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Abstract

A new dynamic vibration absorber combining a translational-type absorber and a rotational-type absorber is proposed
for isolation of beam vibration under point or distributed harmonic excitation. Finite element analysis and Euler—Bernouli
beam theory are used for evaluation of the performance of vibration isolation of the proposed absorber mounted on a
beam. It is proved theoretically that the absorber can isolate the vibration in one part of a beam when it is subjected to a
point or distributed harmonic excitation. A prototype of the combined translational and rotational dynamic absorber had
been designed and made for evaluation. Both numerical and experimental tests have been done for verification of the
theoretical prediction of vibration isolation in beam vibration. The proposed absorber is also suitable for vibration
isolation of beam with nonuniform cross-section.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The traditional dynamic vibration absorber is an auxiliary mass-spring system which, when correctly tuned
and attached to a vibrating system subject to harmonic excitation, causes to cease the steady-state motion at
the point to which it is attached [1-3]. It has the advantage of providing a cheap and easy-to-maintain solution
for suppressing vibration in vibrating systems with harmonic excitation. However, when applying dynamic
vibration absorber to a continuous structure such as a beam, vibration can be eliminated only at the
attachment point of the vibrating beam while amplification of vibration may occur in other parts of the beam.
Research on suppressing vibration in a region or the whole span of a beam structure by using the dynamic
vibration absorber have been reported recently [4,5]. These methods require the use of many translational-type
mass-spring absorbers for creating a region of nearly zero amplitude in the beam structure. In this paper, it is
proved that a region of zero amplitude in the beam structure can be obtained if a translational-type absorber
and a rotational-type absorber are combined as one and attached at a suitable location on a beam structure
under distributed or point load of harmonic excitation. The performance of the proposed absorber for
vibration isolation in beam structures was investigated via finite element analysis and verified by numerical
and experimental tests.

*Corresponding author. Tel.: + 8522766 6667; fax: +85223654703.
E-mail address: mmwowong@polyu.edu.hk (W.O. Wong).

0022-460X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsv.2006.10.028


www.elsevier.com/locate/jsvi
dx.doi.org/10.1016/j.jsv.2006.10.028
mailto:mmwowong@polyu.edu.hk

W.0. Wong et al. | Journal of Sound and Vibration 301 (2007) 898-908 899
2. Theory

The finite element model of a beam with a translational absorber and a rotational absorber attached at node
i is shown in Fig. 1. The finite element equation of the beam under excitation may be written as

Q®u(x, 1)

M
or?

+ Ku(x, 1) = f(x, 1), (1)

where u and f are the nodal displacement and load vectors, respectively. M and K are the mass and stiffness
matrices, respectively.

For a distributed harmonic excitation with frequency w, f may be written as F(x) sinwt, where F is a vector
of the nodal amplitudes of excitation written as

F:[FlaMl’anMza'"’Fl‘laMn]T) (2)

where superscript T represent the transpose of the matrix. F; and M; where j = 1,2,3,...,n are the force and
moment applied at node j, respectively.
For the steady state response of the nodal displacement of the beam in the equilibrium state,

u= U sin wt, (3)
where U is the vector of nodal amplitudes of vibration written as
U=[U17@l> U27@29--'9Una@ﬂ]-r9 (4)

where U; and @; where j=1,2,3,...,n are the nodal amplitudes of translation and rotation at node j,
respectively.
Eq. (1) may be written as

(K—*M)U =F. (5)

Based on Euler-Bernoulli beam theory with Hermite shape functions [6], the stiffness matrix of the jth
element of the beam is

Column:2i—1 2j 2j+1) (2j+2)

o ]
0
12 6, —12 6l
E.l, 6l A -6l 2
ke = =5 : (6)
3 —-12 —6l, 12 —6l,

6l, 2 —6l, 4

0

According to Fig. 1, a translational absorber in form of a spring-mass and a rotational absorber in form of a
pendulum are attached at node i of the beam. The stiffness matrix of the absorber K, to be added to the global
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Fig. 1. A finite element model of a flexural beam with a translational and rotational dynamic absorber at node i.

