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A new class of surface damping treatment is proposed to pro-
vide effective means for attenuating undesirable structural vi-
brations. The proposed treatment relies in its operation on the
use of smart damping treatments which consist of integrated
arrays of constrained visco-elastic damping layers that are
controlled passively by a specially arranged network of per-
manent magnets. The interaction between the magnets and
the visco-elastic layers aims at enhancing the energy dissipa-
tion characteristics of the damping treatments. In this man-
ner, it would be possible to manufacture structures that are
light in weight which are also capable of meeting strict con-
straints on structural vibration when subjected to unavoidable
disturbances.

Emphasis is placed here on introducing the concept and the
basic performance characteristics of this new class of smart
Magnetic Constrained Layer Damping (MCLD) treatments.
Comparisons are also presented with conventional Passive
Constrained Layer Damping (PCLD) in order to determine
the merits and limitation of the MCLD treatments.

Keywords: Passive constrained layer damping, magnetic con-
strained layer damping and permanent magnets

1. Introduction

Passive Constrained Layer Damping (PCLD) treat-
ments have been successfully utilized, for many years,
to damp out the vibration of flexible structures rang-
ing from simple beams to complex space structures [9].
However, the effectiveness of these treatments has been
limited to a narrow operating range because of the sig-
nificant variation of the damping material properties
with temperature and frequency. Hence, treatments
that are a hybrid between active and passive damp-
ing have been considered as viable alternatives to the
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conventional passive damping treatments. Such hybrid
treatments aim at using one active control mechanism
or another to augment the passive damping to com-
pensate for its performance degradation with tempera-
ture or frequency. Among the commonly used hybrid
treatments are the Passive Constrained Layer Damp-
ing with Shunted Networks (PCLD/SN) treatments [6],
the Active Constrained Layer Damping (ACLD) treat-
ments [3] and the Active Piezoelectric-Damping Com-
posites (APDC) [5,8]. In the PCLD/SN treatments, a
piezo-electric film is used to passively constrain the
deformation of a visco-elastic layer that is bonded to a
vibrating structure. The film is used also as a part of a
shunting circuit which is actively tuned to improve the
damping characteristics of the treatment over a wide op-
erating range. Similar configuration is employed in the
ACLD treatments. However, the piezo-film is actively
strained in such a manner to enhance the shear defor-
mation of the visco-elastic damping layer in response
to the vibration of the base structure. In the APDC
treatments, an array of piezo-ceramic rods embedded
across the thickness of a visco-elastic polymeric matrix
are electrically activated to control the compressional
damping characteristics of the matrix which is directly
bonded to the vibrating structure.

Therefore, in the three hybrid damping treatments
described, one can identify three distinct damping aug-
mentation mechanisms. In the PCLD/SN, the augmen-
tation results from the energy dissipation in the shunted
electric circuitry whereas in the ACLD and the APDC
treatments, the augmentation is attributed to the en-
hanced shear and compressional deformations of the
visco-elastic layers, respectively.

Although the PCLD/SN, ACLD and APDC treat-
ments have proven to be very successful in damping
out structural vibration, they require the use of piezo-
electric films, amplifiers and control circuits. As sim-
plicity, reliability, practicality and effectiveness are our
ultimate goal in controlling the vibration and noise; the
concept of the Magnetic Constrained Layer Damping
(MCLD) is introduced. The MCLD eliminates the need
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Fig. 2. Possible arrangements of the Magnetic Constrained Layer Damping (a) layers in repulsion and (b) layers in attraction. (PCLD — dashed
lines and MCLD - solid lines).

for the piezo-films, associated circuitry as well as any treatments and to evaluate its effectiveness in control-
external energy sources [1]. ling the vibration of flexible beams as compared to con-
It is therefore our purpose to present here the concept ventional Passive Constrained Layer Damping (PCLD).

of the Magnetic Constrained Layer Damping (MCLD) Distributed-parameter modeling of the dynamics of
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Fig. 3. Main geometric parameters of a full magnetic constrained layer damping treatment for cantilvered beam with base magnets.

beams treated with MCLD is presented by Baz [2] and
finite element analysis of the magneto-elastic interac-

tions in beams/MCLD system is developed by Ruzzene,
Oh and Baz [7].

