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Abstract A new setup for the prospective investiga-
tion of the active damping properties of magnetostric-
tive (MST) actuators has been realized. A dynamical
finite element analysis has been carried out to meet the
design requirements concerning the eigenvalues spec-
tra and the mode shapes of the setup: experimental and
numerical results match satisfactorily. The setup has
given a clear evidence of the damping capabilities of a
MST actuator developed by our group and utilized as
a compensator of external harmonic excitations.
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1 Introduction

The magnetostriction is the deformation of a body as
a consequence of the modification of its magnetiza-
tion state, usually due to the application of an exter-
nal magnetic field. All ferromagnetic materials exhibit
magnetostriction but only a limited number of materi-
als, containing rare earth elements, are endowed with
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a level of magnetostriction appropriate to application
purposes; they are referred to as giant MST materi-
als. From the 1960s the ferromagnetic alloy Terfenol-
D (Tbo 3Dy, ;Fe>), developed by the Naval Ordnance
Laboratory, has been extensively investigated and uti-
lized as actuator and sensor/transducer. Nowadays
other materials such as polimer-bonded Terfenol-D,
Co-ferrites and Iron-Gallium alloys (Galfenol) are also
available. Giant MST materials belong to the class of
magnetoelastic materials and, to be effective in appli-
cations, they have to be preloaded usually by means
of a set of springs. For these materials the link be-
tween the deformation and the magnetic field is in
general nonlinear, exhibits hysteresis and depends on
the applied preload. In turn, the mechanical preload in-
fluences also the magnetic characteristics relating the
applied magnetic field, which depends on the driving
current, to the material magnetization. Both effects are
shown in the graphs of Fig. 1, where H and B are
the magnetic field density and the magnetic flux den-
sity, respectively, while ¢ is the mechanical strain. The
main topics concerning the giant MST materials are
extensively dealt with in [1].

In spite of the difficulties related to nonlinearity
and hysteresis, MST devices have proved very inter-
esting due to the high dynamic performance of the
MST materials (frequencies of the order of many kHz)
and to the large forces they can exert (the compres-
sive strength of Terfenol-D is about 700 MPa, with a
standard preload of 10-15 MPa). As for the displace-
ment obtainable through MST devices, it is related to
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Fig. 1 Measured magnetic and magneto-mechanical characteristics of a Terfenol-D rod for various levels of the preload; the supply

frequency is 10 Hz

the mechanical strain of the MST rod which varies
usually between 200 ppm and 1000 ppm at the most.
Thus such devices perform better in sonic applications
(sonar), microactuators, sensors and active compen-
sators of vibrations. Novel modeling approaches as
those investigated in [2—16], lead to an efficient de-
sign of these devices solving the main critical aspects
in the coupling between electromagnetic and mechan-
ical requirements.

The present work has been developed in the frame-
work of a research project focused on the active vibra-
tion compensation of modern computer numerically
controlled machine tools (CNC), though one should at
least mention the widespread utilization of smart ma-
terials in CNC applications also for the tools motion
and positioning, as reported, e.g., in [17].

In high quality processing, CNC machining preci-
sion in milling and lathing operation is limited by the
spindle vibrations whose frequencies range from a few
Hz (roughing operations) to nearly 1 kHz (finishing
operations). Natural candidates for the mechanical vi-
brations compensation are the piezoelectric (PZT) and
the more recent MST actuators. On the one hand, MST
devices show some advantages with respect to PZT ap-
pliances: they can exert higher forces, are less affected
by electrical insulation and cooling problems and are
characterized by a lower brittleness with respect to the
action of lateral loads. On the other hand, MST sys-
tems are generally heavier than PZT devices due to
their magnetic circuit.

