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Abstract Many researchers have reported on the voltage

and power generated while energy harvesting using Ni–

Mn–Ga shape memory alloys; few researchers report on the

power conversion efficiency of energy harvesting. We

measured the magneto-mechanical behavior and energy

harvesting of Ni–Mn–Ga shape memory alloys to quantify

the efficiency of energy harvesting using the inverse

magneto-plastic effect. At low frequencies, less than

150 Hz, the power conversion efficiency is less than 0.1%.

Power conversion efficiency increases with (i) increasing

actuation frequency, (ii) increasing actuation stroke, and

(iii) decreasing twinning stress. Extrapolating the results of

low-frequency experiments to the kHz actuation regime

yields a power conversion factor of about 20% for 3 kHz

actuation frequency, 7% actuation strain, and 0.05 MPa

twinning stress.
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Introduction

Generating power from ferromagnetic shape memory

alloys relies on uniaxial compressive loading and unload-

ing a single crystal while working against a magnetic field

perpendicular to the load axis. During loading, twin

boundary motion leads to a reorientation of the crystallo-

graphic c direction, which coincides with the direction of

easy magnetization. During unloading, the bias magnetic

field restores the sample deformation and the direction of

the sample magnetization via twin boundary motion in the

reverse direction. The change in magnetization induces an

electromotive force, e, in a pickup coil wrapped around the

crystal by Faraday’s law of magnetism,

e ¼ �N
oU
ot

; ð1Þ

where N is the number of conductor turns, / ¼ AB~ with the

area of the coil A and magnetic field or magnetic flux

density B~. Harvesting power in this way is referred to the

inverse magneto-plastic (IMP) effect [1, 2].

Magnetic shape memory alloys are viable candidates for

power generation at high frequencies, because they deform

and recover large strains (6–10%) while simultaneously

changing internal magnetization, twin boundaries move at

high velocities [3], the stresses for twin boundary motion

are low [4], and there is magnetically coupled shape ani-

sotropy with the twin boundary motion [5]. Moving twin

boundaries quickly changes the internal magnetization and

results in generating a high voltage in a pickup coil. Suorsa

et al., found that mechanically pulsed twin boundaries

moving at 1.9 m/s generates a peak voltage of 85 V in a

4000 turn pickup coil wound about a ferromagnetic core to

increase the coils output [1].
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Adopting the experimental setup described by Karaman

et al., Bruno et al., Nelson et al., Guiel et al., and Carpenter

et al. studied energy harvesting of Ni–Mn–Ga single

crystals between 1 and 75 Hz with peak-to-peak strain

between 3 and 6% and bias magnetic fields optimized near

0.6–0.7 T [6–9]. The focus of these works was to model the

martensite reorientation and maximize the power output of

the pickup coil. Bruno et al. reported a maximum peak-to-

peak voltage of 0.95 V when the peak-to-peak strain was

5% at 75 Hz. Nelson et al. found that moving the bias

magnetic field 12� off the orthogonal to the load axis

increased the peak-to-peak voltage to 0.55 V at 20 Hz and

5% strain. Continuing with Nelson’s research, Guiel et al.

found similar results for the peak-to-peak coil voltage.

They also reported a peak power output of 10 lW at 3%

peak-to-peak strain when the 0.5 T bias magnetic was 37�
off axis while testing at 20 Hz. Peak-to-peak voltages

reported by Guiel et al. [9]. and Nelson et al. [8]. are much

lower than that reported by Suorsa et al. [1]., 0.55 V

compared to 85 V. The voltages are low because the

maximum twin boundary velocity was constrained by the

cyclic loading test system, the pickup coil was not coupled

with a core, and the number of pickup windings was four

times less.

Increasing the induced voltage and power generated

seems to be the main focus so far; not reported in any of

these studies was the efficiency of energy harvesting, the

ratio of the electrical work density to the mechanical work

density. From Bruno et al., the stress hysteresis of their

sample while cycling at 20 Hz was approximately

1.5 MPa; with a peak-to-peak strain of 0.04, we estimate a

60 kJ/m3 mechanical work density. Moreover, from the

results reported by Guiel et al., from a peak power of

10 lW, we estimate an electrical power density of 70 J/m3

at 20 Hz and a strain of 0.04. Combining these results, we

compute an energy harvesting efficiency of 0.1%. Addi-

tional work is needed to understand the interplay between

electrical output work density and mechanical input work

density and factors that increase the energy harvesting

efficiency.

