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An investigation on effectiveness of dimension on Magnetic Shape Memory
Alloy based energy harvester with two different configurations
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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, a thermodynamic based constitutive model was used to model the behavior of magnetic
Received 23 August 2016 shape memory alloy (MSMA) while applying strain in an energy harvester. In this type of energy
Accepted 23 December 2016 harvester, applying strain changes the internal magnetization of MSMA and as a result changes the flux

Available Online 08 January 2017 density around it. Using a coil the flux change can be converted to voltage. In order to study the effect

of changing MSMA dimensions on the amount of harvested energy, the demagnetization factor for

Keywords: . . f . . . . . .

Magnetic shape memory alloy different dimensions is derived from an analytic expression for ferromagnetic prisms and the results are
Energy harvesting validated by reference data. Increasing MSMA thickness results in increasing longitudinal
Demagnetization factor demagnetization factor and decreasing transversal demagnetization factor. The constitutive model of
Magnetic circuit MSMA is used in modeling an energy harvester using two different configurations; one, a pickup coil

turned around MSMA and second, a system with ferromagnetic core to conduct magnetic flux and the
pickup coil around core. Simulation of two models at different thicknesses shows that increasing
thickness in system with coil around MSMA results in linear increase of voltage while this parameter in
the second configuration leads to a nonlinear increase of voltage. Furthermore, simulations show that
increase of MSMA width results in linear increase of output voltage in both configurations but with
steepest rate for system with ferromagnetic core. Finally, increasing the length of MSMA specimen
shows no changes in voltage for the system with coil around MSMA, while linear increase in voltage
for the system with core is recorded.
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Fig. 5 The coordinate system on prismatic MSMA speciment
Jebiecs cxSo bl jlsalisls 5LIT ankid gq, Slatse olKiws 5 S

omebliie g8 drulns )3 (o sllas polie ses oo las 1 Jguer
"0 koS anbre Coeal x5 b g ates Jo8 BB g cnl 4 S5
43,5 o3litul (65 51 Sudlo s 50 o9y Rl 5 (295 B b Ol
dmlons diged ol 5l (b g0ty (Slojmibline ;5S1 polie a5 55k
g
2 G a5 oad i8S ey Lo galal) caul S5 4 03
b oson 3y90 sl o3gazme 5o el cnl (g o)ls DXXjlade gelone
2l Wged (o5 mblise (lare 13 552b 3 Ol 05 polis 4 4z
Olawe Ho 1y ol 13U g ols Sy polie a5 DYy lade cpuores
dop 7 Sl gllas b 038 o ST 15, Slaslons o 185 pmebliie
Olgiss W el o0t lesl o,

SESe 5 33U ol 4 azg b

Conils pme | bl olgi oo 5Ly 2 DYy 9 DXX (sl ol )l

GMJGLO-O )‘M JM -3-2

poiins Hgbdy Giblioe Olpess aScepl 4 azg bl 60 ,S 850 0
s57e busly 53 ST 51 (g0 )i CendlS los gl oo LS s sl
D5 dawloes (9) alal, 5l o e

® = BA = o(H*™P + M) 9)
PSSRV Qo”] S Sl sl e adaie maw Ay Lo JB B oS
Sgd e Joo 6 UK ke Hlae slagledl 2 gan S cwnblin )
aS e (59 & oled b bl o 0uisS slx T o Glae ol o

ey gosls b Jlo eblise 1551 olie anslio 1 Jouo
Table 1 Comparison of demagnetization factor with reference data

Dy, DYY‘ . D Dxx‘ Lo ol

R RPRC P R Sgame <l o

kel P T g ™M S
198

0.468 0.490 0.066 0080 293 1
291
18.7

0.474 0.480 0.072 0070 308 2
2.94
19.9

0.455 0.490 0.069 009 298 3
3.13
18.9

0.466 0.490 0.073 0080 309 4
3.06
10

0.456 0.457 0.088 0.087 2 5
2

1 oplai 17 0551396 (13355 8 ()0 Suille i

MSMA

Specimen | Hus
RRRARRRRRRRARAN

Fig. 4 Demagnetizing field in MSMA specimen[11]
[11] bl jloalabl> 5LIT ankd S jo oy pmaboline oo 4 JSCi

orblae o5 osle 5 sgan gblis slp Fjombline 556 pnolie
oty 3)lse plo 10 (Jy 09d o0 drnlne 335 O g0t wjls CS19Sy
dwsin ulaly 59 cpl )y lp dgame Glell b g (o s o028
gy o Sy askd

