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A spectral element approach is proposed to determine the multi-axis dynamic stiffness
terms of elastomeric isolators with fractional damping over a broad range of frequencies.
The dynamic properties of a class of cylindrical isolators are modeled by using the con-
tinuous system theory in terms of homogeneous rods or Timoshenko beams. The transfer
matrix type dynamic stiffness expressions are developed from exact harmonic solutions
given translational or rotational displacement excitations. Broadband dynamic stiffness
magnitudes (say up to 5kHz) are computationally verified for axial, torsional, shear,
flexural, and coupled stiffness terms using a finite element model. Some discrepancies are
found between finite element and spectral element models for the axial and flexural
motions, illustrating certain limitations of each method. Experimental validation is pro-
vided for an isolator with two cylindrical elements (that work primarily in the shear
mode) using dynamic measurements, as reported in the prior literature, up to 600 Hz.
Superiority of the fractional damping formulation over structural or viscous damping
models is illustrated via experimental validation. Finally, the strengths and limitations of
the spectral element approach are briefly discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Elastomeric devices including vibration isolators are widely used in machines, equipment, and vehicles for their rela-
tively low stiffness properties (with desired damping depending on the composition) at a relatively low cost. Prediction of
their dynamic properties from basic principles is often difficult, since elastomeric materials often exhibit anisotropy, tem-
perature- and age-dependence, as well as amplitude sensitive behavior [1-3]. As a result, dynamic stiffness at selected
frequencies (and amplitudes of excitation under a given preload) are often measured using non-resonant elastomer test
machines, though their operational bandwidth is often limited; even high frequency test machines are typically limited to
around 500 to 1000 Hz in the uniaxial measurement mode [4,5]. However, the frequency range of interest may be much
higher in many applications given vibration isolation, impedance mismatch, or acoustic comfort requirements [4-11].
Therefore, it is of vital importance to understand the isolator dynamics and its vibration transmission properties over a
broad range of frequencies. Given the inherent limitations of elastomer test machines, few researchers have suggested
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Nomenclature a fractional damping order
B complex-valued wave number
A cross-sectional area 4 B to C conversion factor
a left-side node (at x = 0) € fractional damping coefficient
B translational solution coefficient n fractional damping coefficient
b right-side node (at x = L) 0 rotational displacement
C rotational solution coefficient K Timoshenko shear coefficient
c viscous damping coefficient v Poisson's ratio
D generalized differential operator P density
D diameter ® circular frequency (rad/s)
E elastic modulus
F force Subscripts
f frequency (Hz)
G shear modulus 0 static
H shear equation coefficients e excitation amplitude
h loss factor m, n matrix indices (row, column)
I second moment of area max maximum bandwidth
K dynamic stiffness A natural frequency
L length
M moment Abbreviations
N number of terms
Q general!zed fqrce DOF degree(s) of freedom
q generallzed displacement FE finite element
t time . . SEM spectral element method
u translational displacement
Xx,y,z  coordinates or directions

indirect methods. In particular, Noll et al. [6] estimated the stiffness properties of elastomeric isolators with three degrees of
freedom (DOF) embedded in an elastic beam system from the modal properties up to around 1 kHz; however, the isolator
stiffness was assumed to be spectrally invariant. Kim and Singh [7] used mobility synthesis to estimate the multi-axis
dynamic properties of an isolator between two known mass elements by measuring the frequency responses of the as-
sembled structure up to 2 kHz. Finally, Meggitt et al. [8] proposed a similar procedure to determine in situ isolator properties
up to 2 kHz. In each case, the frequency range is restricted by experimental limitations and the underlying estimation
methods.

Typically, the static and dynamic analyses in industry are conducted with commercial finite element (FE) codes. This
approach has some disadvantages since many elements are required to yield accurate predictions of dynamic properties,
particularly at higher frequencies. Component-level analysis of an elastomeric joint may not accurately capture its influence
on a larger system, but embedding multiple high-order, FE joint type models into a larger system model can escalate the
model size to an unreasonable extent. Furthermore, the usable frequency range of modal or dynamic stiffness analyses of
such structures is limited by the element size, parameter uncertainty, and natural frequency spacing, suggesting the need for
an analytical approach that may guide computationally intensive exercise in a more rational manner. For instance, minimal
order lumped parameter models have been considered to address these difficulties with partial success over the lower
frequency range [3,7,9]. However, the inertial and elastic properties are more distributed at higher frequencies or smaller
wavelengths [10]. This suggests the use of continuous system methods though only certain types of solutions are tractable
[11,12]. In particular, Kim and Singh [11] applied the continuous theory to flexural and longitudinal motion of an isolator,
predicting the dynamic properties of elastomeric paths up to 4 kHz with the structural damping assumption. Likewise,
Ostberg and Kari [12] proposed a wave-guide approach for fractionally damped cylindrical isolators which achieved accurate
dynamic stiffness predictions as long as the isolator length is much larger than its diameter.