In this study, an instrumented test apparatus was used to

investigate the power generated as a function of frequency

from 25 to 150 Hz, magnetic field strength 0.1–0.8 T

(0.08–0.64 MA/m), and peak-to-peak strain from 0.5 to

2.5%. The system consisted of a load frame, a load cell, a

displacement transducer, an electrical pickup coil, a linear

voice coil motor and an adjustable electromagnet. This

apparatus measured stress, strain and power generation

while cyclically loading the crystal in displacement control

at various test frequencies. From these results, we report

mechanical work density, electrical work density and the

efficiency of transforming mechanical work into electrical

work.

Experiments

The Magneto-Mechanical Test Apparatus (MMTA) shown

in Fig. 1 measures stress, strain and electrical work from a

pickup coil surrounding the test sample [10, 11]. The

MMTA system consists of: (a) an electromagnet with

20 mm pole pieces set up for magnetic fields between 0

and 0.8 T (0–0.64 MA/m), Model 3470, GMW Associates,

San Carlos, CA; (b) a voice coil linear motor with a

magneto-force 80 N at 100% duty cycle and 240 N at 10%

duty cycle, Model NCM05-28-180, H2W_Tech, Santa

Clarita, CA; (c) an LVDT displacement transducer, Model

MHR-010, Measurement Specialties, Hampton, VA, with a

custom-made signal conditioning module scaled to out-

put ± 300 lm displacement using an LVDT signal con-

ditioning IC, AD 698 IC, Analog Devices, Norwood, MA

[12]; (d) a sample compression micrometer, Model BM30-

10 0-10 mm travel micrometer, 0.01 mm/div, Newport

Corp., Irvine, CA; (e) A 44 N piezoelectric load cell,

Model 208-C01, PCB Piezotronics Inc., Depew, NY;

(f) and interchangeable die springs, with spring constants

of 135, 269, and 461 N/mm that varied the resonant fre-

quency of the linear voice coil motor, Century Springs Inc,

Los Angeles, CA; (g) a single crystal Ni–Mn–Ga test

sample, (h) 1601 turn 43 AWG pickup coil that surrounds

the test sample.

The pickup coil was wound on a modified sewing

machine bobbin winder (AlphaSew P60999NS

Portable Bobbin Winder, Los Angeles, CA) using

0.0031 mm2 of insulated copper wire (43 AWG poly-

coated pickup wire, Stewart-MacDonald, Athens, OH) and

a machinable wax bobbin (Freeman Manufacturing and

Supply, Avon, OH) yielding a coil with an inner diameter

of 6.2 mm by 11 mm long. A counter and a servomotor to

control the wire feed to the bobbin was added to it. During

Fig. 1 Magneto-mechanical test apparatus (MMTA) with a variable-

field electromagnet (a), voice coil motor (b), linear-variable differ-

ential transformer (c), micrometer (d), piezoelectric force transducer

(e), springs to tune the resonant frequency of the motor (f), Ni-Mn-Ga

specimen (g), and 1601 winding, 11 mm long pickup coil (h)
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winding, cyanoacrylate glue was applied to the windings to

glue them together. Afterward, the wax bobbin was melted

away to finish the pickup coil; Fig. 1h. To get maximum

power transfer, a 290 X load resistor was connected across

the pickup coil leads, and the load resistor was matched to

the coil impedance. In the MMTA, the sample was placed

inside the pickup coil where the coil axis was oriented

perpendicular to the bias magnetic field. The electromotive

force, e, induced in the pickup coil was measured with a

variable gain, 1 to 50X, op amp that buffered the 1601 turn

coil output from the analog to digital converter (ADC)

input.

