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the next-generation acoustic and vibration treatment devices. In this paper, we investigate
the electrostatically tunable axisymmetric vibrations of SEA tubes with different geometric
sizes. We consider both axisymmetric torsional and longitudinal vibrations for an
incompressible SEA cylindrical tube under inhomogeneous biasing fields induced by radial
electric voltage and axial pre-stretch. We then employ the state-space method, which
combines the state-space formalism in cylindrical coordinates with the approximate
laminate technique, to derive the frequency equations for two separate classes of
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Inhomogeneous biasing fields axisymmetric vibration of the tube subjected to appropriate boundary conditions. We
State-space formalism perform numerical calculations to validate the convergence and accuracy of the state-
Tunable resonator space method and to illuminate that the axisymmetric vibration characteristics of SEA

tubes may be tuned significantly by adjusting the electromechanical biasing fields as well
as altering the tube geometry. The reported results provide a solid guidance for the proper
design of tunable resonant devices composed of SEA tubes.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Compared with traditional piezoelectric materials, soft electro-active (SEA) materials, besides exhibiting the exotic
capability of high-speed electrical actuation with strains greater than 100% [1], also possess many other excellent electro-
mechanical properties such as low actuation voltage, high fracture toughness and high energy density [2,3]. These charac-
teristics therefore have received considerable academic and industrial interests, and found widespread applications ranging
from actuators, sensors and energy harvesters to biomedical and flexible electronic devices [4—8]. It is generally accepted that
electric stimuli can affect the electromechanical characteristics of SEA materials in a rapid and reversible way, which in turn
provides an effective approach to tune the vibration and wave characteristics of SEA structures and devices. Consequently,
SEA materials can be ideally applied to the manufacturing of high-performance vibration and wave devices such as tunable
resonators and acoustic/elastic waveguides [9—13].
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Strong nonlinearity and electromechanical coupling of SEA materials are two important aspects in developing a general
continuum mechanics framework. Early development of the nonlinear theory of electro-elasticity can be tracked back to the
seminal works of Toupin [14,15] for static and dynamic analyses of finitely deformed elastic dielectrics. Later on, Tiersten [16]
extended Toupin’s formulations to further incorporate thermal effects and developed a thermo-electro-elastic coupled theory
by applying the laws of continuum physics to a well-defined macroscopic model. Due to the development of various smart
materials and structures as well as their extensive application prospects, a general nonlinear continuum theory for electro-
magneto-mechanical couplings has been regularly reformulated since the 1980s [17,18]. During this period, particular efforts
have been made on finite element formulations of multifield coupling problems and micromechanics analysis of smart
composites. In recent decades, the appearance of SEA materials capable of large deformations on the market [19—22] has
again promoted re-interpretations, improvements and applications of nonlinear electro-elasticity [23—27]. Note that a
nonlinear continuum framework accounting for the nonlinear interaction between mechanical and electromagnetic fields,
which is well documented in the monograph by Dorfmann and Ogden [27], is appropriate for the analysis of electro-active
and magneto-active materials undergoing large deformations [28—32]. Although soft electro-active and magneto-active
materials possess mathematical similarities in their modeling, their physical mechanisms are different. In SEA materials,
the polarization is generated by an electric field and thus the induced electrostatic stresses deform the materials [33]. In soft
magneto-active materials mixed with magnetically active particles, it is the interaction of an external magnetic field with the
composite that modifies the overall stiffness and results in large deformations [28].