ST S5z g0 o)l Slakab g (5531 il alle S 4y 425 L
W3S s hies oo Oygods dshd K5 o epblite laliils
dle gl 0] oo Cawots olul 4 az g b Sloj pedoling ,giSE 4 0o
Al IS Rl S ashal S e (Gl pmbline g5
S Sl oS s o] San g lsiSy ool a5 555 s
Sspsbar 05se 0old 13 el caaSlo adisS 0 "5 S gllas
2 o8 mebliie e il Jelains caSo 05z (s5lse o] slo e
[20] 555 o Jlos| Z 5o sl

I Gllae oot caSlo gl oa a3 S )L o olayl @ azgi L
31 i mblie ;556 ¢ publiie (65l dmslons (5955 5 eolicl L (5
S By gz pe (nl 50 a5 el S5 4 05V [20] W oo Cwdas (8) alal,
Slge 3 (ojmbline jyiSl drslme slp (on)E 9 (hlod aba,
Sl 655l (o 9 ST ilo e a g Sl onds W1 ugoliieg 3

JOWPRECPCEUN,

b? — ¢? ( a? + b2 +c? - >
nD,, = In
ZbC va?+b*+c?+a
(m >
2ac VaZ+b2+c%+b
b ]<\/m+a) <m+b>
2¢c \VaZ+b?—a Va2 +b%—b
] (W > c.  (JaT+cZ- a>
\/b2+cz+b Zb \/a2+cz+a
a® +b® - 2¢3
+2arctan( )+
cya?+b? +c? 3abc

Z4pr-2
+¥\/a2 +b% +c?
c 3abc
+E(\/a2 +c2++/b% +c?)
(aZ +b2)3/2 + (b2 +C2)3/2 + (CZ + a2)3/2
3abc
CeneBlS colgzds glily jo Sloj pudblive 15iSB acule sl o plo
838 6,yI5 0l e Slate b e g Johivs oS dskd olal
5 (8) akaly 2bs)l gl gl colaiul (8) akul, 5l 5 oud aid 3
s omabline Hloalasl> 5T sladiges o5 mbline, 551 arwloe
izl by, SeS a4 edel Cawd 4 polie b (8) ala, Ll >
ey SaS 4y oual Cewddy polie 5 [11] gz pe € JgmalS 5l )5 9050

®

Wiloads dunlie 1 Jaus 40 [21] E e 2 S So3lail g sgaze 5!y

' comMsoL

140



O 9 s3luo o

calizto (§ 343 )Sa 93 )3 wabolide Hlaladls LT by (63 3l G0 3T caubld 33 s Slasl 3 ) 9

s sl oy sl 5 pmsblize Joalisls LT Jao 03,5 0,edlS L
O $3 S 50,2 o 1y (g5 iy polie (T pe 0ariS Cllly
5,5 duslie o

@B gl Pl 9 Silwdms -3
Shise Jlael iy 53 osle Cuaglin Sily 5 pmpbliie 15256 a5 i1 5
gl aS ol gl lase G jo 9551 cpl dz e el cwndblisne
oS Pl gy Sl s aaleS 39y dxdad Sl (gt e lae
5T dges G alises slabiwl) jo  Jloj pdoline ;9256 polie g9, olul
Al a4 azg Lo )S eolannl (8) akayl) 5l lg co ¢ omnboline loaladl>
by o (2355 5 Cwls glialy jo bl Glage 551 cudloy anyT
3 Sy pmbline glo,g:515 (2) alal, las wigd oo o)l 5LIT & Jsb
AT S aigs e gl SYoles o)y (Jsb 5 el sliul) g0
Sjmblse (eSB 5 1) bt glbcwbes )8 asd oy s
Ap0 o 5l e e 15 Jobo b aslad S jo Job slinl,