This article seeks to address some of the above mentioned limitations by employing the spectral element method (SEM)
to develop a coupled, 6-DOF dynamic stiffness matrix of a fractionally damped viscoelastic isolator (with a relatively short
aspect ratio) up to 5 kHz, that would extend beyond the typical measurement range. The proposed method intends to offer
analytical solutions that should supplement computationally expensive high-fidelity FE predictions.

2. Problem formulation

The spectral element method [13] in some ways combines features of both continuous system and minimal order
models. Minimal order models have the advantage of dramatically decreased computation time, enhanced physical insight
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(from more physically meaningful parameters), and simplified analytical characterization when compared to FE models. The
continuous system approach typically assumes an ideal geometry (e.g. beam, plate, or shell) and obtains an exact solution to
the governing equations in that structure. An exact dynamic stiffness matrix is calculated from the continuum model of a
structure, but that structure may then be treated as a discrete element and even assembled within other formulations [13-
19]. Such an approach requires that a structure be decomposed into basic elements suitable for continuous system analysis,
but it yields accurate dynamic stiffness predictions over a very large frequency range. This approach has been used for fluid
systems [14], geophysical applications [15], etc., but relatively few authors [16-19] have employed SEM to mechanical
structures or elastomeric components that are common to the automotive, appliance, and aerospace industries. These often
involve repetitive structures, which are particularly well suited to the SEM.

This article intends to employ linear partial differential equations to obtain a frequency-domain characterization of an
isolator, thus amplitude-, preload-, and temperature-dependence are beyond the scope of this study. Such a simplification is
reasonable since large amplitudes would be physically unrealistic over the medium and high frequency regimes anyway.
Three damping formulations will be considered in this article since structural and viscous damping have been previously
used in the SEM to compare with FE predictions. Of particular note is the fractional damping, which is regarded as a more
general formulation for elastomeric materials; in fact, it has been found to be more accurate than viscous or structural
damping [3,20,21]. Isolator elements will be modeled as homogeneous rods in the longitudinal and torsional direction, and
as Timoshenko beams [11] for the shear and flexure directions. Specific objectives include: 1. Derive the spectral element
model for fractionally damped isolator and construct multi-axis dynamic stiffness matrices, 2. Verify various dynamic
stiffness terms of an elastomeric cylinder using FE models, establishing limitations in terms of aspect ratio and frequency
range (up to 5 kHz), and 3. Offer experimental validation for the spectral element model of an isolator up to 600 Hz ex-
citation [4].

The model developed in this article considers a circular rubber cylinder depicted in Fig. 1 as a basic element, from which
more complicated structures may be constructed. Six degrees of freedom (u,, Uy, Us, 6, 6y, 0,) are considered for each node,

such as (a, b) on each side of the elastomeric material, which are assumed to be perfectly bonded to rigid surfaces. To
simplify the nomenclature, generalized displacement (q) and force (Q) coordinates are used,

q={u,u,u, 00,0} ={4,d, 4 4, q5 g5} )
Q= {E F, B, My M), M;} = {Q;, Q3 Q3 Qu Qs Qg)- )
Two-parameter fractional damping (Kelvin-Voigt type) is introduced, and it is embedded within the elastic modulus as,
E = Eo(1 + nDf), 3)

where E; is the static elastic modulus of the material, 5 is the fractional damping coefficient, and « is the fractional order.
Here, Df is a generalized fractional order differential operator,
Df d*

ETde @

Additionally, the overhead tilde notation corresponds to a complex-valued quantity in the frequency domain. For instance,
the elastic modulus assumes the following form,

E(w) = Eo(1 + n(io)"), )

applying the definition of fractional calculus in the frequency domain [20,21]. Structural damping may be viewed as a
special case of the fractional damping when a = 0, 5 = ih where h is the loss factor. Viscous damping may also be considered
a special case of the fractional damping when 5 = ¢ and a = 1, where c is the viscous damping coefficient.