In many practical applications, the performance of intelligent systems composed of SEA materials usually depends on the
biasing fields induced by, for instance, pre-stretch, internal pressure and electric stimuli. On the one hand, the biasing fields
may lead to instability and even failure of the SEA systems [29,31,33—37]. On the other hand, they can be exploited to actively
control vibrations and waves in SEA devices. For example, experiments on a lightweight push-pull acoustic transducer
consisting of dielectric elastomer (DE) films for sound generation in advanced audio systems [38] showed that the push-pull
driving can suppress harmonic distortion. Hosoya et al. [39] fabricated and investigated a hemispherical breathing mode
loudspeaker using a DE actuator, while Lu et al. [40] demonstrated experimentally an electrostatically tunable duct silencer
using external control signals. Earlier, Dubois [41] had used an electric biasing field to tune the resonance frequency of
dielectric electro-active polymer (DEAP) membranes, a procedure which requires no external actuators or variable elements,
and had observed a 77% resonant frequency reduction from the initial value. Moreover, Zhang et al. [42] put forward a vi-
bration damper to achieve vibration attenuation by applying alternating oppositely phased voltages to a DE actuator. To
alleviate the contradiction between the appearance of thin flexible displays and the requirement of sufficient volume for
loudspeakers, Sugimoto et al. [43] designed a tunable semi-cylindrical acoustic transducer made of an SEA film for sound
generation. Sarban et al. [44] fabricated a core-free rolled tubular SEA actuator, studied its dynamic characteristics and
successfully realized active vibration isolation. In the field of biomedical applications, Son et al. [45] proposed to couple an
SEA tube sensor to an arterial segment in order to provide structural support and simultaneously monitor its local state
information. Consequently, tunable SEA resonators are extremely suitable for the next-generation acoustic treatment devices,
active vibration isolators, and biomedical sensors.

To investigate how biasing fields influence the small-amplitude dynamic characteristics of SEA structures, different ver-
sions of linearized incremental theories [17,18,46—49] based on nonlinear electro-elasticity theory have been established in
the literature by adopting either the Lagrangian description or the updated Lagrangian description, as well as in terms of
different energy density functions. By introducing three configurations to describe the general motion of an electro-elastic
body, Wu et al. [50] compared in detail different versions of nonlinear electro-elasticity theory and associated linearized
incremental theory, identified the similarities and differences between them, and concluded that these seemingly various
theories are in principle equivalent without any essential difference.

Following the theory of nonlinear electro-elasticity and its associated linearized incremental theory developed by Dorf-
mann and Ogden [46], much effort has been devoted in recent years to investigating the effects of biasing fields on the small-
amplitude wave propagation characteristics in SEA materials, such as bulk waves and different types of guided waves
[12,13,29,51-55]. An in-depth literature overview on tunable elastic waves in SEA materials and structures was provided by
Wang et al. [56] to demonstrate wave manipulation via tunable SEA phononic crystals. More recently, the state-space method
(SSM) was employed by Mao et al. [10] and Wang et al. [57] to explore the electrostatically tunable free vibration behaviors of
SEA balloons and of multilayered electro-active plates, respectively. Numerical results in both papers proved that the SSM is a
highly effective method for the analysis of SEA structures with inhomogeneous biasing field or multilayered configuration.

The purpose of the present study is to shed light on the effects of inhomogeneous biasing field and tube geometric size on
axisymmetric free vibrations of incompressible SEA cylindrical tubes. Both axisymmetric torsional and longitudinal vibrations
(hereafter abbreviated as T vibrations and L vibrations) are considered. The biasing field is generated by applying an electric
voltage difference between the two electrodes on the inner and outer tube surfaces respectively, in addition to a pre-stretch in
the axial direction (see Fig. 1). The SSM proposed by Wu et al. [52] for the analysis of circumferential guided waves in SEA
tubes is used here to tackle the problem of the inhomogeneity of biasing fields.

This paper is organized as follows. Using nonlinear electro-elasticity theory [23,27], Section 2 briefly reviews the basic
formulations governing the nonlinear axisymmetric deformation and inhomogeneous biasing fields of SEA tubes charac-
terized by a neo-Hookean ideal dielectric model. Based on the linearized incremental theory [46], Section 3 provides the
governing equations and the state-space formalism in cylindrical coordinates for the incremental fields. For the generalized
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Fig. 1. (a) Schematic diagram of an SEA tube with flexible surface electrodes with mechanically negligible effects; (b) Undeformed configuration and geometric
sizes; (c) Deformed configuration after activation generated by the combined action of radial electric voltage V and axial pre-stretch 2, and current geometric
sizes.

rigidly supported conditions, Section 4 derives the frequency equations for the two types of axisymmetric vibrations of SEA
tubes with the help of the approximate laminate technique. We conduct numerical calculations in Section 5 to first, validate
the convergence and accuracy of the proposed SSM for axisymmetric vibrations and then, to elucidate the effects of elec-
tromechanical biasing field and tube geometry on the axisymmetric vibration characteristics. A conclusive summary is
provided in Section 6 and some related mathematical expressions or derivations are presented in Appendices A-D.