50 S5 pabliae ,5SB Lolie was o ylis "7 JS" a5 jeblen
Gl Calis b s o Gl L Jg asies S8 B b st
i 5o axl e I 55l el e S e g
Pl e i T8 IS wlie ey sl Sae e sle
Cals b)) Gl ablss ,5S18 gy, ashd aliee glacwls
a3 o lis

qolie "8 S glle culs sliwly o Sl ebliae 556
sbewly jo Jleel flage 51 ol caand @Bl jo 08 o LB (S5
Ol Hlade S e Jas P Glase Glein (2) kel sillae Cwlis
ey oo Jlos! plae Gai 3l S 4 g S Slahad jo S5

bialy jo (Sojmbline ,5iS18 a5 ams o las "8 JSE" (izeen
mowls ;o Gl cnl g wliee Rl Akl (pye a3k b culs
Dydbin yia y Vb sla

91 lagan S b @5l udloy st )3, iluand oy
ol Gl 0sd 0 lS cnbline loalabl> LT g ksl Jaw b lal 2
Gl @8- 58 S5 0,008 2 ST 3590 50 03V slaceeS polia IS
[18] wsloous Cl)z_wﬂ &= 32 Jga

0.14

012}
01t
2 oos}
o8|

004¢

002

Widlth [mm)

Fig. 7 Demagnetization factor along length of specimen versus width in
various thicknesses

mlwbis )0 oye i b b sliwl) jo Sy mebline 1ol Ol s T JSCS
calize slo

141

L omeblioe Coglin iz .Conl ool ools s MMF L wodolise
ombline jloaladl LT Slso alold warws Joli o ol3 \w..;l.';Ss.l)
iliS o)y a5l aileas eols HLid RA G RL L i a0 i )L
— gl ol WS o e (25,5 Jleel u y0 Slea alols ¢ 5UT
Sloads esls uL.vJ e O g0

"6 JSa" cbliae Jlae glizl wiliSel, olie o5l Cassas gly
o, 5l oiti (L Caand jm d S e jyeee ] 5l ablize L a5
[22] 59 oo oolaxusl (10)

l
Ri=— ,i=123 10
(=g 10)

Hogsts p dgee ghie Cobuo A Lo j50e soae Jobo [ (10) abal, o oS
b g alold LT 4 25,5 Jlael b el oole unsboliie oo0,i8
2 odle ST a5 e 50 el pite (ulSsl) (slls olal s 510
WS oo Pse |y (520,05 aS was o o bl s bl Ol s

sl (1) abaf, 5l Glgige S oo e (25)LS &5 (Ghad 9550 50
[23] 55 oolitul (uliS'oy (95 o

(1)

1
T 0.26p,w

oo 55 5 o] (goolitig b 4t (556 plas b JHpa alold o0 W oS
32158 b 53 S al S Sy plis Wlagn B Sl 55 ool
oo (S iS5l oot b e al oo 50 42l 835 g o
Sl alols 5 5LIT 4 byyje polie 4y o () Sliis Jg 09800 (292
sl 3.5 Slaid o B 5 52

Al ey peablise lae szl GulbSel) polie acule 51
L Laled 9pdse dnlme (05 S3l9e b (s @ a2 s b o] Jolaa Jlaia
e g )l (guabliseg 3 aten 5l (5 0 )L (12) el I ool
23,5 oo dmliee 000US TLB1S 4 g e

R,

_ MMF
R

Loy, e 02 51 (go Sy ;0 00isS Cllop e 5l (6 08 L0
o> s b ooley a s o] Olss g el casoas (12) 5 (9)
caro b ) cenls 1 (13) alay llas 00,6 il (58 ] onliio

(12)

WS oo baud (galud 4y 00usS Clils e 90 Slow aie
y=-n%
- ot (13)