A single crystal of Ni51.6Mn26.3Ga22.1 grown by the

Bridgman–Stockbarger technique using the crystal growth

system developed by Kellis et al. [13]. was aligned with an

X-ray diffractometer such that the {100} faces of the

crystal matched those surfaces to be cut. Prior to cutting the

samples, the single crystal was characterized for compo-

sition along the crystal axis of growth by an SEM (Hitachi

S-3400 N) fitted with an energy-dispersive spectrometer.

The composition varied from the seed end to the top of the

crystal with the composition gradient for Mn and Ni

greatest at 20–50 mm from the seed end. The crystal was

also scanned along the crystal axis by X-ray diffraction

(Bruker D8 Discovery) to determine how the crystal

structure varied along the axis of growth. The region near

the seed had 10 M crystal structure that slowly changed to

14 M, finally changing to non-modulated NM crystal

structure farthest from the seed. The sample was cut from

the end nearest the seed, 0–7 mm, it had the 10 M crystal

structure and a composition of Ni 51.3 ± 0.2, Mn

26.3 ± 0.4 and Ga 22.4 ± 0.4 atomic percent. A wire saw

was used to cut parallel to {100} faces of the crystal. All

faces of the sample were polished with 1 lm diamond

paste, yielding a crystal 6.46 9 2.08 9 3.84 mm3. Finally,

the transformation temperatures of the sample were mea-

sured at a low magnetic field (250 Oe) in a vibrating

sample magnetometer (MicroSense Model 10 VSM) while

heating and cooling a cryostat from - 65 to 150� C. The

transformation temperatures were Ms = 38, Mf = 30, As-

= 38 and Af = 45 �C.

When the sample was poled with the magnetic field, the

c-axis aligned with the magnetic pole pieces of the MMTA

and the (100) and (010) aligned with the other faces of the

polished crystal. To obtain the stress–strain response

without a magnetic field, the sample was tested under

compression in a screw-driven mechanical test system

Zwick-1445 (Zwick, Ulm). Magneto-stress strain mea-

surements at 0.0, 0.2, 0.4 and 0.6 T (0.16, 0.32 and 0.48

MA/m) were obtained in the MMTA by compressing the

sample with the sample compression micrometer against a

set of compliant springs with the electromagnet on. Stress

was computed by measuring the spring deflection with the

LVDT displacement gauge times the spring constant divi-

ded by the sample cross-sectional area and strain was

computed by taking the difference of the total compression

as read on the compression micrometer minus the spring

deflection divided by the sample length.

This system was capable of dynamic magneto-me-

chanical testing from 10 to 300 Hz when the voice coil

motor was cycled to load and unload the sample with the

magnetic field-biased perpendicular to the load axis. A

proportional, integral, and derivative (PID) control pro-

gram written in Simulink was used to run in displacement

control, from 10 to 300 lm peak-to-peak displacement

during testing at various frequencies and magnetic flux

density. Analog inputs for force, displacement, and power

supply monitoring were connected to a multiplexed four-

channel 16-bit analog to digital converter (ADC). The

current to the electromagnet was controlled by analog

output from a 16-bit digital to analog converter (DAC)

connected to the remote input on a (60 V and 10A) pro-

grammable power supply, Ametek Model DLM 600, San

Diego, CA. The ADC and DAC inputs and outputs were

controlled by an embedded controller board inside a per-

sonal computer, Model ACE 1104 Power PC, dSpace Inc.,

Wixom, MI. The embedded controller was programmed

from scripts written in MatLab along with a symbolic

model for the ADC and DAC converters written in Simu-

link, an accessory software package from MathWorks,

Natick, MA. The MatLab/Simulink software was cross-

compiled and linked into embedded code that was down-

loaded to the dSpace controller card.