2. Nonlinear axisymmetric deformation of an SEA tube

For a better understanding of the derivations of the governing equations for the nonlinear axisymmetric deformation and
the superimposed small-amplitude vibrations in an SEA tube, the general nonlinear electro-elasticity theory and its asso-
ciated linearized incremental theory are briefly reviewed in Appendix A. The detailed formulations can be found in works by
Dorfmann and Ogden [23,27,46].

The nonlinear axisymmetric deformation of an SEA tube subjected to a radial electric field, internal/external pressures, and
an axial pre-stretch has already been provided elsewhere [51,52,54,58,59]. In this section, we just briefly review the basic
equations and expressions when the SEA tube coated with electrodes on both the inner and outer surfaces is subjected to a
radial voltage as well as an axial pre-stretch.

As displayed in Fig. 1, the inner and outer radii as well as the length of the tube are specified as A, B and L, respectively, in
the undeformed configuration, with initial thickness H = B — A. An electric voltage difference V is applied between the two
surface electrodes. Meanwhile, the tube is subjected to a constant axial pre-stretch 4,. Under these electromechanical biasing
fields, the tube is deformed along with the flexible electrodes so that the inner and outer radii, the length and the thickness of
the tube become a, b, | = A;L, and h = b — q, respectively.

The axisymmetric deformation for an incompressible material is given by

R=\/A?+;(r? —a?), 0=0, z=1,Z, (1)

where (R,0,Z) and (r, 0, z) are cylindrical coordinates in the undeformed and deformed configurations, respectively. Thus, the
deformation gradient tensor F can be calculated as

ogr or or
OR RoO oz T 0 0
= @ ﬂ @ 0 A 0 (2)
R RO oz i ; ’
9z 9z oz 0 0 %

OR RoO oz
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where Ar = A5 1/1; ! and Ag = r/R are the radial and circumferential stretches, respectively. Accordingly, Eq. (1); yields
A5A2—1:R2<A§AZ—1>/AZ:(A§AZ—1>/nz, (3)

where A, = a/A, A, =b/B,and n = A/B.

Due to the applied radial electric voltage, the biasing Eulerian electric displacement vector D has only a radial component
Dy, and thus the only non-zero component of its Lagrangian counterpart D = F'Dis D = AgAzDy. Furthermore, the five
independent scalar invariants I, in Eq. (A.3) and the non-zero components of the total Cauchy stress tensor t and the Eulerian
electric field vector E in Eq. (A.4) are

=322 4 2 +02, L=22 42+ 1%
Iy = 350502, Is = 252020, Is = 43, I,

(4)

and

e = 2057052 [0 + Qo (1 + 2)| +2(s + 2064 °2,%) D2 - p,
o = 202 [91 T (A;ZA;Z + aﬁ)] —p. Tp =22 [Ql N (A(;ZA;Z + Aﬁ)} —p, (5)
Er = 2(Q4J522 + Qs + Qely°2, ) Dy,

where Q;;, = 9Q/dln, with Q being the total energy density function.

Since the deformation is axisymmetric and also invariant along the axis, all the physical quantities are independent of the
coordinates # and z. As a result, Faraday’s law (A.1)3 is satisfied automatically, and Gauss’s law (A.1), and the equation of
motion (A.1); reduce to

D, D, _1
r

9Dy a(rDy) T Trr —Tgg 0
ar - r o

or =0, “or T

(6)

Integrating Eq. (6), we obtain

Q(a) Q(b)

Dr= 2rra L~ 27ri L (7)

where Q(a) and Q(b) are the total free surface charges on the inner and outer surfaces of the deformed SEA tube, satisfying
Q(a) + Q(b) =0, i.e, the electrodes on the inner and outer surfaces carry equal and opposite charges. Note that we used the
boundary condition (A.5)s to derive Eq. (7).