L

Fig. 1. Cylindrical elastomeric isolator used as the primary example. The viscoelastic material is bonded to metal end-caps, which are assumed to be rigid
compared to the elastomer. Here, a and b represent the end points at x = 0 and x = L points (nodes on each end), E(w) represents the complex-valued
elastic modulus, v is the Poisson's ratio, p is the density of elastomeric material, D is the diameter, and L is the length.
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3. Analytical formulation of the spectral element model
3.1. Combined multi-axis dynamic stiffness matrix
The full 6-DOF dynamic stiffness matrix K, as defined below, describes the dynamic properties of the isolator in all

translational and rotational directions, including both driving-point and cross-point terms according to the transfer matrix
or four pole method [22],

66 6x6
Koy = [Kma,nu]r:n [Kma,nb]m); _ |:Ka,a Ka,b]
[Kmbm]f:: [Kmb‘nb]:: Ky, Ky, )

such that

{Q“} = K(w){ q“}.
Qb qb (7)

Generally, each 6 x 6 submatrix may be fully populated where each motion or force is coupled with all others. However, if
the coordinates are judiciously chosen, then each K,,, may be rather sparse and would contain off-diagonal terms only
when coupling is directly implied by the physics, such as with shear/flexure coupling in an elastic beam. Each uncoupled
direction or set of coupled directions is first considered separately, and the resulting dynamic stiffness terms are then
combined into the overall K(w) matrix of Eq. (6).

3.2. Axial dynamic stiffness

In the axial direction (x in Fig. 1), the longitudinal wave equation is employed in the rubber section,

a 92
2{a%h) < 20,
ox ox ot ®)

where g, is the axial displacement, A is the cross-sectional area, and p is the mass density. Assuming homogeneous material
properties and uniform cross-sectional geometry yields,
2 2
00 _
ox* ot? )

Assuming harmonic excitation and response (and dropping the ubiquitous e’ term), the spatial solution and complex-
valued axial wave number j, are defined in the frequency domain as follows,

4% = (Bleﬁx" + Eze‘ﬂxx), (10-a)

~ . /}
() =1 [=——.
hle wV E(w) (10-b)

The elastic axial force, assumed to be uniform throughout the cross-section, is defined,

E=Q;= EA%
X 1 0X’ (1])

or in the frequency domain,
Qo) = EAR( Bie™* — Bye ). (12)

Using a four-pole type formulation, the dynamic stiffness matrix at any frequency (@) for this element can be written,

{Qla} _ f(lﬂ,la R]a,lb {(jm}

Qi Kib1a Kip1n | Gp 13)
where the “a” subscript corresponds to the location x = 0, “b” is at x = L, and the stiffness elements are determined by
applying the appropriate boundary conditions as described below,

Qi

Iz]a,la ==

o Q
’ Kla,lb ==l

1b

’

d14=0 (14-a)

1a lg;p=0
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o Q
Klb,]a = ~71b

la

” Q
Kipip =2

1b

G15=0 G14=0 (14-b)

Due to the symmetry of the structural element as shown in Fig. 1, K1 = Kip 10 and Kjg 14 = Ky 1p- This symmetry would
vanish if the cross-sectional area A were to vary with x. In this case, the differential Eq. (8) would no longer have constant
coefficients (with respect to x), and a new type of solution would be needed. Applying boundary conditions for the cross-
point dynamic stiffness in the frequency domain,

G,(0)=0= (B, + B,), (15-3)
q(L)=q, = (EWW + Bzeﬂﬂ)' (15-b)
and solving for the coefficients yields,
~ . N1 -
B] = qe(ewL - ewa) , BZ = — B]. (‘16)
The cross-point and driving-point dynamic stiffness terms are then derived as,
_ . 0 E(0)AB,
K]b.la = Kla,lb = ~la = 711 NZ ,
1 g0 M (AL) (17-a)
_ _ ) E(w)AB.
K]a,la = Klb,lb == = tanh ~z .
b o tANN(AL) (17-b)

3.3. Torsional dynamic stiffness

The torsional behavior of the element is similar to the axial behavior, and its coupling with other directions is assumed to
be negligible. The torsional wave equation is given in terms of the torsional displacement q, = 6,(x, t),

w2 a2 (18)

and is recognized to be very similar to the axial wave Eq. (8), where G is the shear modulus, related to E(w) and Poisson's
ratio (v) as,

2 2
P _ 94,

E(w) = 2(1+ u)C(a)). 19)

The same harmonic solution can be used, leading to a torsional wave number,

i, (0) = io | ="~ = [2(1 + 1),
Pl =l [= = 21+ ), 20)

Elastic moment is calculated,

M, = Q, = Gl 4
KT M @1
where [, is the polar second moment of area. Boundary conditions for cross- and driving-point calculations are equivalent
to the axial direction, symmetry is once again assumed, and the corresponding torsional dynamic stiffness terms are found
to be,

; 3 o} Gl p,
K4b,4a = K4u,4b = ~—4a - .7~X'
4b lg,.0 smh(/ing) (22-a)
. _ a G(w)LB,
Kiq.aa = Kapap = =2 =———
w0 |y tanh(g, L) (22-b)