As regards the compensation of mechanical vibra-
tions of actual structures through PZT or MST devices,
the incorporation of active elements is also to be men-
tioned for applications such as plates [18, 19], space-
craft platform [20], rotating shafts [21].
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The aim of this paper is the realization of a test
bench for investigating the ability of a magnetoelas-
tic device to compensate the vibrations induced by an
external forcing load applied to the bench. In an actual
application this would correspond to the compensation
of the vibrations produced by a spindle on its base.
While the realization of setups for the characteriza-
tion of the MST materials is fairly common, the design
of a setup for the experimental investigation of MST
devices remains, to our knowledge, an open problem.
In the field of the active vibration compensation, dif-
ferent solutions have been proposed; for instance, in
[22] two loaded actuators have been stacked one on
the other, with two interposed tables for frequencies
up to 5 Hz, while in [23] a beam has been constrained
between two MST actuators for frequencies up to a
few hundreds Hz. However, the vibrations of an actual
device resemble more those of a slab than those of a
beam; this is especially true for a CNC machine tool
whose spindle is usually placed on a plate. Moreover,
the actuator has to continuously compensate structural
vibrations up to 1 kHz. In view of the above consider-
ations, here a structure shaped as a bench is proposed.
Such structural solution has two main features: (i) it
makes available a wide range of loads on the actua-
tors, (ii) the natural frequencies can be changed upon
modifying the material and the geometry (width and
thickness) of the upper slab. In Fig. 2 the three above-
mentioned solutions are schematically drawn.

2 Setup design and dynamical FEM analysis

The setup has been realized resorting to both basic
principles of mechanical design and an extensive dy-
namical FEM analysis, the latter playing the major
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Fig. 2 Schemes of test benches for the performance analysis of a MST damper actuator: (a) as in [22], (b) as in [23], (¢) present work

role in the final choice. The following design criteria
were to be satisfied:

— In the frequency range of interest from O Hz to
1 kHz an optimal distribution of natural frequen-
cies and modes is required. This means that the
setup should exhibit regularly spaced frequencies
and geometrically simple and well-defined mode
shapes; in particular, mixed modes, i.e., modes with
arelevant flexural contribution of the columns, must
be avoided since they induce lateral loads on the
magnetostrictive actuator, which is designed to ex-
ert only axial forces;

— an easy access to the actuators must be guaranteed;

— a stiff and reliable mechanical connection to the
breadboard on which the proposed test bench is in-
stalled must be realized.

To meet the above requirements we devised a frame
consisting of two steel columns having dimensions in
mm 50 x 125 x 200 whose bottom sides are connected
to a steel base (dimensions in mm 650 x 250 x 20)
which, in turn, is attached to the breadboard. On the
columns upper sides two aluminum plates can be
fixed, their dimensions in mm being 500 x 125 x 15
(plate I) and 500 x 80 x 5 (plate II). The threaded con-
nections at the columns/plates and base/breadboard in-
terfaces for the setup configuration with plate I are
specified in Fig. 3. The total weight of the setup is
319 N and 335 N depending on which plate one uti-
lizes.

The geometry and the material properties of both
plates and columns were fixed through a preliminary
dynamical FEM analysis of several alternative solu-
tions, all based on the common feature of utilizing well
known vibrating bodies (the plates) dynamically un-
coupled with respect to the vertical supports on which

Fig. 3 Setup instrumented for dynamical testing (configuration
with plate I)

they are fixed (the columns). In addition to being un-
coupled with respect to the columns, the plate modes
in the frequency experimental range should be as much
as possible ‘beam-like’ modes characterized by the
flexural vibration of the plate along its major dimen-
sion: indeed, this simplifies the selection of the appro-
priate points for the application of both actuators.
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Fig. 4 The setup first (464 Hz) and second (793 Hz) mode (configuration with plate I)
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Fig. 5 The setup third (1040 Hz) and fourth (1277 Hz) mode (configuration with plate I)

The free response of the setup was calculated re-
sorting to three-dimensional FEM models [24] defined
utilizing the numerical convergence analysis of the
first six natural frequencies of plate II; clamped con-
straints were imposed at the bottom of the columns
in view of the stiff fastening condition at the base/
columns interface. The following values for the me-
chanical properties of steel and aluminum were uti-
lized: Young’s modulus 200 GPa and 70 GPa, material
density 7800 kg m~3 and 2700 kg m—3, Poisson’s co-
efficient 0.3 for both.