The Ni–Mn–Ga crystal was glued with cyanoacrylate

adhesive to a brass platen 4.5 mm in diameter and it was

centered between the pole pieces of the magnet. Before

testing, the magnetic field on the sample was ramped to

0.61 T (0.48 MA/m) without constraint from the opposite

brass platen and the sample expanded to the maximum

length. The magnetic field of 0.61 T was selected based on

a series of experiments at 25, 50, 75 and 100 Hz with

magnetic field ranging from 0.3 to 0.8 T (0.24–0.64 MA/m)

that determined the maximum power conversion effi-

ciency; Fig. 2. Power was harvested from an induction coil

placed around the sample with a 290 X load resistor

shunted across the coil leads. The testing sequence was: (1)

compress the sample to 3% strain with the sample com-

pression micrometer; (2) start the dSpace control and data

collection program; (3) set the magnetic field to the bias

electromagnet to 0.61T; (4) set the voice coil motor to run

at the lowest peak-to-peak displacement; (5) adjust the gain

on the voice coil amplifier from zero to the gain needed to

achieve the peak-to-peak displacement; (6) start and stop

data capture to acquire 28,000 data points; (7) step to the

next peak-to-peak displacement increment acquiring data

for 15, 30, 45, 60, 75, 100, 125, and 150 lm by repeating
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steps 6 and 7 until complete; (8) repeat steps 4 through 7

increasing by 25 Hz from 25 to 150 Hz. During step (5),

the motor continually oscillates until the feedback reaches

each peak-to-peak displacement step. The motor and

magnetic fields are turned off when changing the oscilla-

tion frequency, but the initial 3% compression strain of the

sample was not changed. For each test, analog inputs for

force, displacement, pickup coil, electromagnet voltage

and electromagnet current were sampled simultaneously

with a 16-bit ADC channel every 0.05 ms, 28,000 data

points per test. The dSpace ControlDesk computer program

handles data acquisition and saves the data to disk for

further data analysis.

Raw data from the dSpace ControlDesk were analyzed

and graphed in MatLab and MicroSoft Excel. Figure 3 is

an example of inputs from the force, displacement and

pickup coil that varied during each cycle of the experiment.

The displacement signal was sine function (Fig. 3, bottom

curve) except for the lowest frequency (25 Hz), for which

the displacement function had plateaus for minimum and

maximum values.1 Stress and strain was computed from

the sample dimensions and the load cell force signal along

with the LVDT displacement signal for each of the time-

stamped data points. For each cycle, the raw data were

averaged by using a peak-finding algorithm that found the

major peak in each cycle, algorithm from MatLab. Once

the major peak for each cycle was found, the data were

synchronized and averaged on a point-by-point basis.

There were 28,000 data points per test, at 100 Hz and

0.005 ms per sample this amounts to 200 samples per cycle

and the ability to average over 140 cycles.

The mechanical work density, Wmechanical, per cycle

(units J/m3) was computed by integrating the cyclic stress

versus strain curves using the trapezoidal rule:

Wmechanical ¼ r
�max

0 rð�Þd�� r
0
�max

rð�Þd�: ð2Þ

The electrical work output per cycle, We, was the power

output from the coil, e2/R, integrated over the time for one

compression and expansion cycle, (units J).

We ¼ r
T

0

e2 tð Þ�
Rdt; ð3Þ

where T is the period of actuation, e is the electromotive

force and R is the load resistor. To calculate the electrical

work density, Welectrical (units J/m3), We was divided by the

sample volume. To compare results to other research, the

peak-to-peak voltage and the root mean square of the

pickup coil voltage was computed.

Results

The piezoelectric load cell measured dynamic force chan-

ges very well, but did not record the static force. Using the

techniques described earlier, the magneto-stress was mea-

sured by slowly compressing the sample from 0 to 5%

strain while holding the magnetic field constant. The

magneto-stress was measured at magnetic fields of 0.0, 0.2,

0.4 and 0.6 T, Fig. 4a. The twinning stress without mag-

netic field was 0.5 MPa. The magneto-stress increased with

increasing compressive strain when the magnetic field was

on. Testing was started by compressing the sample 3% at

magnetic field of 0.6 T. During each experiment, for all

frequencies there was little or no drift of the output signal

from the dynamic load cell or the displacement transducer;