3.4. Shear and flexural dynamic stiffness terms

While a no-coupling assumption is reasonable for small-amplitude, axial and torsional vibrations of the last two sub-
sections, shear and bending motions must be analyzed together given strong coupling. The Timoshenko beam formulation
[11] offers a robust framework for this analysis with “short” beam elements by including shear deformation and rotational
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inertia. Two coupled wave equations are given for a Timoshenko beam with homogeneous material properties and a uni-
form cross section,

o[ ag, g,
KAG—| =2 — q_| = pA—2,
ax[ ax qﬁ] ot? 23)

0 0 0
El,, qﬁ mc[ﬂ_q] o, 2,
? ot (24)
for shear deformation in the y direction and bending about the z direction. Here, the geometry dependent shear coefficient

k accounts for the shear stress being not uniformly distributed on the cross section [23]. These can be combined into a single
equation in terms of just one variable,

4 4 4
B aq2 . A q2 afis 2(1+v)) o%, +p2AIZZ%=
k )adat?  kAG ot 5)
which has the general solution,
Gy(x) = ( B, L gyze—/?yvf 4 gyge/}yzx 4 gy‘le—ﬁyzx). 26)

For the sake of compactness, Eq. (25) is rewritten as,

a%q
2 2H2(w) 2 4 Ho(w)q2 =0, 27)
where,
. 2(1 (1+ l/)
Ayp(w) = 22| = :
y2(w) Eol 2 + © (28-a)
2 2
Hy(w) = G A]
E(o)\ kG(w) L (28-b)

The following two complex-valued wave numbers emerge from the application of the quadratic formula to Eq. (27),

2 2 ~ 72 4
ﬁyy ﬁyz =-—Op*x Hy2 - HyO' (29)

The rotational displacement is determined from Eq. (23),

o, pat [ T T
4% = — 244 Glx = (Cyleﬂy P4 Cpoe v 4 Cae/v2* + Cye /’ﬂ").

X kG(w) (30-a)

Co=|p,+LY o’ E B .
i [ N G(w )ﬁ =Ty (30-b)
Co=—|g, +—L" | 8

=— |4+ —=——B2=-7B0
S U=t L (30-)
y } o2
C.=|p B,
v 2t KG( )ﬁ "l (30-d)
Cou=—\g,+=L% |B,=-7Bs
v [ 2 KG(a))ﬁyz] v ¥y (30-e)

Shear force and bending moment are defined,

oq,
F,=Q, = xAG| 22 —
< ( P qﬁ) 31
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o (32)

Since there are two degrees of freedom at each node, the dynamic stiffness matrix must be of dimension 4. Three fixed
displacements and one applied force boundary condition are applied for each dynamic stiffness term. For a translational
harmonic displacement input,

4,(0)=0=B, + By, + B3+ By (33-a)
a(l)=q,= ( Eyle/;ﬂL + Eyze’/;ﬂL + Ey3eﬁy2L + Ey4e’/;y2L), (33-b)
G5(0)=0=C,;+ G + C3+ Gy, (33-0)
Gy(L) = 0 = GieMt + Cpeit 4 Cppeft 4 Cpe 2k, (33-d)

or in matrix form,

1 1 1 1 By, 0
eﬁyl’- e*/jylL eﬁyZL e*ﬁyZL ByZ qe
7 -7 7 -7 s (=
y} ) yl~ . y2_ ) y2_ ) By3 0
5 ﬁy] — _/}yl 5 /}yZ — _/7y2 ~ 0
P T T T T T ]| By 34)

The B coefficients may be explicitly calculated from this equation using Cramer's rule, direct matrix inversion, or a symbolic
solver. For the sake of brevity, the resulting expressions are not explicitly given. The dynamic stiffness terms are found as,

{Bn(B1 = 70)e™" = Bual = 7)™
By, = 7)™ = BB, = 7,)e7

(Byle/;ﬂL + Bye it 4 B et 4 By4e‘ﬁﬂl) ' 35-a)
a BB = 71) = Bal B~ 7,1)

BB = 72) = Bual B — 7,0)

5 ePil 4 B 0Pl 4 B ebyal + B e Pl)
20 d6ad6b=0 (Byley + By + Bysefv2 + By ey ) (35-b)

o o Qap
Kyg20 = Kapop = ==
b

G2a:96a:46p=0

.. Q
KZb,Za = K2a,2b = ~2a
2b

i 7 B.ebl L jg s B el
~ /}y17y1Byle Y +ﬁy1}’y1By2e 4

ZZ|

~ i 7 B.ePl 23 5 B e Pyl
- - Qgp +ﬁy2yyZBy3e >t ﬂyZyyZBy“e Y
Koa2a = Kon2o = " (Bei + Be 4 B.ehit + Beht)
2 1g34.d60.G6p=0 ( 1€V + Dy TV A Bys€ 4 Byl ) 35-0)
~ o~ QGG _EIzz(ﬁy1}7leyl + ﬂy17y1By2 + ﬁy27y28y3 + ﬂy27y23y4)
Ke20 = Keaop = = = B ePil + B e Pyil 1 B .ePvol + B ePyal ’
2 1g34.d60.G6p=0 (Bﬂe V" + Bype VT + Bype2 + Bye7y ) (35-d)

