown. 
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Figure 5.7.  A micrograph of the side profile of an MSM element with a shrinkage that is 

formed by a diametrically magnetized cylindrical magnet.  The arc at the bottom of the figure is 

the edge of the permanent magnet. 

 

 

Figure 5.8. a) From top to bottom, top-view photos of a single cycle of the MSM micropump.  

The diametrically magnetized cylindrical magnet is beneath the MSM micropump, centered 

between the 1) inlet, which is filled with a blue liquid, and 2) outlet. As the magnet is rotated, a 

3) shrinkage forms and translates along the 4) MSM element, transferring a blue liquid from the 

inlet to the outlet. b) A correlating schematic showing the side-view of the micropump as the 

shrinkage moves from the inlet to the outlet. 
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5.3 Characterization of the MSM micropump 

5.3.1 Technical specifications 

The flow rate was first measured at a pumping frequency of 30 Hz and then at 

subsequent frequency intervals of 30 Hz up to 270 Hz for the water measurements and 

up to 240 Hz for the 60% wt. glycerol solution.  Figure 5.9 is a graph that shows the 

flow rate as a function of the 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 fitted 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 per pumping cycle.  This value is indicative to the measurement 

resolution of the MSM micropump.  The flow rate curve for the glycerol solution (red 

circles) approaches an asymptotic 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 all liquids.  

However, in the case of glycerol, the volume pumped per cycle decreases as the 

pumping frequency increases.  In microfluidics, the ratio between the surface area that 

the liquid is interacting with and the cross-sectional area of the fluid channel is 

significantly greater.  As such, factors such as surface tension, drag and viscosity 

significantly affect fluid flow through the MSM micropump which explains the 

behavior of the more viscous glycerol solution.  It is expected that the flow rate curve 

for water would also follow a similar trend as the glycerol solution curve at significantly 

higher frequencies.  The time necessary to pump 0.5 mL of water at 100 Hz was 40.3 

seconds 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 MSM micropump has high performance 

repeatability when pumping water.  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 MSM micropump and once with 

the MSM micropump being operated, was measured at a pumping frequency of 20 Hz 

and then at subsequent frequency intervals of 20 Hz up to 180 Hz.  Using Equations 4.5 

– 4.7, the increase in the motor’s power consumption was calculated for each measured 

frequency.  It was found that the additional power consumed due to the MSM 

micropump is linearly proportional to the pumping frequency, with 0.77 mJ of energy 

being used per cycle.  This corresponds 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 MSM micropump based on the fluid (air, water, and 60% wt. glycerol 

solution) that was being pumped.  This indicates that the power is being used almost 
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entirely to actuate the MSM element and that the resistance of the fluid is negligible in 

comparison.   

The MSM micropump could pump water up to a pressure differential of 150 kPa 

between the inlet and outlet. However, when the permanent magnet is in a position such 

that the shrinkage is not present in the MSM element, the MSM micropump can also act 

as a valve, in which case it can maintain up to 200 kPa of pressure.  A decrease in the 

flow rate of the MSM micropump was qualitatively observed as the pressure on the 

outlet of the MSM micropump increased.   It should be noted that the theoretical limit 

that the MSM micropump should be able to pump against is over 2 MPa since the 

blocking stress of the MSM material should determine the maximum pressure possible.  

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 pressure that the MSM micropump can operate against and 

maintain. 

 

Figure 5.9. A graph of the flow rate of the MSM micropump as a function of its pumping 

frequency. 

 

A temperature increase of 3° ± 0.5°C was observed on the surface of the MSM 

micropump after operating it, without liquid, for 10 minutes at 100 Hz. In order to 

ensure that this temperature measurement was accurate, a second, similar experiment 

was conducted on a similar MSM element that was not encapsulated by elastomer or a 

plate.  The surface temperature of the MSM element increased 2.5°C after being 
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actuated for 10 minutes at 100 Hz.  The similarity of this second experiment validates 

the first experiment on the MSM micropump.  It should be noted that any liquid that is 

being pumped through the MSM micropump would act as a coolant 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 MSM 

micropump would be able to pump temperature sensitive fluids, such as biological 

samples, without adverse effects.  Indeed, this was shown to be the case in Publication 

II when the prototype MSM micropump was used during a typical PCR amplification 

protocol.  During the PCR experiments, it was shown that there was no loss of DNA 

after the reagents were pumped through the MSM micropump, and the forensic 

profiling was successful with an even stronger yield of DNA profiles than the control in 

the study.  

Fatigue characteristics of the micropump are also important to characterize.  The same 

MSM micropump was used in all of the experiments in Publication V as well as several 

experiments after its submission.  The performance of the micropump in the final 

experiments was similar to its performance in the first experiments, and it is estimated 

that the micropump has been actuated on the order of ten million 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.  This is likely due to two 

reasons.  First, the formation and movement of the shrinkage causes less lateral 

movement of the MSM element in relation to the polycarbonate surface than typical 

MSM actuators.  Second, the MSM element is encapsulated in elastomer, which is a 

relatively soft and elastic material.  As such, the MSM element does not become 

scratched or damaged during operation.  This fatigue data correlates well with previous 

research on the fatigue properties of Ni-Mn-Ga, which demonstrates that an MSM 

element can be mechanically actuated up to 2 × 10
9
 cycles.