Fig. 2 Power conversion efficiency measured at 25–100 Hz while

varying the field from 0.3 to 0.8 T at constant peak-to-peak strain at

0.36%. All other experiments were run at 0.61 T flux densities

Fig. 3 Typical output from the load cell, the LVDT displacement

transducer, and the pickup coil for 136 cycles overlaid at 0.024 peak-

to-peak strain and 100 Hz. Data normalized and shifted along the

y-axis

1 The different displacement profiles of the 25 Hz actuation exper-

iments causes a shift of the corresponding results compared to results

obtained for all other actuation frequencies. Therefore, the results for

25 Hz do not follow closely the frequency trends of the other

frequencies. We attribute these deviations to this methodological

artifact and ignore them in the discussion section.
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the same stress–strain offsets were applied in all data sets

(3% strain and 2.85 MPa magneto-stress), Fig. 4b, c. Each

stress–strain loop is an overlay of between 33 and 195

stress–strain loops, depending on the test frequency. The

peak-to-peak strain for each test step was centered about

the 3% starting strain. As test frequency increased, there

was an increase in the magneto-stress with increasing peak-

to-peak strain. During the unloading portion of the cycle,

the sample expanded and the stress–strain traces overlaid

each other independent of strain rate. When cycling at

higher frequency (e.g., 125 Hz, Fig. 4c), the stress hys-

teresis increased compared to cycling at lower frequency

(e.g., 50 Hz, Fig. 4b). Dividing the work hysteresis area

(which is the mechanical work density) by two times the

peak-to-peak strain equals the average half width of the

stress hysteresis, which is a measure for the dynamical

twinning stress. Figure 4d shows the dynamical twinning

stress as a function of frequency for different peak-to-peak

strains. The dynamical twinning stress increased with

increasing peak-to-peak strain and (above 50 Hz) with

increasing frequency.

Mechanical work density per cycle (Wmechanical, J/m3)

was computed by integrating the stress strain curve using

Eq. (2) for various peak-to-peak strain values (0.002,

0.005, 0.007, 0.009, 0.012, 0.016, 0.02, and 0.024) and test

frequencies (25–150), Fig. 5. The mechanical work density

increased monotonically with the peak-to-peak strain, it

reached a maximum of 28.5 kJ/m3 at the highest peak-to-

peak strain (0.024) and 150 Hz, Fig. 5a. Below 0.016 peak-

to-peak strain, the work density was constant and inde-

pendent of test frequency, Fig. 5b. For frequencies above

100 Hz and 0.016 strain, the mechanical work density

slowly increased with frequency. Mechanical work density

increased as the peak-to-peak strain or the frequency

increased.

Electrical work density per cycle (Welectrical, J/m3) was

computed by using Eq. (3), Fig. 6. Some of the data at high

peak-to-peak strain and high frequency was omitted

because the coil output voltage exceeded the analog input

limit and the voltage was clipped (0.02–0.024 peak-to-peak

strain and above 100 Hz). The logarithmic graph for

electrical work density and peak-to-peak strain is linear

with a slope of 1.9, Fig. 6a. Extrapolating from the electric

work density results, a 0.024 peak-to-peak strain at 150 Hz

yields nearly 20 J/m3, Fig. 6b.

Dividing the electrical work density (i.e., the output

work density) by the mechanical work density (i.e., the

input work density) yielded the work conversion efficiency,

the power conversion efficiency of the inverse magneto-

plastic effect (IMP) was computed, Fig. 7. The highest

efficiency measured was 0.1% for 2.4% strain and 150 Hz,

Fig. 7a, b.

For comparing our results with other results reported in

the literature, the peak-to-peak voltage (Vp-p) from the

pickup coil and the electrical power (lW) was calculated,

Fig. 8a, b. The electrical work density and the electrical

power (Fig. 8b) from our results were calculated using Vrms

not Vp–p. Analyzing the data it was found that: Vrms &
0.3Vp–p. Since the electrical power is the square of the

voltage, using peak-to-peak voltage overestimates the

electrical power generated. Using Vrms the maximum

electrical power generated per cycle was 80 lW at 150 Hz

and 0.02 strain.