For a harmonic rotational displacement input,

4,(0)=0=B, + By, + B3+ By (36-a)
dy(L) = 0 = Bjie’t + B et 4 B sefret 4 B e vk, (36-b)
G5(0)=0=Cpy+ G+ Gz + Gy, (36-)
G(L)=q,= (Cyleﬁﬂl + fyze‘/iyﬂ + Cy3e’7y2L + Cy4e‘/}y2L), (36-d)

or again in matrix form,



L. Fredette, R. Singh / Journal of Sound and Vibration 389 (2017) 468-483 475

1 1 1 1 By, 0
e/;'y]L e*/;yll- e/;yzl- e*ﬁyZL EyZ 0
7, -7 7, -7 s (=
y} . yl_ . y2_ ) yz_ ) By3 é)
7 ﬂyI —5 */fyl 7 /}y2 —7 *ﬁyZ ~
P T 1T et TR By ‘ 37)

The dynamic stiffness terms are then determined as,

1 (3 7 obyil _ 3 7 ol L 3 & obpl _ 3 7 oByl
B B Cyie™t = B Coae ™ + B, CpeM2 = f,Cpe 2t

: ¢ Qe
Keaga = Kenen = - C Pl L ¢ pPyil L ¢ oPyll L C oPyal ’
6b 1y d25.G60=0 (Cyle Y+ Cpe™V + (32" + Cppey ) (38-a)
Kop60 = Koqop = Qs - _Ellz(ﬂylcyl ~ Pz + BaGys - ﬂyzcy4)
e e T g, (€ et + Cpe it 4 Cpefit 4 C e’ﬂy2L>'
G20.G2b-96a=0 1 y2 y3 y4 (38-b)
x AR il A R —fy1l A R Byl A D —fyol
B ko= — AC ByiByie™" = B, Byae™™" + B,Byse”v2t — ,Byue™ 1
200 = T2b6b Jep | . - C,ePt 4 C et 4 C efvet + C e Pt '
420:G2b,G60=0 v y2 y3 v4 (38-0)

_ KAC((ﬂjvl - 7y1)gy1 B (ﬂyl - 7y1)gy2 + (/jﬂ - 7y2)gy3 B (5)'2 - 7y2)gy4)
) (eyleﬁyﬂ + Cpe it 4 Gt 4 Cy4e_ﬁy2L) . (38-d)

- . _Q
KZb,Ga = K2a,6b =2

6b

G20:92b,G60=0

For shear in the z direction and coupled bending about the y axis, an analogous procedure is used, but the sense of the
flexural direction is reversed. The Timoshenko beam equations assume that the cross product of unit vectors in the axial and
shear directions will result in the bending direction [13]. However, it is clear that X x Z = — ¥, so -0, (rather than ¢,) must
be used as the flexural coordinate. The solutions follow the same exponential form,

q3(x) — (Ezleﬁz]x + B'Zze*ﬂ-zlx + B’Z3e/§zzx + B'Z4e*/}22x), (39-3)
q"'s(x) — (C‘ﬂe/;zlx + C‘Z2e*/;zlx + C‘Z3e/;zzx + C‘Z4e*/522x)‘ (39-b)

The wave numbers are defined, also as before,

. (1 (1+v)
Fao =221, (22}
2(®) E(w)\ 2 * K (40-a)
~ 4 2
o)
E(w)\ «G(w) Iyy (40-D)

52 =2 5 ~2 ~
By By = = Hpp £ Ay — Hy, @1
and since the angle has the opposite sense, the C coefficients are defined,

2
6 = - 7 + # E =7 E y
z1 (ﬁz‘] G(a))ﬁzl] 21 = V1P21

(42-a)
- ~ pa? s S B
C,p= [ B+ G(T)/?Z]]Bzz = - 7,8 (42-b)
- - po? |5 S B
Cs=- [ﬁzz + &), ]323 = V;obz3 (42-0)
- _ p? s .
Ca=- [ﬁzz + G(w—)ﬂzz]Bﬂ =~ Tabu (42-d)

Analogous boundary conditions are applied, beginning with a translational displacement,