stiffness matrix of the beam is

Column: 2i—1 2i 2n—1 2n

0 0 0
0 0 0
_kt kl 0
—k, 0 k
Ka: . 5 (7)
0 o0
0

0 -« 0 k 0 0

0 - 0 k 0 --. 0|

where k; and k, are the stiffness of the translational and rotational absorbers, respectively.
The global stiffness matrix K of the beam with the absorbers may be written as

K= Zn:ke, + K, (®)
J

The mass matrix of the jth finite element of the beam is [6],

Column: 2j—1 2 2j+1) (2j+2)

o )
0
156 221, 54  —13I,
po A, 221, 4P 131, =3P o)
My, = — -
T 420 54 13, 156 —22I,

—131, =32 221, 4l

e
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The mass matrix of the absorber M, to be added to the global mass matrix of the beam is

Column :

2n — 1

2n

0 0]
0

m; 0

0 I,

901

(10)

where m, and I, are the lumped mass of the translational absorber and the moment of inertia of the rotational

absorber, respectively.

The global mass matrix M is the sum of the element mass matrices and the mass matrix of the absorber:

The matrix in Eq. (5) may be written as

(K- oM)y=A=
A Ap Az Ay
g Ay Ay Ay
Az Az Az Ay Azs Agg
A4] A42 A43 A4-4 A45 A46
Asy Asq Ass Asg
Ay Ags Des Ags
AZi*}ZI'*} AZI'*}ZI'*Z AZI'*}Z!'*[
Aoi-mi-z Dojmair Agimi-
Azi—!l;‘—} 2i-12i-2 2i-12i-1
Aoigiy Daii—a Daini
2i+12i-1
A2L+22L—1
—k,
2
where 4,, = K,,,—0"M,,,

When the absorbers are tuned such that

M=> m,+M,
i

Azi*fﬁzi
2i-22i
2i-12i

Aiai

A2i+121

AQileiH AZ[—\’ZH’Z
A2f2i+l A2i2[+2
A2i+121+l A2i+12i+2

A2[-*-22[ A2i-¢-22[-¢-| A2[+22i+2 .

_k!
Agn-32n-3 Dop-zon-2 Aan-3an-1 Bop-32a
Ap-20n-3 Bop-non-2 Aan-2an-1 Doy-nam
Agu12n-3 Dopoin-2 Aouoian-1 Aapoion
AZHZN*} AZIIZn*Z AZnZn*l AZNZV{
k,—wzml

A=K, p, g=1,2,3,...,n, and p#£q.

(11)

(13)
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Agi-mi-z Boizaia Boi-32i-1
Agimi-3 Doj-mi-a
Agi—12i-3 Doi-12i-2

Arini-3

Agi—pi-1
Agiopai-i
Agizi-i
Agirii-i
Agi2i-1

Agizia

Aoz

Aginj

Agiciai Agimiais
20 Doidiw

Agivizi Agiriiel

Asi-n2iva
Agidisa
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Aoivani Dojsmivt Dojsmiva

A2p-3on-3 Bon-3n-2 Bon-32n-1 Bon-32n
Adp-220-3 Ban-22n-2 Boy-220-1 Boy-22s
AZN—IZ/)—S A2n—|2n—2 AZN—]Z/)—I Aln—lZn

2n2n-3 2n2n-2 A2/12"—] AZnZn

(14)

Referring to Fig. 1 and consider a harmonic distributed excitation with frequency w, written as F'(x) sin wt,

where F is a vector of the nodal amplitudes of excitation written as

F =[F,M\,Fy,M,...F;, M;,0...0]".

The vector of nodal amplitudes of the beam may be written as

U=(K—-o’M)"'F
=A"'F.