Discussion

In ‘‘Results’’, we evaluated mechanical and electrical work

densities and the conversion efficiency. Power densities are

obtained from work densities by multiplication with fre-

quency. Therefore, power and work conversion efficiencies

are identical. Since power conversion efficiency is more

commonly used for the generation of electrical energy, we

use this term in the following discussion.

Equation (1) shows the voltage generated in the coil is

proportional to the number of turns in the coil and the rate

of change of magnetic flux through the coil. The area of the

coil is constant, and d/
dt
¼ A dB~

dt
. The magnetic flux density B~

is given by:

B~¼ l M~ þ H~
� �

¼ l0 1 þ vð ÞH~: ð4Þ

The magnetization is proportional to the fraction of each

twin domain. Therefore, the change in flux is proportional

to the rate of change of twin domain fraction in the sample.

The magnetic dipole tied to the c-axis of 10 M Ni–Mn–Ga

switches between parallel and perpendicular to the central

axis of the coil; the magnetic susceptibility v changes

drastically if the c-axis is parallel or perpendicular to the

axis of the coil. This variation in v gives the induced

electromagnetic field and voltage output.

The rate of change of the flux is proportional to the

strain rate on the sample. The displacement can be

described using a Fourier series with multiple terms of the

form A sin xt þ uð Þ, with amplitude A, frequency x, phase

u, and time t.

The electromotive force (and hence the induced voltage)

is proportional to the rate of change of the flux density. The

electrical power output is proportional to the square of the

induced voltage, and, thus, the electrical power is propor-

tional to the square of the actuation frequency in close

agreement with experimental results (Fig. 6a, Carpenter

et al. [6]). In contrast, the mechanical input power is the

stress–strain hysteresis multiplied by the frequency. Since

the hysteresis is constant (in the frequency range and strain
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range tested here, Fig. 5), the input power is proportional to

the frequency (Fig. 7). Therefore, the efficiency (i.e., the

ratio of output power and input power) is proportional to

the actuation frequency.

For constant actuation frequency, the rate of change of

twin fraction is proportional to the peak-to-peak strain.

Hence, the output voltage is proportional to the peak-to-

peak strain, whereas the output power is proportional to the

square of the peak-to-peak strain. This is in good agree-

ment with the slope 1.9 of the logarithmic electric work

density versus strain plot. If the stress hysteresis was

constant, the mechanical input work density would be

proportional to the peak-to-peak strain. However, the stress

hysteresis increases slightly with increasing peak-to-peak

strain. This behavior is consistent with the dependence of

twin velocity on driving force reported by Faran et al. [14].

Therefore, the efficiency is under proportional to the peak-

to-peak strain as seen in the slope of 0.66 in the logarithmic

plot of efficiency and peak-to-peak strain. The mechanical

input power depends linearly on the twinning stress.

Therefore, the efficiency is inversely proportional to the

twinning stress.

In the current experiments, a maximum efficiency of

0.1% was obtained at a frequency of 150 Hz, a peak-to-

peak strain of 2.4%, and a twinning stress of 0.5 MPa.

Following the argumentation set forth above, we estimate

an efficiency of 20% for a Ni–Mn–Ga element with a

twinning stress of 0.05 MPa, Straka et al. [15], operated at

Fig. 4 a Quasi-static measurement of magneto-stress in compression

at 0, 0.2, 0.4, and 0.6 T. The magneto-stress increased with increasing

compressive strain when the magnetic field was on. b Stress–strain

loops (65 cycles overlaid) while varying the peak-to-peak strain at

50 Hz and 0.61 T. c Stress–strain loops (166 cycles overlaid) while

varying the peak-to-peak strain at 125 Hz and 0.61 T. As the

frequency and peak-to-peak strain increased, the compressive mag-

neto-stress increased which led to an increased mechanical work

density. d Average twinning stress for each frequency and peak-to-

peak strain was calculated by dividing the mechanical work density

by two times the peak-to-peak strain
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a peak-to-peak strain of 7%, Pagounis et al. [16] and a

frequency of 3 kHz.