476 L. Fredette, R. Singh / Journal of Sound and Vibration 389 (2017) 468-483

Table 1
Physical properties for finite element and spectral element studies of the isolator of Fig. 1.
Property Value
Eo 8 MPa
v 0.48
p 1.1 kg/m>
h 0.1
1 1 1 1 B, 0
e/leL e*/"zlL e/"zZL e*/}zzl- | BZZ B q,
n 7z "2 T2 BZ3 ol
s obial s pBal 5 oBol 5 =Bl || s
1€ @ 1€ a1 7€ 2 7€ 2 B4 0 (43)
leading to the following dynamic stiffness terms,
B (A s \obAl _ B (7 s \p—Fhal
AC Ba(B = 7a)e’t = By By — 7,1)e7
- 5 (7 S \obol B (7 > \o—hrl
I~< _ k _ ng _ +BZ3('B22 - 7/ZZ)e 2 - 24(‘522 - sz)e 2
3a3a = T8h3b T g - B bl B ~pnl B Pzl B ~fzl '
3b 34,050,455 =0 21874 + b€ + B3 + byl (44-a)
él Bﬂ(ﬂzl - 721) - Bzz(ﬁzl - 721)
B R Qs +B,5(; ~ 7,) = Bual By ~ 7)
3b,3a 3a,3b q. R B eﬁzl’- + B e—/;zlL + B e/izzL + B e—/izzL ’
3b lg34,d50.855=0 71 22 23 74 (44-b)
3o B ol L 7o B 0Pl
F Pty B’ + f7, 8067
j N\ 44,7872 + B 7, B,ue P2
J7¢ -K _ Qsp '72Y72P23 72172024
R A I et + Bye Pt 4 Byyelidt 4 B e b))’
430.050.G55=0 21 22 23 z4 (44-c)
[ Qs, _ _Elyy(ﬂﬂlele + BB + PalpBas + ﬂ22722324)
Sb3a ™ R5a3b T Ty - B Bl B —fz1L B Pl B —fzl ’
3 li30,50.055=0 216750+ Byg€ T A DT 4 D€ (44-d)
Under a rotational displacement excitation, the following boundary conditions are applied,
1 1 1 1 B, 0
e/leL e*/"zlL el"zZL e*/szL EZZ B 0
1 7z 6] e B~z3 0’
5 bl 5 ol 5 obnl 5 oPal || 5 q
yzle 1 yzle 1 yZZe z2 yZZe 'z2 » e (45)
leading to the last set of dynamic stiffness terms,
- F1 (A7 ofal _ g ¢ obal + 3 & ool _ 7 & o=Pol
I~< _ R _ st _ _Elyy(ﬂz]czleﬂﬂ - ﬂz]CZZe Pzt + ﬂ22cz3e/322 - ﬂZZCZ4e ba2 )
S50 = 5h5b T Ty - C Al C ~pnl C Pl C ~Azl '
5b lg3q.d3p.050=0 2167+ L + G 4 e (46-a)
J¢ -R _ qu _EI)’.V(ﬁleﬂ - ﬁﬂCZZ + ﬁz2CZ3 - ﬁzZCZ4)
sbsa = B5a5h = Ty T (Cefal o E el o & pbal o ¢ e Pal)
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Table 2
Parameters used for the finite element study of the isolator of Fig. 1.

Aspect Ratio (L/D) D (mm) L (mm) Number of elements employed
4 30 120 4480

2 30 60 2320

1 30 30 4080

3/4 30 225 1970

1/2 30 15 4820

1/4 30 7.5 16180

—~_
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Fig. 2. Axial dynamic stiffness spectra for the isolator of Fig. 1. With values listed in Table 1. (@)K, With unity aspect ratio (L/D = 1), (b)K;q14 With short
aspect ratio (L/D = 1/2), (¢)Kjq1p With L/D = 1, (@)Kjq1p With L/D = 1/2. KeY: emmmm= — spectral element model; gy w & - finite element model.

4. Verification of dynamic stiffness expressions using finite element models

A finite element study is carried out as verification for the spectral element model. A cylindrical rubber isolator similar to
the one depicted in Fig. 1 is taken with two aspect ratios (L/D) as example cases and their properties are given in Table 1. Both
ends (at x = a and x = b) are rigidly constrained using kinematic coupling, effectively simulating bonded boundary conditions.
A FE study is undertaken with the parameters of Table 2 to produce computational stiffness spectra up to 5 kHz. Typical
dynamic stiffness magnitudes in axial, torsional, shear, and flexure are given in Figs. 2—-6, respectively. Due to the circular cross-
section, the shear-bending properties in the y — 6, direction are equivalent in the z — ¢, direction. Further, the FE and SEM
shear/flexure coupling dynamic stiffness spectra for the L/D = 1 case are depicted in terms of both magnitude and phase in
Fig. 7. Since the aspect ratio changes so significantly, some consideration of the relationship between aspect ratio and fre-
quency range is needed to present appropriate comparison. For example, in the uncoupled directions, the natural frequency
(w,) of the continuous system follows w, « 1/L. Thus, the frequency range of interest relative to the internal modes shifts with
the aspect ratio, and so the bandwidth is limited to @ < Lw,,,,/D. This causes the 1/4 aspect ratio to require a 10 kHz frequency
range, while higher aspect ratios include a comparable amount of resonance and anti-resonance behavior.