There are four and six natural modes lying in the
experimental range from 0 Hz to approximately 1 kHz
for the setup with plate I and II, respectively. On ex-
amination of the numerical results one finds that, for
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plate I, the first mode shape (464 Hz) fits the re-
quirements for the forced response test, as the plate
manifestly vibrates in a beam-like mode with the
columns unaffected, while the second mode (793 Hz)
is a mixed one, with the columns partecipating to
the overall shape more significantly than the plate,
as shown in Fig. 4. The third mode (1040 Hz), char-
acterized by the torsion-like deformation of the up-
per plate with the columns unaffected, and the fourth,
beam-like, mode (1277 Hz) are shown in Fig. 5; no-
tice that in the third mode the experimental conditions
would prove somehow cumbersome. Our conclusion
is that both the second and the third mode cannot be
favourably considered for carrying out the forced re-
sponse test.
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Fig. 6 The setup first (164 Hz) and second (450 Hz) mode (configuration with plate II)
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Fig. 7 The setup third (536 Hz) and fourth (884 Hz) mode (configuration with plate II)

For the setup configuration with plate II the FEM
results show that the modes first (164 Hz), second
(450 Hz) and fourth (884 Hz) possess the required
characteristics: their frequencies are nearly regularly
spaced while the plate vibrations have beam-like
shapes of increasing order with the columns not in-
volved in the overall shape, as illustrated in Figs. 6
and 7. On the contrary, the modes third (536 Hz) and

sixth (1107 Hz), shown in Figs. 7 and 8, exhibit a plate
torsional component of increasing complexity with the
columns unaffected, while the fifth one (947 Hz) in
Fig. 8 is mixed, with a major columns contribution to
the mode.
The above considerations can be summarized as
follows: the setup configuration with plate II realizes
the best distribution of both natural frequencies and

mode shapes, with three well defined beam-like modes
which can be quite easily selected according to the

kind of forced response test one has to perform on the
actuators. Nevertheless, also the stiffer configuration
with plate I, where only the first mode at 464 Hz can
be appropriately utilized, has been realized in order to
prevent prospective difficulties related to the compar-

atively large flexibility of plate II.
3 Experimental validation of the FEM models

To validate the above FEM models, the experimen-

tal free response of the setup was investigated through
modal testing procedure. The view of the instrumented
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Fig. 8 The setup fifth (947 Hz) and sixth (1107 Hz) mode (configuration with plate II)

Table 1 FEM and experimental results for setup with plate I

Mode Ist 2nd 3rd 4th

o, [Hz] FEM 464 793 1040 1277

wy [Hz] exp 448 - 1011 1205

¢ exp 0.490 - 0.311 0.399
Table 2 FEM and experimental results for setup with plate II

Mode Ist 2nd 3rd 4th Sth 6th

oy [Hz] FEM 164 450 536 884 947 1107

wr [Hz] exp 145 410 481 794 - 1014

& exp 0.603 1.024 1.318 0.846 - 1.154

setup in Fig. 3 shows that seven accelerometers were
applied to the upper plate. One of them is placed at the
middle section of one of the columns, where vertical
accelerations are expected to be quite low, so that its
sensitivity (9.86 mV/ms~?2) is nearly ten times larger
than the average sensitivity of the others.

The measured modal parameters are natural fre-
quencies ,, natural modes and dimensionless damp-
ing &,. The numerical and experimental values of w,
and the experimental mean values of ¢ are reported
in Tables 1 and 2 for plate I and plate II, respectively,
with reference to the experimental range of frequen-
cies: FEM analysis and modal testing compare favor-
ably.
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Notice that the mixed modes (the second and the
fifth one for the setup configurations with plate I and
plate II, respectively), characterized by major columns
oscillations, were not detected by the accelerometers
attached to the plates. We verified that even exciting
the setup in the direction of the column mode does
not result into a significant transverse motion of the
plates. This implies that the above modes do not affect
the experimental conditions: indeed, during the tests
both the excitation of the plates and the compensa-
tion of their oscillations take place along the transverse
direction of the plates. Also the graphs of the power
spectral density (PSD) in Fig. 9 support this point of
view: they show the response from accelerometer n. 3
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Fig. 9 PSD from accelerometer n. 3 for the setup configurations with plate I (/eft) and plate II (right)

Laser measuring the
beam displacement

Fig. 10 Tests of vibrations compensation (configuration with
plate II)

which, for both plates, is the one in the low right posi-
tion in Fig. 3.

