Table 1: Comparison of strain capability [4, 5, 6 and 20]

Material Saturation strain in [ppm] Curie temperature in [K]

Ni -50 630

Fe -14 1040
Fes04 60 860
Terfenol-D 2000 650
ThosZnos 5500 180
ThosDyxZn 5000 200

Table 2: Typical layouts in comparison similar to [7, 8]

Actuator Layout

TC

TCM

TMC

MTC

|l’m:||-|t Magnet |

| Terfenol-D
Typical actuator featiires
Magnetic bias with DC coil Permanent magnets
Magnetic bias level Low Medium Mediun, high High
Terfenol-D shape Rod, bar Rod Rod Hollow rod
Structure Simple Medium Medium Complex
Field inhomogeneity Low Low Medmum High

Table 3: “MS”-actuator key data

“MS”-actuator, 3D CAD cut view

Actuator key data

Experimental results

Actuator

Actuator coil:

-950 turns, 1.50hm

-wire diameter of 1.12mm
Terfenol-D shaft:

-shaft diameter of 8mm
-shaft length 67.5mm

Optimized pre-stress:
12MPa (600N pre-load)
Strain capability:
0.065mm @10 A
(1000ppm @ 105 kA/m)
Blocked force: > 4500N

1/35




Fig.1: Strain versus magnetic field
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Fig. 2: “MS”-effect, schematically
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Fig. 3: Cross-section of the actuator used in the study

Biohd # Part # [Title
1 700.001 Housing
2 700.002 [Cover LH
3 700.003 ICoil bohbin
4 700.004 ol
5 700.005 [Terfenal-D shaft
-] 700.006 Piston
7 700.007 ICover RH piston
g 700.008 embrane
k] 700.009 ICirclip
10 700,010 [Spring cover
11 700.011 ISpring
12 700.012 [Caver RH
13 003 [Sorew
14 To1.Ms [Force sensor
15 702016 [Sensor caver
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Fig. 4: Supplier characteristic and specification for Terfenol-D shaft [4]

5/35



Eyial force [IM]

Axal force versus strain

3000
2700

2400
2100 — E=3510Pa
1200 ——E=3010Pa

1500 —E=25-109Pa
1200

900
600
300

IJ'I"DIJ 200 900 1000 1100 1200 1300

Strain A [pprm]

Fig. 5: Axial force versus strain and Young’s modulus E as parameter
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Fig.7: Typical optimization with mechanic bias [similar to 9, 10 and 11]
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Actuator coil

Terfenol-D shaft

Fig. 8: TC-Layout of the actuator coil
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Fig. 9: Magnetic path through the actuator
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Fig. 10: Strain versus applied magnetic field intensity (A/m) [4]
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Fig. 11: B-H diagram of Ck15 with measurement data
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Fig. 12: B-H diagram of Terfenol-D with measurement data [4]
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Fig. 13: Number of turns versus achievable magnetic field strength
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Fig. 14: Air coil geometry
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Fig. 15: Current density versus wire diameter with current as parameter
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Actuatar coll for rig tests

Temperature ronge: —20 C up to +120 C
Supplied wolaoge: 12 +/-3v,

Frequency: OHz at DC and 1Q00Hz at A
Resistance at Rt: »1.52 Ok at DC
Inductance: 23mH

Maminal currend: <S8 A

Mumber of {urns: >1000

Wire moterial: Copper

Wire bare diarmeter: 1.15mem {AWGT7)

Fig. 16: Geometry and coil specification of the magnetostrictive actuator
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Fig. 17: Meshed actuator with FEMM
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Results

Total curent = 9 Amps

“oltage Drop = 13.8803 Yalts

Flux Linkage = 00834634 \Webers
Flx/Current = 0.00934037 Henries
Yoltage/Current = 1.54232 Ohms
Power = 124,928 'watts

Freguency: 0 Hz

Results

Total cument = 3 Amps

“oltage Drop = 13.8815 + | B.10813 Valte

Flux Linkage = 0.0972139 - | 8.7501 92-006 'webers
Fluzd/Current = 0.0708015 - | 9.72243e-007 Henries
oltage/Current = 1.54238 + | 0678681 Ohms
Fieal Power = 62 4666 W/ atts

Reactive Power = 27 4866 War

Apparent Power = B3, 2465 WA,

Freguency: 10 Hz

Results
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Fig. 18: FEMM Magnetic Field Density plot B (Tesla) in the actuator
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Fig. 19: Reference figure of the actuator plots of B (Tesla) and H (A/m)
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Fig. 22: Picture from “MS”-actuator assembly
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Fig. 23: Actuator assembly for performance measurements
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Fig. 24: Actuator assembly cross section for performance measurements
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27135



[
T T T T T T T T T T T
o ] I [s] [Te] = ] ] —
= = = = = = = = =
= = = = = = = = =
S w o mownE oo 1 —E E—

2E5 2EE 267 268

264
[zec]

258 2589

257

th 600 N pre-load

ime wi

Fig. 27: Displacement, current and axial force versus t
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Fig. 29: Optimization of achievable strain with various pre-load
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Fig. 30: Butterfly-curve at 550N pre-load & 20Hz sinusoidal power input

31/35



| —S oz @ooo —0w 0

—gg—

.08 : T T T T T : T T T T : T
0.07
0.06
0.05
0,04
0,03
0.02:

0014

a4 a2 A0 8 & 4 2 D 2 ' B w12 14
Current Coil [&]

Fig. 31: Butterfly-curve at 550N pre-load & at 40Hz sinusoidal power input

32/35



e = T = (R Tl = B Bt o

—gg—

4 A2 A0 B £ 4 2 D 2 'R B 1m0 14
Current Cail [&]

Fig. 32: Butterfly-curve at 550N pre-load & at 60Hz sinusoidal power input
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Fig. 34: Butterfly-curves, force versus current, at high pre-stress
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