2. Concept of magnetic constrained layer damping
(MCLD)

The concept of the MCLD can best be understood
by considering first the multi-segment PCLD treatment
shown in Fig. 1. The undeflected configuration of the
structure/PCLD system is shown in Fig. 1(a) whereas
Figure 1(b) shows the deflected configuration under the
action of an external bending moment M.. Due to
such loading, shear strains of v and vp are induced
in the top and bottom viscoelastic layers respectively.
Increasing these shear strains is essential to enhancing
the energy dissipation characteristics of the damping
treatment. A preferred way for increasing the shear
strains is to replace the conventional constraining layers
by magnetic constraining layers, which are properly
arranged and designed.

Figure 2 shows two possible arrangements of the
magnetic constraining layers where the inter-layer in-

teraction is either in repulsion as in Fig. 2(a) or in attrac-
tion as in Fig. 2(b). Figure 2(a) shows that MCLD, with
layers in repulsion, have strains 7, and g, which
are lower than the strains 7 and vp of conventional
PCLD treatments. Hence, it is not beneficial to arrange
the magnetic layers in repulsion because of their low
energy dissipation characteristics. This is in spite of
the fact that such MCLD arrangement induces in-plane
tensile loads in the base structure which tend to enhance
its stiffness. However, it is evident that the resulting
shear strains yr, and vy, of the attraction arrangement
are much higher than the strains 7, and g, of the re-
pulsion arrangement. Note also that the strains v, and
YBa €xceed the strains y7 and vp of the PCLD treat-
ment with conventional constraining layers. Therefore,
significant improvement of the damping characteris-
tics can be achieved by using MCLD treatments with
magnetic layers in attraction. Note that the improved
damping characteristics is attributed directly to the fact
that the energy dissipation E; in the viscoelastic core
is given by:

1 L
E;= —G’nA/ y2da
2 0
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where G’ = storage shear modulus, = loss factor,
A = surface area and L = length of the viscoelastic
core. Hence, increasing the shear strain ~ results in
significant increase in the energy dissipated in the vis-
coelastic core. Such improved damping exists in the
PCLD/SN, ACLD and APDC treatments but at the ex-
pense of the complexities associated with the use of
piezo-sensors, piezo-actuators, control circuitry and/or
external energy sources. Hence, the use of the MCLD
improves the damping characteristics of conventional
PCLD treatments and achieves such improved charac-
teristics in a much simpler and efficient way than the
PCLD/SN, ACLD and APDC treatments.

Hybrid configuration of the ACLD and MCLD can
however be viable when the self-damped characteris-
tics of the MCLD are to be enhanced by the use of
the ACLD. With such a configuration, it would be pos-

sible to compensate for performance degradation due
to changes in the operating temperature and to im-
prove/shape the frequency response characteristics of
the composite assembly.

In what follows the improved damping characteris-
tics of the MCLD are demonstrated in comparison with
the performance of PCLD treatments.

3. Performance characteristics of beam/mcld
system

3.1. Materials

The performance of the MCLD is determined experi-
mentally using a cantilevered aluminum beam which is
30 cm long, 0.04 cm thick and 2.5 cm wide. The beam
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Fig. 5. Frequency response of beam tip at different gaps when magnets are arranged in repulsion for base displacement: (a) 0.23 mm, (b) 0.17 mm

and (c) 0.11 mm.

is fully treated with two viscoelastic damping layers
that are 0.3125 cm thick. These layers have storage
modulus G’ = 0.5E6 N/m?, loss factor n = 0.4 and
density = 115 kg/m?3. The motion of the viscoelastic
layers is constrained using aluminum layers which are
0.025 cm thick. The constraining layers are fitted with
root magnets (B), as shown in Fig. 3. The magnets are
made of neodymium blocks (0.375 x 0.8 x 2.5 cm)
with residual induction B,. = 10, 800 Gauss and coer-
cive force H. = 9,300 Oersteds. Similar permanent
magnets (A) are placed in the base at an adjustable gap.