MMF

R1
Fig. 6 Equivalent magnetic circuit of configuration 2

2 g0,y Joleo (gunbline o 6 S

! Reluctance

1 opleis 17 0531396 (235 58 ()0 Sl s



O 9 530 (s alisto (S )5 93 )3 uwabline Hlaalasly ST L (653l (G0 Ius bl ja y3 Slasl H3l w3
1 T T
08 . . . . . . — ——-b=2[mm]
——=Config. 1 P 09F b =1[mm] b
07k Config 2 - 4 === b=05[mm)] e -
0.8 T b=025[mm) _._.-~ T
= 07r
@
g Fost
E
g 05F-
& 04F
03F
0'2'\ 15 2 25 3 35 4 45 5 55 6

0 \ \ \ . | \
?] 5 1 15 2 25 3 35 4
Thickness [mm]

Fig. 9 RMS voltage versus MSMA thickness in two configurations
251 (5aiySy 99 5 ST Cld i b (25 55 i 9SS

S sy g 5y Gl el b 812 g0 Sy sl
Tt (Wl ol o e 26) o5 lacwlbs o oyl &g g
o b ol g 0piie ol (2 Sy i laculis o sl
g Sl A S Glgiee JL8, Gl e sl bige 20U 05 L
g s 2815 "8 USE" il card (i 5 Iojmrbliie e
5 5 625 o ST by s S, 31 o0 e
Ole 22l8 T nlis Gl Ll WS oo 50 e
A5 S 6 sygn sy GES3l, Gl T 0adh o 185 mabilie
A5 g e 155 bl e 1 LS,

lacwles ;5 wsan S 59 50 ST Gsles sl Gl g SIS psba
i a5 4 Cand 2 0 Sy (295 Wy Saisdes 25 5l S
oo Suadly o0 Al ogd o WSl VL Glatulis jo g Sl
ot sl slaglie & jbi e ytegles 2 5 VL LT s |
)l (as 3 )5 593

s &S Al 08 Jooz gloyelly b giloand alin jsba
028 5l yekaie ol oas sols yLis 10 JSB" jo xS oo i 5T diges
"2 91 Gla JSE" 0 amio p sgec s les LT

ST e Gl IS g s ol 10 KA 5 sblan
wdl2gd o0 (ha Djpons (29,5 Wy SRl el an S g8 50
1 guin,Sn o il 1 gau o 5l i 2 guin,Sn 50 b () o
50 Cal 0aisS Clld g ahaie mhaw ol oby cdedy 5Ly il
ST ol e 51 (55908 Lo GRal3l bl 515 2 (gai Sy )0 oS G5 y50
ol eoyls 3L ey adgs jo LT (oye Ll a5 (hje 0ad e oL
ol o Iy el ladd g ol (g yminn Jlesl flawe 4 5l a5 el
Ded g0 03uS Cuils

0aS Sl (25 s o SLIT Wised S5k et ) ey sl
Sl b slasb )0 3 Joor slayally L2 5 1 slagon, Sy Jow
Jlesl i, 15 45 o] Liges 31 sm Jsbo 51 pskiie wiloasds (g jludanss
Ao e i | o sleacs ol s 11 S o)l )18 diges Li,S

P55 wiged Josb el b1 o0y (79,5 51y 11 JSS" Gllas
sl bly o LT punbliie J15, Gaile <ol i, ol Juds 05 coi
o8 3 3 ol bl 0l 3 sjimboliia hine i o3t o
A il 1 e dhafie gl g ol Coll LT diges Calies 5 o0
3 ot Sl 6y L it 9) el ol ol 355sed st
looo (b (ol e bl plo 4z si b (29,5 55

1 oplai 17 0551396 (13355 8 ()0 Suille i

Width [mn]
Fig. 8 Demagnetization factor along thickness of specimen versus
width in various thicknesses

Soalrd 50 (B et b Calis lid) o (Slsipeblise )5S a5 8 JSB

93 syl 2 Joua slaosls losliinl b Jao gl IS 51 o
3ly polie 4 &5 Wgd oo QLI 55k 3 Jgar Billae 2 51 g0y
sl ansly ol b8 g ooy Soo 3