(15)

(16)

By Cramer’s rule, the amplitude of the translation or rotation of the (2i+a)th degree-of-freedom, where
a=1,2,3,...,2n—2i, may be written as

U2i+a

_ |SZi+u|
141~

(17)

where matrix S, has F' as its (2i+a)th column and the corresponding columns of 4 as its other columns.
Determinant of S,;+, may be written as

Aul

‘52i+a‘ =

Ay
Ay

A3
Agi2i-1
2i-12i-1
Agigiy
Asivizic
Agipni-g

B33 g3z
Agi—mi-3 Doi-mia
2i-12i-3 Azi12i2
Aginiz Agigia

Agi-3i
Agi—ni
2i-12i
Agigi
Anisioi

Agioiv Daicizivn
Ajiniv1 Daigiva
Agiviaivl Doiviziv

A2i+22i A2i+22i+l A2i+22i+2 )

o o;_ﬁq O

o

A2r1722nfl A2nf?,2n
A2n712n72 Aanlanl A2n712n
0 AZUZV(—Z A2r12ﬂ—1 AZﬂZn

(18)
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Since there is only one nonzero element in the last two columns and the last two rows, the determinant in
Eq. (18) can be simplified as

|S2i+a’ =
Ajp Ay Az Ay i F
Ay Axy Axz Ay M
A3l Az A3z Az Azs Agg L)
Aq1 Agp Agz Dgg Ags Age i M>
As3 Asy Ass Asg | f
A6z Aea Ass Acs ! :
A2i-32i-3 A2i-32i-2 Fiy
P L A2i=22i=3 A2i-02i=21___ L M ]
! VAR 12i+1 A2i+12i42 0
1A2i100i+1 A2i122i42 0

. Aop—22n-1 Aon-22n
0 Agp12n-2 Aop-12n-1 D2n-12n
0 Adpon-2 A2pon-1 Adpon

]

where block matrices 4 and D are square matrices with (2i—2) columns and (2i—2) rows, and (2n—2i+2)
columns and (2rn—2i+ 2) rows, respectively; block matrices B and C are rectangular matrices with (2n—2i+2)
columns and (2i—2) rows, and (2i—2) columns and (2n—2i+2) rows, respectively.

Eq. (19) may be rewritten as [7]

(19)

AlB
Saival = ’_C_i_l_)‘ (20)

= [A|D-cA™'B]
Examination of the block matrix Cin Eq. (19) reveals that all elements of C are zeros. Determinant of block

matrix D equals to zero because all elements of the (¢ + 2)th column of D are all zeros. Eq. (20) may therefore
be rewritten as

[S2i+al ‘g‘é‘g’
- || Y
Eq. (17) can be written as )
Usiva = |S|Z*|“‘ — 0. 22)

Referring to Fig. 1 and Eq. (22), the vibration amplitude of displacement and rotation at all the nodes on
the right-hand side of the absorbers are zeros. Assuming linear vibration, it proves that the part of the beam in
opposite to the point or distributed load measured from the absorbers is isolated from the forced vibration.
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3. Numerical results and discussion