4 Preliminary damping tests

The setup was tested for a first investigation of the
damping capability of a MST actuator realized and
characterized by our group [8] with respect to the lat-
eral vibrations of the upper plate. The experimental
conditions are illustrated in Fig. 10, which shows that
the MST actuator is linked to the upper plate (plate II
in the actual configuration) through a threaded connec-
tion, while a PZT actuator (Physik Instrumente mod.
P-239k166) is utilized to apply a harmonic forcing

displacement to the plate. The actuators, which are
voltage-driven, are located symmetrically on the plate
at a distance of 100 mm from the columns.

Notice that here both the PZT and the MST ac-
tuators are considered as generators of time-varying
(specifically, harmonic) external actions applied to the
test bench.

The amplitude of the output signal of the PZT can
be regulated over a range of the applied voltage up
to 10 V. The PZT displacement constant is equal to
6 um/V, while the MST one is equal to 12 pm/A
(0.73 um/V at 200 Hz).

As for the MST, the amplitude and the phase of the
signal are regulated so that the plate vibrations can be
effectively compensated. The displacement at any se-
lected points of the plate is measured through a laser
system (pe mod. optNCDT).

Figures 11 and 12 give the experimental lateral dis-
placements at the point located in the upper right cor-
ner of the plate at 20 mm from both the axes of sym-
metry of the plate, for forcing frequencies of 200 Hz
and 510 Hz, respectively; as reported in Table 2, the
latter value is close to a resonance condition of the
plate. In both figures the graphs of the driving voltages
of the actuators are given and the MST signal phases
corresponding to the largest reduction of the plate vi-
brations are also reported. The compensation of the
plate vibrations obtained through the MST actuator
under sinusoidal excitation, is nearly 70% and 95% at
200 Hz and 510 Hz, respectively, proving very satis-
factory particularly in the resonance condition. Simi-

@ Springer



986

Meccanica (2011) 46:979-987

—O— Non compensated

Time [ms]

0o 1 2 3 4 5

- f =200 Hz I Compensated
44 p---4--
1 about 70 %
] peak
— 2 - reduction
e
5
5 o]
£
[
o ¥ !
S ! !
a s s
2 -2 4 -+ S -
e % AC excitation signals
TSB, 2 Phase shift 66.4 Deg.
[/ [ R | - - 1
] S 0 i s, Pz
3 3 2 -
: : 5 -1 MsT
T T )
0 25 50 £ 2
2
Q
o

Time [ms]

Fig. 11 Measured compensation (setup with plate II, forcing frequency 200 Hz)

f=510 Hz I

Displacement [um]
o

D BN

o O o

PP PR FETE NN PRl RUee "
o= s R

120 3

440 3o

—O— Non compensated resonance

about 95 %
peak
reduction

1]

o

0 5 10

Time [ms]

AC excitation signals
Phase shift 49.3 Deg.

o
-1 MST

00 05 10 15 20
Time [ms]

Reference excitacion signals [V]
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lar results were obtained measuring the displacements
of other points placed at both symmetrical and unsym-
metrical locations of the plate. It is worth mentioning
that in [23], under the same excitation conditions, a
vibrations amplitude reduction of about 80% and 90%
at 98 Hz and 387 Hz is reported, while in [22], where
the single forcing frequency of 5 Hz is considered, the
amplitude reduction is as high as 98%.
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5 Concluding remarks

The main points of our investigation can be summa-
rized as follows. A new setup has been realized, which
meets all the criteria for the experimental analysis of
the performance of magnetostrictive actuators in the
field of the active damping of mechanical vibrations.
Such result has been obtained through an extensive dy-



Meccanica (2011) 46:979-987

987

namical FEM analysis to identify the geometrical and
material properties of the various structural members,
i.e., plates, columns, base. The experimental results
concerning the free response of the proposed setup
have validated both the mechanical design and the nu-
merical analysis.

Furthermore, the setup has been tested utilizing the
PZT and the MST actuators of Fig. 10 as generators of
the harmonic excitation and vibrations compensator,
respectively. The preliminary experimental results ob-
tained in this work appear to be very promising in view
of the realization of an active damping of mechanical
vibrations with the MST actuator working appropri-
ately as a control device. Such realization is currently
investigated.
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