)l layell L2 51 a0y 99 5l Sopp Joo siluancs mli
ol ool Hlas "9 K" jo LT cules sk w50 3 gz 50 odds
30wt g 5L o Slee alold aS cas 63 (gilwand ol o ol
Sl csles Gl uie o b adly ;5 ailege bl ojlgan 2 oty Sy
Pebee b ojlul Gles 4y Sl alols Jobo

1 gun Sy slp &5 A o olas "9 JS..’L" 3 Glwans C"L"'
ORIPB cnl e oo I (g5 Wy (S by Culis gl
T ghiie gl Gl s o g LT culrs s ok clde
Gibliie Sli 55, b 153 mbliie e 4l Cosl 0aiiS sl
Szl ol M7 UK Billae o] polie g SgS S aS o)l il
D) (2,5 5Ly 2 g ooble Giblise (59,

[18] &yguml IS (slmosls § @8- 5500 JS5 loabasl> 5T Lolgs 2 Jgui
Table 2 MSMA properties and calibration data[18]

ol e CegaS sl oo CopaS
MPa 23 &Y jm? 1.9x10° oK,
MPa 33 oY Am?! 572490 Msat
MPa -1.0 &P % 6.412 ghmax
MPa 0.0 o H.m 41 x107 o

pa’ 5.29x10  S1=S2 S.m? 1.613x10° G

S5 Cdls w51y 0als Gl sl yial )y 3 Jeus
Table 3 Selected parameters for energy harvesting system

o>y Jlade F=bb

% 4 Ui yS xSl

T 0.6 bl e
turn 500 on B 50 Sl
mm® 15x2.5x1 5LIT ol
mm? 15x3.5 s gaiio olul

- 2000 W s 23,05
cm 10 L Job

cm 5 Lt e

142



O 9 s3luo o

calizto (§ 343 )Sa 93 )3 wabolide Hlaladls LT by (63 3l G0 3T caubld 33 s Slasl 3 ) 9

ol Jhoaies gan,So jo abe il et Ojged LT Culss
O 5 ars g el aal38l o5 slacels (o s > g Cas a3 ala,
Dle 0 caalS & jsody D> 5 00l hbie

b slaal; L1 5y (il g S 90,0 0 5WIT (o iul3H
g 039 yiudow 3Ly cpl polae Joaiis gun,Sy jo adl sl o 0
sl iy o O Gl

Ol 13 5LIT 99 e 45 (S0 Sy 5o 51y LT Jobo al8l L
OO e 09)‘5 )léd.l....ub Lgd.q)iu BN 45‘_,>JL‘> o \.\.SLSN ey
dber (Rl e (a3 O g0 polis

e Niges Sl Codgazma 4 a9 b LT (ope g Jsb axplix
1y 5102 50 i 2 600,850 sk 2 Cualin L LT oo 8
SrdiS n lp 5l 3550 bl Gl (el 103 5 a0 )|
Ol @ls slab ol 51 oliiwl b Olus 0.6) glalolds cpix o o is,S
ST cald 5 (2,0 a4z pm 1 (00,5 )0 &5 Canjo 50 (ol el pdy
50 a8 il dxgi Wbl oo Gl 58 dls 5Ly e iulidl
oS Wl soisS eanls g, 1y 5y o yiiin a5 LT g olal 5,590
W (bl (obline Gl oo bopite plo 1288 Hla jo (e
o offiiond 5% obal 51 (5 5 2 (50525 ) (gmrblios
S50 50w 2 50 algy olal 0,51 Casods gl 0,5 &Sl Sl
S el 00,5 akie b oend al) iy, e CendlS
cilsy slp 1y 5T ange olal ates 0,5 b ol slacesgase

555 e (5351 o Slo

&lp-5

[1] R. T. M. Karimi, S. Ziaeerad, Piezoelectric energy harvesting from
bridge vibrations under moving consecutive masses, Modares
Mechanical Engineering, Vol. 16, No. 6, pp. 108-118, 2016. (in
Persian .. 5)

[2] K. J. M. R. Asgharzade, A. Kianpour, M. Homayounsadeghi,
Investigating Energy Harvesting from Unimorph Trapezoidal Beam
Vibrations Using Distributed Parameters Method, Modares
Mechanical Engineering, Vol. 14, No. 15, pp. 96-102, 2014. (in
Persian .. 5)

[3] S. P. Beeby, M. J. Tudor, N. White, Energy harvesting vibration
sources for microsystems applications, Measurement Science and
Technology, Vol. 17, No. 12, pp. R175, 2006.