14,15
 

5.3.2 Pump characteristics 

It is important to emphasize that the MSM micropump has several qualities that make it 

a competitive technology beyond the quantifiable specifications discussed in the 

previous section.  One such characteristic is its multi-functionality.  The MSM 

micropump acts simultaneously as both a valve and a pump.  This is because the MSM 

micropump is designed so that the MSM material is normally in the twin variant where 

the longer a-axis is oriented transversely to the MSM element which closes the working 

fluid channel.  The MSM material will only contract, causing the shorter c-axis to orient 

transversely, when a perpendicular magnetic field directly affects it and creates a 

shrinkage.  Furthermore, the shrinkage length is shorter than the distance between the 
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inlet and outlet so that there is never a completely open channel between the inlet and 

outlet.  This means 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 MSM micropump can pump in both directions.  The 

direction that the MSM micropump pumps can be reversed simply by changing 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 material 

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, simplicity is an essential quality for microfluidic devices.  The 

multi-functionality of the MSM micropump increases its value in a microfluidic system.  

The value of the MSM micropump 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 MSM micropump does not require 

electrical contacts and is powered externally by a magnetic field.  These qualities mean 

the MSM micropump is a microfluidic device that lends itself to simple 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 MSM micropump 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 MSM micropump 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 accuracy or 

smaller volumes pumped per cycle. Since the MSM micropump is physically 

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. 

Finally, the MSM micropump 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 MSM micropump is self-priming and 

will continue to operate well even if the liquid is not homogeneous or has bubbles 
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present in the mixture.  Furthermore, the same technology can be used in applications 

that need flow control of gas within the system.  A summary of the characteristics 

observed in the MSM micropump are presented below in Table 5.1. 

 

Table 5.1. A summary of the quantitative and qualitative characteristics of the MSM micropump 

when pumping water 

Quantitative (for water) 
 

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 
Tens of Millions  

of cycles  

Pumps gas and 

viscous liquids 
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6 Conclusions and future research 

The results found within this dissertation contribute to the understanding of twin 

boundary dynamics and how twin variants within an MSM element can be established 

and usefully manipulated.  The methods of using local magnetic fields to create and 

precisely control a twin configuration may enable the development of MSM 

technologies beyond the MSM micropump presented here. 

Reducing the twinning stress of an MSM element has been a long standing goal in 

research on Ni-Mn-Ga alloys.  An oriented, high quality single crystal has been grown 

that minimizes the impurities within the crystal.  Controlling the orientation of the 

single crystal enables long MSM elements to be cut along the axis of the crystal which 

therefore increases the effective yield of working MSM elements that can be produced 

from the bulk single crystal.  The samples from these single crystals also have a 

relatively low twinning stress of less than 1 MPa for a single variant sample.  Most 

importantly, the Type II twin was discovered in these samples.  A single Type II twin 

boundary has a measured switching field of 30 mT which has a calculated twinning 

stress equivalent of 0.01 MPa.  This is the lowest twinning stress reported within Ni-

Mn-Ga.  The method of using an oriented mechanical stress to preferentially produce a 

Type II twin boundary is an important step to stabilizing this twin structure. Future 

work would include further understanding of Type II twins and, most importantly, 

developing methods to stabilize this type of twin so it can be repeatedly induced in the 

sample, particularly when actuating the sample with a magnetic field. 

The new methods of locally actuating MSM elements are a significant step in Ni-Mn-

Ga research because it breaks the mentality of traditional actuation methods that have 

dominated the field.  Using local magnetic fields gives the ability to precisely control 

the location of twin variants and, perhaps more importantly, to consistently create a 

specific twin configuration.  It has been shown that a unidirectional, focused magnetic 

field generated from an electromagnet can be used to control the location of a known 

twin configuration within a constrained element.  It has also been shown that a 

bidirectional magnetic field generated from a permanent magnet can be used to create a 

highly repeatable twin configuration that can be consistently produced and controlled 

over tens of millions of cycles. Both of these methods enable the development of new 

and innovative MSM technologies.  Future research could further develop methods for 

producing localized twin configurations as well as the characterization of the effects of 

localized actuation on the MSM element, such as its fatigue characteristics. 
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The localized actuation methods also give tools to researchers that can be used in 

studying the fundamental aspects of the MSM effect in Ni-Mn-Ga.  This study on twin 

boundary dynamics is an excellent demonstration of this.  By using a high strength 

magnetic pulse locally on an MSM element, new data regarding the dynamics of a 

single twin boundary have been collected.  These results have shown a twin boundary 

velocity and acceleration of 82.5 m/s and 2.9 × 10
7
 m/s

2
, and the time needed for the 

twin boundary to nucleate and begin moving was less than 2.8 μs.  These results are the 

fastest twin boundary dynamics currently observed in Ni-Mn-Ga and redefine the 

understanding of what single twin boundaries are capable of.  Furthermore, it is 

assumed that this is highest acceleration observed in any actuating material in this scale.  

Future work in this area would be to conduct a similar experiment while observing the 

sample using other methods, such as a high speed video camera or direct velocity 

measurements, so that the process of how the twin boundary nucleates and moves so 

quickly can be better understood. 

Finally, the MSM micropump has been invented, improved and characterized, which is 

an example of new technology that has been developed which utilizes local magnetic 

fields to control the MSM element.  The technical specifications of the MSM 

micropump make it a very competitive technology when compared to what is currently 

available and being researched.  Furthermore, this technology has several characteristics 

that make it an extremely strong candidate for a micropump solution that can be directly 

integrated into microfluidic devices rather than being externally connected via tubing.  

This aligns well with the goals of the microfluidic industry to miniaturize, simplify and 

mobilize microfluidic devices such as point of care diagnostics and lab-on-a-chips.  

Future research in this area would be to further develop a rigid box design such that the 

MSM element and working channel are completely constrained.  This design could then 

be integrated directly into a microfluidic system to demonstrate its performance in a 

working application.  Additionally, the large-scale methods for manufacturing and 

integrating the MSM micropump must be fully developed before this technology can be 

fully commercialized. 
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