At high frequencies, several phenomena limit the

achievable efficiency. Faran and Shilo [14, 17] report that

the driving force required for twin boundary motion

increases substantially with increasing twin boundary

velocity. Assuming that a single twin boundary moves

through the sample, the required twin boundary velocity is

proportional to the frequency, the sample size, and the

peak-to-peak strain. For the present sample (length

6.46 mm, actuation frequency 150 Hz, peak-to-peak strain

2.4%), this implies a twin boundary velocity of 0.4 m/s.

Even for the high mobility type II twin the twinning stress

exceeds 0.1 MPa for twin boundary velocities exceeding

1 m/s [14]. The increased twinning stress increases the

stress hysteresis and the mechanical work input, and, thus,

reduces the efficiency. This effect is seen in our data in the

frequency dependence and the peak-to-peak strain depen-

dence of the dynamical twinning stress (Fig. 4d).

To reduce the twin boundary velocity, one may intro-

duce a high number of twin boundaries. However, methods

that stabilize a dense twin microstructure also increase the

twinning stress Chmielus et al. [18]. Therefore, the

potential to enhance efficiency through a high number of

Fig. 5 Mechanical work

density varied with peak-to-

peak strain (0.002, 0.005, 0.007,

0.009, 0.012, 0.016, 0.020 and

0.024) and frequency

(25–150 Hz). a Mechanical

work density per cycle

increased monotonically with

peak-to-peak strain. b Below

0.16 peak-to-peak strain, the

mechanical work density per

cycle was constant with

increasing frequency. Above

0.012 peak-to-peak strain and

frequencies above 50 Hz

mechanical work density slowly

increased with frequency; also

see Fig. 4b, c, d

Fig. 6 a Log–log plot of

electrical work density per cycle

versus peak-to-peak strain with

a slope of 1.93 for each data

series and b electrical work

density per cycle versus

frequency. The maximum

electrical work density was

estimated as 30 J/m3 at 150 Hz

and 0.024 peak-to-peak strain
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twin boundaries is limited. The required twin velocity

decreases with decreasing sample size. Musiienko et al.

[19] report a weak dependence on size of magnetic and

magneto-mechanical properties down to a sample thickness

of 1 lm. Thus, the efficiency may be increased to some

extent for smaller samples.

Lastly, at high frequency, eddy currents may reduce the

efficiency (a) through self-induction and (b) through heat-

ing. Gaitzsch et al. [20] noticed a temperature increase of a

few degrees through eddy currents when rotating a field of

0.97 T at 4000 rpm (67 Hz). In those experiments, the

magnetic flux density variation was about one order of

magnitude larger than in the experiments presented here.

Thus, eddy current heating is expected here at a ten times

higher frequency, i.e., above 600 Hz. Eddy currents are

reduced in samples of smaller size and heating through

eddy currents may be less severe at smaller scale. Thus,

small samples may in fact provide higher energy conver-

sion efficiencies than large samples.

Conclusions

We analyzed experimentally the conversion of mechanical

to electrical power through a magnetic shape memory alloy

transducer located in the core of a 1601 winding pickup

coil. The power conversion efficiency increases with

(i) increasing actuation frequency, (ii) increasing actuation

stroke, and (iii) decreasing twinning stress. Extrapolating

from the results of low-frequency experiments to the kHz

actuation regime yields a power conversion frequency of

about 20% for 3 kHz actuation frequency, 7% actuation

strain, and 0.05 MPa twinning stress. At high frequency,

the kinetic properties of twin boundaries and Joule heating

Fig. 7 a Log–log plot of the

power conversion efficiency

versus peak-to-peak strain and

b log–log plot of the power

conversion efficiency versus test

frequency

Fig. 8 a The peak-to-peak

voltage instead of Vrms was used

to compare these results with

those of other researchers. For

our results, peak-to-peak

voltage was three times higher

than the Vrms. b The electrical

power, lW, calculated for this

study from 25 to 150 Hz using

the Vrms not the Vp–p. The

maximum power was near

100 lW at 150 Hz and 0.024

peak-to-peak strain
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through eddy currents reduce the achievable efficiency.

These diminishing effects are less effective in small

transducers. We expect high-energy transformation effi-

ciency for high frequency sources and small transducer

size.
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