The vibration isolation effect of the proposed absorbers as predicted in the previous section was studied
numerically and compared to the experimental result as shown in the next section. A computer program was
written in Matlab for the numerical study of the vibration isolation of beam vibration using the proposed
absorbers. An aluminum beam of dimensions 82.3mm x 25mm x 2.5mm was modeled with fifty standard
Euler beam elements. Young’s modulus and density of the beam are 70 G N/m? and 2720 kg/m?, respectively.
The finite element equation was constructed according to Egs. (6)—(15) of the previous section. Two different
cases of boundary conditions were considered for the beam. In the first case, the beam was assumed as free at
the left end and clamped at the right end as illustrated in Fig. 2(a), and the corresponding columns and rows of
the matrices in the finite element equation were removed. The first two natural frequencies of the beam
without the absorbers were found as 6 and 25.37 Hz, respectively. A uniformly distributed force of unit
amplitude of frequency 14.64 Hz was applied from the left end of the beam to 30% of the beam span measured
from the same end of the beam. The forced response vector was calculated according to Eq. (16) and the
amplitude of translation at the nodes along the beam was plotted in Fig. 2(b). Forced response of the beam
with only the traditional translational absorber was also calculated using Eq. (16) after removing the last
column and row of 4 in Eq. (14) and the last element of F' in Eq. (15). The nodal vibration amplitudes were
plotted in the Fig. 2(b) for comparison. In the second case, the beam was assumed as clamped at the two ends
as illustrated in Fig. 3(a). The finite element equation was constructed as before with the corresponding
columns and rows of the matrices in the finite element equation removed for the clamped—clamped boundary
condition. The first two natural frequencies of the beam without the absorbers were found as 19 and 53 Hz,
respectively. A point harmonic force of frequency 43 Hz was applied at a point measured 20% of the beam
span from the left end of the beam. The forced response vector was calculated according to Eq. (16) and the
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Fig. 2. (a) Schematic and (b) deflection shape of a free-clamped beam under harmonic excitation distributed uniformly in the region
0<x/L<0.3L.----- with only the translational dynamic absorber attached at x/L = 0.3, with both the translational and rotational
dynamic absorbers attached at x/L = 0.3.
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Fig. 3. (a) Schematic and (b) deflection shape of a clamped—clamped beam under harmonic excitation at x/L =0.2. - - - - - with only

the translational dynamic absorber attached at x/L = 0.3,
at x/L =0.3.

with both the translational and rotational dynamic absorbers attached

amplitude of translation at the nodes along the beam was plotted in Fig. 3(b). Forced response of the beam
with only the traditional translational absorber was also calculated for comparison. In both Figs. 2 and 3, the
results shows that the proposed absorber combining a translational and a rotational vibration absorber can
isolate the vibration in the region of excitation applied onto the beam while the traditional dynamic vibration
absorber can only enforce zero vibration at the point of attachment of the absorber.

4. Experimental test and design of the absorber

Experiments were done for validation of the theoretical predictions of vibration isolation using the
proposed absorber in beam vibration. Since only one vibration exciter and a force transducer were available,
the test rig was designed according to the model as shown in Fig. 3(a) and the experimental setup is illustrated
in Fig. 4. An aluminum beam of dimensions 832 mm x 25mm x 2.5mm was clamped at the two ends in the
experiment. Before fixing the absorbers onto the beam, it was excited with an impact hammer (B & K §202)
and the frequency response of the beam were measured by a light weight piezoelectric accelerometer (Endevco
Model 22 Picomin) of 0.14 g and read from a spectrum analyser (B & K Pulse 3560c). The first two natural
frequencies were measured to be 19.5 and 53 Hz.

A prototype of the absorber was designed and made for experimental verification of the theoretical
prediction of vibration isolation in beam vibration. The prototype consisted of a translational absorber and a
rotational absorber. The translational one was made by fixing a cylindrical block of copper of mass 13 g to one
end of a compression spring of stiffness 900 N/m as shown in Fig. 5(a). The other end of the compression
spring is fixed onto the beam by adhesive (Pattex Repair Express) at 30% of the beam span measured from
one end of the beam. The mass of the absorber can be adjusted by fixing additional copper washers onto the
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Fig. 5. Design of the (a) translational and (b) rotational absorber vibration absorbers.

copper block. The part of the beam carrying the translational absorber was rigidly clamped and the resonant
frequency of the up-and-down vibration of the translational absorber was measured by the light weight
accelerometer attached onto the copper block and read from the spectrum analyser. The resonant frequency of
the up-and-down vibration of the translational absorber was tuned at 43 Hz which is between the first and the
second frequencies of bending vibration of the beam.