It is apparent from Eq. (4) that there are only three independent variables, for instance: 44, 4; and I4. For convenience, a
reduced energy density function can be defined as

Q" (Mg, Az, 1) = Q11 I, 1, I, I). (8)

Substituting it into Eq. (5) gives
/169;0 =Tgg — Trr, /IZQL =Ty —Tm,  E =20522QDr, (9)

where Q) = 0Q" /3y, Q;, = 9Q" /9], and Qy = 0Q" /ol
The electric field vector E is curl-free so that we can introduce an electrostatic potential ¢ such that E = — grade. Then,
substituting Eq. (7) into Eq. (9)3 and integrating the resulting equation from the inner surface to the outer one, we obtain

b

QM) [ pedr
V=12 /1.9947, (10)

a

where V = ¢(a) — ¢(b) is the electric potential difference between the inner and outer surfaces. Moreover, by inserting Eq.
(9)7 into Eq. (6),, conducting the integration from a to b, and assuming that both the inner and outer surfaces are traction-free,
we find that
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/A(,Q* dr_ (11)

In a similar way, the radial normal stress can be found as

T (1 /;{QQ* dr (12)

After 7, is obtained analytically or numerically from Eq. (12) for a specific energy density function, the circumferential
(749) and axial (7z;) normal stresses can be derived by Eq. (9); and (9),, respectively. Then one equation of Eq. (5);-3 de-
termines the Lagrange multiplier p and the resultant axial force N is found by the integration of 7., over the cross-section of
the deformed SEA tube.

For definiteness, a neo-Hookean ideal dielectric model [60] is utilized to characterize the SEA tube with the (reduced)
energy density functions written as

Q=p(lh —3)/2+15/(2¢), 3
Q' = (i 4 B+ 22 =3) 24157071, ) 2e), (13)

where 1 denotes the shear modulus of the SEA material in the absence of biasing fields and ¢ is the dielectric constant of the
ideal dielectric material, independent of the deformation.

For the neo-Hookean ideal dielectric model, the explicit expressions of the physical variables related to the nonlinear
axisymmetric deformation have been provided by Zhu et al. [58] and Wu et al. [52]. Specifically, the nonlinear axisymmetric
responses governed by Eqs. (10) and (11) are

B . N R A
,_Q_lm,, V—\//\Z (1 lnAbHa—XZ ) mlnn, (14)

where V = V./e/u/H and Q = Q(a)/(2nAX.L/ie) are dimensionless measures of the electric potential difference and surface
charge, respectively, and 7 = a/b is the inner-to-outer radius ratio in the deformed configuration.

In addition, the radially inhomogeneous biasing fields required to calculate the resonant frequencies of axisymmetric
vibrations are given by

Ay = g 5r = _Lv
\/nz/(l 2 +/1z(52 2/12/ - 77)2) ¢lny
(/ n)? + & I Aa}

_2)1‘:2 Ab

pes il

where D; = D,//fie and p = p/u are the dimensionless radial electric displacement and Lagrange multiplier, respectively, and
£ =r/H is the dimensionless radial coordinate in the deformed configuration.

3. Incremental equations and state-space formalism

To describe the time-dependent incremental motion accompanied by an incremental electric field in the finitely deformed
SEA tube, the incremental governing equations given in Appendix A.2 are written in the cylindrical coordinates (r, , z) in this
section. Then we reproduce the state-space formalism for the incremental fields presented by Wu et al. [52].

It can be seen from Eq. (A.6); that the incremental electric field £ is curl-free and thus an incremental electric potential ¢

can be introduced such that £ = — grad¢. Its components in the cylindrical coordinates are
. 00 L 139 L 99
Eor=—3p Eo=—75p fo=—3, (16)

Accordingly, the incremental Gauss’s law (A.6)3 and the incremental equations of motion (A.6); can be written, respec-
tively, as
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0Dor 1 /0Dy aDozi
T (aa +Dor | +—52 =0, (17)
and

Torr +1 T ogr n Torr — Tosg i Tozr _ & ur
o 1 a0 T 0z o2’

Torg N 1 9T oy N Togr + Torg N 9Tz _ 32”07 (18)
ar 'r a0 r oz at?

a’I.NOrz%Fl"‘)TOﬂz M aTOzz: Pu,
ar r a6 r dz o2’