Qualitatively, it is clear from the dynamic stiffness plots that excellent agreement is achieved up to 5 kHz for both the
torsional and shear directions. The SEM and FE predictions in the axial, bending, and shear/bending coupling direction all
match well up to around the first resonance, and then begin to lose agreement thereafter. One reason for this is that the
bonded boundary condition distorts the mode shapes near each end of the elastomeric material—an effect not captured by
the spectral element model. Errors magnified in the short aspect ratio are more likely to be related to end-effects. Ad-
ditionally, the spectral element model assumes slender rod-like behavior in the axial direction. This assumes that dis-
placement is uniform in the cross-section. At high frequencies, longitudinal modes which violate this assumption begin to
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(6)

—~
Q
~—

104 ‘ ‘ ‘ ‘ 104

M

g 103,

o

[T

on

=) 2

g 10

et

A

0 ‘ ‘ ‘ ‘ 10" ‘ w w L
10o 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

-
o
w

10°}

-
o
N

—~
Cross Point K| o
S
S
—~
U
S~

(N

-
o

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
f(Hz) f (Hz)

Fig. 4. Shear dynamic stiffness spectra for the isolator of Fig. 1. With values listed in Table 1. (@)Kyq34 With L/D = 1, (b)Kygpq With L/D = 1/2, (0)Kyqp With
LID =1, (@)Kyqpp With LD = 1/2. KeY: e — Spectral element model; g » w — finite element model.

participate, introducing additional error. Similar effects and errors are present in the bending direction. Finally, many ele-
ments are required to preserve accuracy at very high frequencies, and thus some high-frequency errors may be due to
insufficient spatial resolution; also, numerical errors are known to exist in the FE method at higher frequencies.
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Fig. 7. Comparison between SEM and FE predicted dynamic stiffness spectra in terms of (a) magnitude and (b) phase for the isolator of Fig. 1. With values
listed in Table 1. The driving-point shear/flexure coupling term with L/D = 1 is used as an illustrative example. Key: - spectral element model; g g w
- finite element model.

Table 3
Error in the dynamic stiffness magnitudes between finite element (FE) and spectral element method (SEM) predictions as defined by Eq. (46).

Aspect Ratio (L/D) Bandwidth (kHz) Error for Selected Stiffness Term
K1 Kaa K2z Kz6 or Ks2 Kes

4 0.625 8.1% 8.4% 19.0% 17.8% 16.2%
2 125 16.1% 7.0% 22.9% 20.3% 16.6%
1 25 50.5% 16.0% 18.6% 24.8% 54.8%
3/4 3.33 51.9% 10.3% 26.6% 35.0% 54.5%
1/2 5 70.8% 15.9% 24.9% 69.0% 56.5%
1/4 10 74.3% 12.3% 27.1% 60.6% 57.2%
Average Error 45.3% 11.7% 23.2% 37.9% 42.6%

RO

0]

Fig. 8. Schematic of the isolator [4] used for experimental validation of spectral element method. Two elastomeric cylindrical elements (as depicted in
more detail in Fig. 1) are configured in parallel to ensure that the isolator works in the shear mode. Refer to Table 4 for properties and damping formulation
parameters.

Nevertheless, in general, the spectral element model produces reasonable dynamic stiffness predictions compared with
finite element predictions.

The discrepancies between FE and SEM magnitudes are quantified using the following percent-difference style error
index where the SEM is a benchmark,

(100%) HIN(FE‘ - ‘f(SEMH
N |I~<SEM| ’ 47)

The results of this study are given in Table 3, and several insights emerge. First, certain directions have similar errors at all
aspect ratios, including the torsional and shear directions, which vary only minimally. The average error across all aspect
ratios is also at a minimum in these two directions, confirming that the SEM assumptions are most reasonable in these
directions and thus the predictions are strongest. In the axial, bending, and shear/bending coupling directions, significant
dependence on the aspect ratio is observed. The SEM assumptions in these directions become less reasonable as the aspect
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Properties and parameters used for spectral element model of the isolator of Fig. 8.

Parameter Damping formulation

Fractional Structural Viscous
L 25.4 mm 25.4 mm 25.4 mm
D 254 mm 254 mm 254 mm
p) 1 kg/m> 1 kg/m? 1 kg/m?
v 0.5 0.5 0.5
Eo 6.2 MPa 12 MPa 12 MPa
n 0.2 5% 0.13i 19x10°s
a 0.17 0 1

#(deg)

+

Il Il Il Il Il
100 200 300 400 500 600
S (Hz)

Fig. 9. Experimental validation of the spectral element method for the isolator of Fig. 8. Dynamic stiffness spectra up to 600 Hz are shown in terms of (a)

magnitude and (b) phase. Key: 4 - measurement [4]; === — finite element model [4];

o

KV &,

a)

10°

—
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~
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-180

- spectral element model with parameters of Table 4.