3.2. Experimental set-up

Figures 4(a) and 4(b) show a schematic drawing and
a photograph of the experimental set-up used in testing

the damping characteristics of the MCLD treatment.
The beam/MCLD is clamped in a cantilevered con-
figuration and is placed on an oscillating table which
slides freely over guide rails. The table is connected
to an electromagnetic shaker in order to subject the
beam/MCLD system to a swept sinusoidal excitation.
The beam response is monitored using a laser sensor
placed at the beam tip. The response is recorded when
the magnets are arranged in attraction or repulsion. In
addition, the effects that the amplitude of base excita-
tion and the gap between the interacting magnets have
on the beam response are determined. A sliding table,
mounted on the oscillating table, is used to adjust the
gap between the magnets of the MCLD and the base
magnets.
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Fig. 6. Frequency response of beam tip at different gaps when magnets are arranged in attraction for base displacement: (b) 0.23 mm, (b) 0.17 mm

and (c) 0.11 mm.
3.3. Experimental results

3.3.1. Full treatment with magnets in base and in
constraining layers

Figure 5 shows the frequency response of the
beam/MCLD for different gaps and amplitudes of base
excitation when the magnets are arranged in repulsion.
Note that the beam vibration, as measured by its tip dis-
placement, increases as the gap is decreased. Such ad-
verse effects are attributed primarily to the reduction of
the damping characteristics of the MCLD as described
in Fig. 2(a). These effects occurred in spite of the stiff-
ening of the beam/MCLD system that manifested itself
clearly by the considerable increase of the first natu-
ral frequency of the system. The resulting frequency

increase is attributed to the induced in-plane magnetic
loads. Figure 5 indicates also that increasing the am-
plitude of base excitation increases the amplitude of
vibration of the beam.

It is important here to note that when the gap be-
tween the magnets reaches 18 mm, the magnetic forces
become very small and the MCLD treatment converges
to the conventional PCLD treatment. Therefore, the
results obtained indicate that the PCLD outperforms
the MCLD with magnets arranged in repulsion. Ta-
ble 1 summarizes the effect of the gap and amplitude of
base displacement on the damping ratio of the MCLD
at the first natural frequency as obtained by using the
half-power method.
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Fig. 7. Effect of magnet arrangement on performance of MCLD: (a) Magnets in attraction and (b) Magnets in repulsion.

Table 1
Effect of gap and base displacement on damping ratio (magnets in
repulsion)

Gap (mm) Base displac. (mm)
0.23 0.17 0.11
18 0.047 0.0378 0.0407
1.54 0.044 0.0388 0.0388
0.28 0.037 0.0317 0.034

The results displayed in Table 1 indicate that reduc-
ing the gap (i.e. increasing the magnetic interactions)
results in lowering the modal damping ratios. This
emphasizes clearly the ineffectiveness of arranging the
magnets in repulsion. Note, however, that increasing
the amplitude of base displacement results in improv-
ing the damping ratio of the MCLD. However, the con-

verse becomes true when the magnets of the MCLD
are arranged in attraction as shown in Fig. 6 for differ-
ent gaps and amplitudes of base excitation. Significant
attenuation of the beam vibration is observed when the
gap between the magnets is decreased and the when the
amplitude of the base excitation is increased. Such im-
proved performance is attributed to the enhanced damp-
ing characteristics described in Fig. 2(b). Furthermore,
the observed attenuation is achieved in spite of the soft-
ening of the beam/MCLD system due to the in-plane
compressive magnetic loads.

Table 2 summarizes the effect of the gap and ampli-
tude of base displacement on the damping ratio of the
MCLD at the first natural frequency.

From Tables 1 and 2, it is evident that arranging the
magnets in attraction results in significant increase in
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Fig. 8. Effect of partial treatment on performance of MCLD.

Table 2
Effect of gap and base displacement on damping ratio (magnets in
attraction)

Table 3
Effect of gap and base displacement on damping ratio (magnets in
base only)

Gap (mm) Base displac. (mm) Gap (mm) Base displac. (mm)
0.23 0.17 0.11 0.23 0.17 0.11
18 0.035 0.040 0.035 18 0.040 0.040 0.040
0.28 0.053 0.053 0.050 0.28 0.060 0.060 0.060
0.14 0.066 0.066 0.066 0.14 0.086 0.086 0.086

the modal damping ratios emphasizing the importance
of the damping mechanism in attenuating the structural
vibration. Note that such improvement has occurred
in spite of the softening effect of the structure which
is demonstrated clearly by the shift of the natural fre-
quency to the left as the gap is decreased (Fig. 6).