In addition, the incremental displacement gradient tensor H can be written as

our 1 (our N
ar r\ad ) oz

dug 1 /du au

H= |22 0 2. 19
ar (ae H‘r) oz (19)
ar r af dz

The incremental incompressibility condition (A.10) in the cylindrical coordinates thus can be expressed as

aur 1 [duy du;
W+F(W+“r>+5*0‘ (20

According to Egs. (16) and (19), the linearized incremental constitutive equation (A.7) for incompressible SEA materials
can be expressed in terms of the incremental mechanical displacement vector u and incremental electric potential ¢ as

T c dur Tyc 1 (9uy +c %-‘re % _;
or = (g + Cap 00 1375 [Ripw D,
T PP LT S P L S

000 = C125- + 22 5 r 285, 126r p,
To = c13 o+ copn (204 1) 4 e 4 0320
0zz = G137, 375 TUr 335, T3 p;

ouy ou; 1) duy duz a9
Top, = =z T c Csg—=+e (21)
orz = C58—>— 9z "+ Cs5 or +€3saz Ozr = C8875 "+ Csg ar + 355,

Tops = Caas 2 4 ey Fog = 020 4 gy ) O
o5z = Caar; 60 475 Tow = €775+ Car
. auy 1 /ou 169

Torg = Co6— ar b+ coo (aﬁr ) +e6, o

1d¢
rof’

1 6ur duy
Togr = e + o9~ bt ex

and
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. au 1 /ou au @
Dor = ell(Trr +en; ((T; + Ur) + 9137; gy

_— 1 /ou, auy 1d¢
Doy = €26 [F (W - Ue) + W} ~ €2 5 (22)

: du;  du ¢
Dy, = €35 ((Trz + (Tzr) - 6336%),

where the effective material parameters c;, e;; and ¢;; are defined as

e11 =Roly. €2 =TRop, €33 =Rz, €11 =-Tonenr. €12 =-Topier,

e13 = —lo331e11, €26 = —To122622, €35 = —T'0133€33, €11 = Ao1111 + Lornie11 +p,

c12 = Aor122 + Dot1€12,  ¢13 = Ao113z + Tor11€13, €22 = Agazzz + Tozz1€12 + 1,

€23 = Ap233 + lo331€12, €33 = Ag3333 + [0331€13 + P, Caq = Ag2323, (23)
C47 = Ag2332 + D, Cs5 = Ag1313 + 0133635, Csg8 = Ao1331 + 0133835 + P,

o6 = Ao1212 + Fo122€26, €77 = Ap3232, Cgg = Ag3131 + [o133€35,

Ceo = Ap1221 + Fo122€26 + P, Co9 = Ag2121 + Fo122€26-

in which the non-zero components of the instantaneous electro-elastic moduli tensors A, I'g and R for the axisymmetric
deformation of SEA tubes subjected to a radial electric displacement field have been derived by Wu et al. [52]. Their explicit
expressions can be found in Appendix B of Ref. [52]. Note that adjusting the electromechanical biasing fields may alter the
effective material properties of SEA tubes, which will generate large effects on the superimposed dynamic behavior.

It is obvious that the biasing fields are radially inhomogeneous when subjected to a radial electric voltage, which makes
the effective material parameters depend on the radial coordinate r. Consequently, the resulting incremental governing
equations are a system of coupled partial differential equations with variable coefficients, which are difficult to solve
analytically or even numerically via the conventional displacement-based method. Therefore, the state-space method (SSM)
[52,61,62] combining the state-space formalism with the approximate laminate technique is adopted in this paper to derive
the frequency equations of the axisymmetric vibrations of SEA tubes.

The basic incremental governing equations (17)-(18) and (20)-(22) then can be transformed into a set of first-order or-
dinary differential equations as follows

Y

—= 24

ar (24)
which is called the state equation, where the incremental state vector Y is defined as

Y= [ur,ué)au27¢7T0rr7TOr0>T0rz~,b0r]T7 (25)

and M is an 8 x 8 system matrix, with its four 4 x 4 sub-matrices presented in Appendix B.
4. Axisymmetric vibrations of an SEA tube
4.1. Approximate laminate technique