10° 10" 107 10°
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Fig. 10. Experimental validation of the broadband dynamic stiffness for the isolator of Fig. 8 in terms of (a) magnitude and (b) phase. The spectral element
model extends the frequency range by an order of magnitude, revealing dynamic behavior not captured in previous computational and experimental

studies [4]. Key: 4= — measurement [4]; === — finite element model [4];

- spectral element model with parameters of Table 4.

ratio is decreased, primarily because the FE model has bonded boundary conditions whereas the SEM assumes free de-
formation in the cross-sectional plane.

5. Experimental validation

The spectral element approach proposed in this article is particularly useful for a class of isolators which is shown in
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Fig. 11. Experimental validation of the fractional damping formulation when utilized in the spectral element model for the isolator of Fig. 8 in terms of (a)
low-frequency dynamic stiffness magnitude, (b) low-frequency loss angle, and (c¢) broadband dynamic stiffness magnitude. Note comparisons with model
predictions when structural or viscous formulation is employed; refer to Table 4 for the parameters used. Key: 4 — measurement [4]; = -« = — fractional
damping; - structural damping; =s=s==== - viscous damping.

Fig. 8. Using geometric and other material parameters (as reported in Table 4), the elastic and damping properties are
judiciously chosen to simulate the measured dynamic properties of the device as provided in an earlier paper [4]. Since the
excitation is purely in the shear direction, the experiment corresponds to the shear direction in the SEM. Thus,Ksgy, = 2K 55,
which is comparable to the measured response.

Over the measured frequency range (up to 600 Hz), the SEM predicted cross-point dynamic stiffness achieves excellent
agreement with measurements in terms of both magnitude and phase as demonstrated in Fig. 9. In particular, observe the
low frequency trend (as the frequency decreases towards zero), where the magnitudes of measured and spectral element
predicted dynamic stiffness converge to the static stiffness, while the structurally damped FE over-predicts the stiffness at
lower frequencies. For higher frequencies, measurement of dynamic stiffness becomes increasingly difficult [8], and FE
models become computationally expensive. The spectral element model predicts dynamics beyond the measured range as
shown in Fig. 10 in a log-scale, illustrating both low- and high-frequency prediction capabilities of the SEM. Additional
experimental studies would be necessary to confirm the accuracy at higher frequencies, but this example case provides
sufficient validation for the proposed SEM-based approach.

To highlight the benefits of the fractional calculus based damping included in the SEM, the effects of three damping
formulations are compared in Fig. 11. A viscous damping mechanism tuned to the first resonance dramatically decays the
higher modes and fails to match the measured stiffness magnitude or loss angle at lower frequencies. Structural damping
offers reasonable predictions of many modes, but likewise fails to capture the low-frequency behavior.

6. Conclusions

This principal contribution of this article is the development of an analytical spectral element approach to characterize
the dynamic properties of viscoelastic vibration isolators up to very high frequencies. It improves the prior literature by
extending the stiffness spectra with a fractional calculus based damping mechanism, capturing all 6-DOF including coupling
terms, and allowing the isolator to resemble a short beam with L/D < 1. The theory is developed from the wave equation
assuming longitudinal and torsional waves in a rod alongside the Timoshenko beam theory for shear and flexure, although
the method is adaptable to more complicated geometries.

A second contribution of this article is the computational verification and experimental validation of the proposed SEM.
Good comparative agreement is achieved while verifying the SEM with FE simulations over a very large frequency range (up
to 5 kHz). Since the two methods agree on an order of magnitude basis, the proposed SEM is an improvement in analytical
modeling capabilities for cylindrical isolators with short aspect ratios [12]. Compared with experimental characterization of
a laboratory isolator, the SEM predicted dynamic stiffness spectra achieve excellent qualitative and quantitative accuracy in
terms of both magnitude and phase. In particular, the fractional damping overcomes the inherent limitations of both the
viscous and structural damping formulations while capturing the physical phenomena observed in the measured dynamic
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stiffness in terms of both magnitude and phase.

Finally, this article adds to the body of knowledge by offering physical insight and providing a compact and elegant
method to characterize viscoelastic isolators. And while many elastomeric materials exhibit sensitivity to excitation am-
plitude, preload, temperature, and material orientation, all of these may be approximated by the linear theory as the starting
point since the small amplitude assumption is reasonable over a large frequency bandwidth.
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