[4] R. J. Tickle, Ferromagnetic shape memory materials, PhD Thesis,
University of Minnesota, Minneapolis, 2000.

[5] R. L. Boylestad, L. Nashelsky, Introduction to electricity,
electronics, and electromagnetics, pp. 310-318: Prentice Hall,
2002.

[6] 1. Suorsa, J. Tellinen, K. Ullakko, E. Pagounis, Voltage generation
induced by mechanical straining in magnetic shape memory
materials, Journal of Applied Physics, Vol. 95, No. 12, pp. 8054-
8058, 2004.

[7]1 V. A. Chernenko, S. Besseghini, Ferromagnetic shape memory

alloys: Scientific and applied aspects, Sensors and Actuators A:

Physical, VVol. 142, No. 2, pp. 542-548, 2008.

O. Gutfleisch, M. A. Willard, E. Briick, C. H. Chen, S. Sankar, J. P.

Liu, Magnetic materials and devices for the 21st century: stronger,

lighter, and more energy efficient, Advanced Materials, Vol. 23,

No. 7, pp. 821-842, 2011.

[9] M. R. Zakerzadeh, S. Shaki, M. Ayati, O. Jedinia, Modeling and
experimental verification of a magnetic shape memory alloy
actuator behavior using modified generalized rate-dependent
Prandtl-Ishlinskii model, Modares Mechanical Engineering, Vol.
16, No. 11, pp. 389-396, 2016. (in Persian .. s)

[10]1. Karaman, B. Basaran, H. Karaca, A. Karsilayan, Y. Chumlyakov,
Energy harvesting using martensite variant reorientation

8

[Ra]

143

07 -
———Config. 1

06F Config. 2
05¢

=

Soaf

8

E

w 03 =7

=

o

(=1
o

o
i
|
1
\

1 15 2 25 3 35
Width [mm)]

Fig. 10 RMS voltage versus MSMA width in two configurations
2 51 eaiySy 99 5 3L (550 e b 515 i 10 JSC

05

———Config. 1
Config. 2

RMS voltage [V]
(=] (=]
3% o T
(] P (8]

o
w

Length [mm]
Fig. 11 RMS voltage versus MSMA length in two configurations

251 soiySy 90 5 ST Jobo i b 515 i 11 JSC

gad Jsbo 00,5 ol b 1) 5Bs (aalil 1L S8 2 gun Sy )90 50
Pt Seand ST Wigas Jsbo G L oS (ol g s e i
Dl 5ol o ozt )0 5 S e e ST ol s 51 L8
s of Jlis 4 g JLs i 5 9,500 S (S e bl
e Rl (2>

el Cosgazme @ a9 LU (o g Job amliy aads sboa
Cier 2 6nnSay 50 ek 2 culis b LT oS (e aiged
0550 bl Olee el oo g 5 aed oo I, (il 655
5okl b Olus 0.6) (slakols iz o a5 s pdetSy oy
a2 L unSn )0 o8 Cadygo o Gl el ROl @il slal el
ilise GRal33l 55 (s S s Gal¥l ) ST s 5 5e

S 5 4o -4
maladl> SLITL (55 cuslop po @l i Sy 5l Joe g9 iyl cnl 5o
ma Sl sl i 3150 (2oy5 S5 Slied o sl seblie o
Llg; 51 0855 Jleel (b 3WT L8, bJae ool )0 bias 435 )5
oS Sy mblos ;S olie alises olal o .aﬁ—ls‘; Cewddy g izl
Sl d9z9e (elod abl,y Sl eslitul b gy o0 B Sl Ly, 5o
sszge gloools by 5 drslone Liliine coxSio carbliiog b dlss slodizes
25SB olie (g5 slul Slits Sl zmen el 0ad b)) @z e 5o
@S Jelod 50 9 (o p Sl bl 5 (Job sl 5o (o5 meblise
393055 9 s 93 (5 5lusdnnd