In this section, the state-space formalism is combined with the approximate laminate technique to derive the frequency
equations of axisymmetric vibrations superimposed upon an activated SEA tube undergoing the finite static axisymmetric
deformation described in Section 2. For the axisymmetric vibrations independent of ¢, the relation d/d¢ = 0 is fulfilled. In this
case, in view of Appendix B, the state equation (24) can be simplified to

oY,

ar =M,Y,, ke{1,2}, (26)

where Y] = [ur, Uz, (pa TOI’Tv TOer bOr]T and Y2 = [u97 TOrﬂ}T
vibrations, and

are the incremental state vectors corresponding to the axisymmetric
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—1 —i 0 0 0 0
r 0z
_Css 0 0 €35 9 0 1 0
C55 0Z C55 0Z Cs5
q@ 9 _1
r qzaZ 0 0 0 €11
M, =
p 4 g0 8 g0 4
a2 2 19,2 r oz 10522 Cs5 0z r
(27)
39 LA _o 1 9
r oz p Jt? qﬁazz 0 9z r 125,
92 92 e35 9 1
| Tz O e 0 ow T
Coo 1 1
Ces T Ce6
M, =
02 q7 62 <C69 ) 1
T o (41 -
o2 T2 T T2 Ce6 r

It is apparent from equations (26) and (27) that the six unknown functions uy, uz, ¢, Tor Torz and Dy, are uncoupled from
the other two unknown functions 1, and Tg,4. Hence, there exist two independent classes of incremental axisymmetric vi-
brations superimposed on the underlying deformed configuration: the axisymmetric longitudinal vibrations (L vibrations)
involving Y; and M;, with the non-zero mechanical displacement components u, and u; coupled with the incremental
electrical quantities (see Fig. 5(b—d)); and the purely torsional vibrations (T vibrations) governed by Y, and M,, with the sole
displacement component u, uncoupled from the incremental electrical quantities (see Fig. 6). Note that the cylindrically
breathing mode characterized by the sole radial displacement u; is a special mode of the L vibrations (see Fig. 5(a)), which
needs to be dealt with separately.

Assume the deformed SEA tube (see Fig. 1(c)) is subject to the generalized rigidly supported (GRS) conditions [62] at the
two ends. Moreover, we suppose that the electric inductions in the surrounding vacuum near the tube ends are negligible so
that the zero incremental electric displacement condition applies at the tube ends. Thus, the incremental mechanical and
electric boundary conditions are

Uz =Tozr =Tozp=Do;=0, (2=0,1). (28)

For the harmonic axisymmetric free vibrations of the SEA tube, we assume that

Uur I;llj]r((i))c'os((nﬁz))
Uz L (§)sin(nw{
_ | .0 | _ |HVu/eP(E)cos(nal) | Lot [ up | _[ HUp(E)cos(nwl) T it
n- Tor | = | nSom(@costnmt) < Yz_{TOré)}_[#Eow(f)cos(”ﬁ) e (29)
Tor, uZo(£)sin(nmf)

Doy Ve dor (§)cos(nml)

where i = v/—1 is the imaginary unit, w is the circular frequency of vibration, ¢ = r/H and { = z/l are the dimensionless radial
and axial coordinates in the deformed configuration, and n is the axial mode number. Note that the circumferential mode
number is equal to zero for the axisymmetric vibrations. According to Eq. (21)57-(22)3 and (29), the incremental boundary
conditions (28) are satisfied automatically.

Substituting Eq. (29) into Egs. (26)-(27), we obtain the dimensionless form of the state equations as

Y (€)

a2 =MEY(E), ke(1.2), (30)

where Y; = [Ur, Uz, D, Zopr, Zor2, AOT]T and Y, = [Uy, Z‘Orﬁf are the dimensionless incremental state vectors, and the dimen-
sionless system matrices M,, are written as
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r % —x 0 0 0 0]
1
61)( 0 62)( 0 = 0
Css
q 1
- : DX 0 0 0
M] = _ _ _ El
G ool o By g2 0 oy O
2 +q9X w z X q]OX 1X g
S
; (31)
q _ 1 _
By Gx’-@* 0 x - —Ox
3 3
d10X 0 —qi2x° 0 —drx 7 |
[ 03 1
_ § Ce6
M, =
qg; - 03+ 1
%+C77X27w2 735

in which the dimensionless quantities are defined as follows:
X:mrH/l:mrH/(/\zL), EU:CU/,M7 €11 :6‘]]/8,
quq]vf/ﬂ(l:]vz)v q]:q]/N(J:3*779)7 qloquo/\/ﬁv (32)