Figure 7 summarizes the effect of the gap, the base
excitation and the arrangement of the magnets on the
performance of the MCLD treatment. The figure indi-
cates that MCLD treatments with magnets in attraction
is much superior than the conventional PCLD treat-
ments particularly when the gap is reduced and the
excitation level is increased.

3.3.2. Partial treatment with magnets in base and in
constraining layers

Figures 5 and 6 show that the damping effect pro-
duced by the MCLD treatment is limited to the first
mode of vibration of the beam. However, improved
performance of the MCLD treatment is achieved, over
a broader frequency range, when the treatment of the
beam become partial as indicated in Fig. 8. In this case

of partial treatment, the MCLD treatment extends over
half the beam span starting from its fixed end.

3.3.3. Full treatment with magnets in base only

So far, all our presentation has concentrated on the
use of interacting magnetic constraining layers. How-
ever, to maintain the simplicity of the MCLD treatment;
we only need magnets in the base to interact with ferro-
magnetic constraining layers. The interaction forces in
that case are always attraction forces which are found
essential for enhancing the damping characteristics of
the treatment. In this manner, the weight and cost of
the treatment are reduced considerably.

Figure 9 shows the frequency response of the beam
for different gaps and amplitudes of base excitation. It
is evident that the performance is comparable with that
of MCLD treatments with magnets in base and on the
constraining layers which is shown in Fig. 6. Figure 10
summarizes the effect of the gap and the base excitation
on the performance of the MCLD treatment.

Also, Table 3 summarizes the effect of the gap and
amplitude of base displacement on the damping ratio
of the MCLD at the first natural frequency.
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Fig. 9. Frequency response of beam tip at different gaps with base magnets and ferromagnetic constraining layers for base displacement: (c)

0.23 mm, (b) 0.17 mm and (c) 0.11 mm.

The displayed results emphasize the potential of the
MCLD in enhancing the damping characteristics of
beams over broad frequency range without the need for
electronic sensors, actuators or control circuitry.

4. Conclusions

This paper has presented a new class of Mag-
netic Constrained Layer Damping (MCLD) treatments
which relies in its operation on array of viscoelastic
damping layers that are controlled completely passively

by a specially arranged network of permanent magnets.
The proposed MCLD treatments enhances the damp-
ing characteristics of conventional Passive Constrained
Layer Damping (PCLD) treatments without the need
for any electronic sensors, control circuitry or external
energy sources. This is in contrast to the Active Con-
strained Layer Damping (ACLD) treatments and the
Passive Constrained Layer Damping with Shunted Net-
works (PCLD/SN) which require extensive electronics
for their effective operation. Such excellent feature of
the MCLD makes its operation simple, reliable and effi-
cient as compared to other surface damping treatments.
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Fig. 10. Performance of beam/MCLD system gaps with base magnets and ferromagnetic constraining layers.

The experimental performance characteristics of the
MCLD treatments of beams is presented. The fre-
quency response of beam/MCLD systems is obtained
for different arrangements of the magnetic constraining
layers and for various spatial spacing between the mag-
netic layers. It is found that constraining layers that are
placed in a state of magnetic attraction produce high
damping characteristics as compared to conventional
PCLD. In addition, the obtained results indicate that
improved structural damping is achieved by reducing
the gap between neighboring layers.

The use of partial MCLD treatment is essential to
enhance the performance over a broad frequency range
by virtue of the nature of the mode shapes of higher
order modes of vibration. Furthermore, the weight and
cost of the MCLD treatment can be improved by using
magnets only in the base to interact with ferromagnetic
constraining layers without compromising the damping
characteristics of the treatment.

Finally, it is important however to note that hybrid
of the MCLD and ACLD can be viable when the char-
acteristics of the MCLD are to be enhanced by the use
of the ACLD. The hybrid configuration will be able to
compensate, for example, for performance degradation
due to changes in the operating temperature or to im-
prove/shape the frequency response characteristics of
the composite assembly.
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