Sy o Shais olml cel gai,Sa o8 o 4o ST sbul s

Sl L LT 90 e b Sy 5o (o205 3 0ed e o>

1 opleis 17 0531396 (235 58 ()0 Sl s



O 9 s3luo o

calizt (§ 343 )Sa 93 )3 aboligo Hlaladls LT by (63 3l G0 3T caubld 33 s Slasl )3l w32

Vol. 24, No. 9, pp. 95-101, 2015.

[17]B. Kiefer, D. C. Lagoudas, Magnetic field-induced martensitic
variant reorientation in magnetic shape memory alloys,
Philosophical Magazine, Vol. 85, No. 33-35, pp. 4289-4329, 2005.

[18]A. B. Waldauer, H. P. Feigenbaum, C. Ciocanel, N. M. Bruno,
Improved thermodynamic model for magnetic shape memory
alloys, Smart Materials and Structures, Vol. 21, No. 9, 2012.

[19]M. Shirani, M. Kadkhodaei, A modified constitutive model with an
enhanced phase diagram for ferromagnetic shape memory alloys,
Journal of Intelligent Material Systems and Structures, Vol. 26,
No. 1, pp. 56-68, 2015.

[20]A. Aharoni, Demagnetizing factors for rectangular ferromagnetic
prisms, Journal of applied physics, Vol. 83, No. 6, pp. 3432-3434,
1998.

[21]T. Shield, Magnetomechanical testing machine for ferromagnetic
shape-memory alloys, Review of Scientific Instruments, Vol. 74,
No. 9, pp. 4077-4088, 2003.

[22]J. D. Irwin, R. M. Nelms, Basic engineering circuit analysis, 9th
ed., pp. 175-176: Wiley Publishing, 2008.

[23]W. A. Roshen, Fringing field formulas and winding loss due to an
air gap, IEEE, Vol. 43, No. 8, pp. 3387-3394, 2007.

1 oplai 17 0551396 (13355 8 ()0 Suille i

mechanism in a NiMnGa magnetic shape memory alloy, Applied
Physics Letters, Vol. 90, No. 17, pp. 172505, 2007.

[11]N. M. Bruno, C. Ciocanel, H. P. Feigenbaum, A. Waldauer, A
theoretical and experimental investigation of power harvesting
using the NiMnGa martensite reorientation mechanism, Smart
Materials and Structures, Vol. 21, No. 9, pp. 094018, 2012.

[12]1. Nelson, C. Ciocanel, D. LaMaster, H. Feigenbaum, The Impact
of Boundary Conditions on the Response of NiMnGa Samples in
Actuation and Power Harvesting Applications, Proceeding of
ASME 2013 Conference on Smart Materials, Adaptive Structures
and Intelligent Systems, Utah, USA, September 16-18, 2013.

[13]H. Sayyaadi, M. A. A. Farsangi, Frequency-dependent energy
harvesting via magnetic shape memory alloys, Smart Materials and
Structures, Vol. 24, No. 11, pp. 115022, 2015.

[14]A. J. Niskanen, I. Laitinen, Design and simulation of a magnetic
shape memory (MSM) alloy energy harvester, Advances in Science
and Technology, Vol. 78, No. 2, pp. 58-62, 2013.

[15]M. Kohl, R. Z. Yin, V. Pinneker, Y. Ezer, A. Sozinov, A miniature
energy harvesting device using martensite variant reorientation,
Materials Science Forum, Vol. 738, No. 8, pp. 411-415, 2013.

[16]A. Saren, D. Musiienko, A. Smith, J. Tellinen, K. Ullakko,
Modeling and design of a vibration energy harvester using the
magnetic shape memory effect, Smart Materials and Structures,

144