The rotational absorber was made by attaching two rectangular aluminum plates of total mass 13 g onto a
piece of steel strip of dimensions 100 mm x 18.3 mm x 0.7 mm as shown in Fig. 5(b). One end of the steel strip
is fixed on the beam by adhesive (Pattex Repair Express) to form a cantilever. The aluminum plates are
clamped onto the steel strip by bolts and nuts so that their mounting position on the steel strip can be changed
easily. The fundamental frequency of the rotational absorber can be tuned easily by adjusting the location of
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Fig. 6. Frequency spectrum of the beam with the proposed absorber.

the aluminum plates on the steel strip. Similar to the tuning procedure of the translational absorber, the
fundamental frequency of the rotational motion of the rotational absorber was measured by the light weight
accelerometer attached onto the surface of one of the aluminum plates and read from the spectrum analyser.
The resonant frequency of the rotational oscillation of the rotational absorber was tuned at 43 Hz by carefully
adjusting the mounting position of the aluminum plates on the steel strip as shown in Fig. 5(b).

After mounting the absorbers onto the beam, the beam was clamped at the two ends again. The beam was
excited with an impact hammer (B & K 8202) applied at 166 mm (0.2L) and the response of the beam were
measured by the light weight accelerometer at the attachment point of the absorbers (0.3L). The frequency
spectrum was generated with the spectrum analyser and it is shown in Fig. 6. As observed in Fig. 6, two small
peaks appeared around the absorption frequency and the response drops to a minimum at the absorption
frequency, 43 Hz.

To test the theoretical prediction of vibration isolation using the absorbers, an electromagnetic shaker
(B & K 4810) was used to excite the beam at 166 mm (0.2L) with a single harmonic excitation at 43 Hz as
illustrated in Fig. 4. Vibration amplitudes were measured at twenty points on the beam surface by the light
weight accelerometer and recorded by the spectrum analyser. The measurement procedure of the forced
vibration amplitudes was repeated for the case of the beam with only the translational absorber and also
the case of the beam without any absorber. Vibration amplitudes of the beam of all three cases were plotted in
Fig. 7. As shown in Fig. 7, the vibration level of the whole beam was suppressed greatly when the combined
type of absorber was implemented. The experimental result showed that the combined type of absorber could
not completely isolate the vibration of the beam in the region 0 <x/L<0.3. This might due to the presence of
damping in the vibration absorbers. Nevertheless, the effectiveness of using the combined type of absorber in
vibration suppression and isolation was better than just using a translational absorber at all points of the
beam. At some points such as x/L = 0.7, the vibration amplitude of the beam after using the combined type of
absorber was 22 times lower than that of the case without any absorber and 4 times lower than that of the case
with the translational vibration absorber alone.

5. Conclusion

It has been proved with finite element analysis using Euler beam theory that the forced beam vibration
under point or distributed harmonic excitation can be isolated in a region of the beam by attaching a
translational dynamic absorber and a rotational dynamic absorber at the same location on the beam surface.
A practical design of the dynamic absorbers has been made and tested. Both numerical and experimental tests
have been done for verification of the theoretical prediction of vibration isolation using the proposed dynamic
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Fig. 7. Measured vibration amplitudes of the beam at the nodes with and without vibration absorbers. # — beam without absorber, O—
beam with the translational absorber at x/L = 0.3, +—beam with the combined translational and rotational absorbers at x/L = 0.3.

absorber. The numerical tests show that beam vibration under harmonic excitations can be isolated in a region
of the beam by the proposed absorber but not the traditional translational absorber alone. In the experimental
test, forced vibration of a beam were measured and compared for the cases of the beam carrying the proposed
absorber, the beam carrying only the traditional translational absorber, and the beam carrying no absorber.
The case of the beam with the proposed absorber has the best performance of vibration suppression and
isolation in comparison of the case of using only the translational absorber. However, the region of the beam
expected to be isolated from vibration was found to have vibration of relatively small amplitudes. This
imperfection of vibration isolation would be due to the presence of damping in the prototype of the absorber
because adhesive was used in joining the absorber onto the beam.
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