Q12 =q12/e, 01 =Csg/Cs5, 0Oy =e35/Cs5, 03 =Cgo/Ce6, €35 = e35/\/li,

and w = wH/+/u/p is the dimensionless circular frequency. It is evident from Egs. (30) and (31) that the dimensionless system

matrices M, depend on ¢, making it difficult to obtain exact solutions to Eq. (30) directly. As a result, the approximate laminate
technique is now adopted to obtain approximately the analytical forms of the frequency equations.

We divide the deformed SEA tube with inner radius a and thickness h into N equal and thin sublayers. The radial co-
ordinates rjp = a + (j —1)h/N and rj; = a + jh/N are used to describe the inner and outer radii of the j-th sublayer and their
corresponding dimensionless radial coordinates §jo = rjo/H and &j; = rj;/H are expressed as

Ap(1 =)
N1 =)’

Agn
1-1

gy = A=) (33)

U1 T NI —7)

o=

If the number of sublayers N is sufficiently large, every sublayer is thin enough so that the system matrices M, within each
sublayer can be approximately regarded as constant. In the following, the values of the material parameters and the
dimensionless radial coordinate itself are calculated at each mid-surface. The dimensionless radial coordinate corresponding
to the mid-surface of the j-th sublayer is

fin =2+ Q- )R (34)

Applying Eq. (30) to the j-th sublayer, we obtain the formal solutions as

Yi(®) = exp| (¢ — £0)Myy (¢im) | (o). -
(k=1,2; p<&<fy; j=1,2,--N),

where Mkj(Ejm) are the approximated constant system matrices within the j-th sublayer. Setting £ = &;; in Eq. (35), we find the
following transfer relation between the incremental state vectors at the inner and outer surfaces of the j-th sublayer as
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Yi(§j1) =exp Hmkj(fjm) Yi(5o), ke{1,2}. (36)

Considering the continuity conditions at each interface between the consecutive sublayers, we can finally obtain the
transfer relation between the incremental state vectors Y, and Y, at the inner and outer surfaces, as

V'=PY, ke{l1.2), (37)

where P, = H}:Nexp{lb(l —ﬁ)ﬁkj /IN(1 —n)]} are the global transfer matrices of sixth-order (k = 1) and second-order (k =
2), through which the state variables at the inner and outer surfaces are connected.

4.2. Frequency equations

Assuming that the inner and outer surfaces of the SEA tube are traction-free and that the applied electric voltage remains
unchanged during vibration, we can obtain the corresponding incremental boundary conditions (A.11) as

L -in -in -in . -0u -ou -ou
9" =Tor = Torg = Torz = 9° = Torr = Torg = Torz = 0. (38)
Substituting it into Eq. (37) yields two sets of independent linear algebraic equations as

in

Py31 Pi3p Pi3s UT 0 ‘
Pis1 Pz Pus | |UM | =|0]|, PxUy"=0, (39)
0

Pisi Pisy Pisg] | 4in
or

where Py; are the components of the global transfer matrices Py. To obtain non-trivial solutions, the determinants of the
coefficient matrices in Eq. (39) must be zero, i.e.,

P31 P32 P36
Pi41 P1gz Pigs
Pis1 P52 Pisg

:07 PZZ] :07 (40)

which determine the characteristic frequency equations of the two independent classes of axisymmetric vibration of the
activated SEA tube for axial mode numbers n > 1.
The breathing mode (n = 0) is a special mode which corresponds to a purely radial vibration. Then the state variables in

Eq. (29); are all assumed to be zero except for uy, T, ¢ and Dy,. As a result, the state equation (30) degenerates to

M), “n

where Y3 = [Uy, @, 2oy, AOT}T is the dimensionless incremental state vector for the breathing mode, and the 4x 4 dimen-
sionless system matrix M3 can be written as

_ 1 i
. 00 O©
3
@ 9o L
_ 3 11
M;=|_ . (42)
B_2 00 It
£ 3
0 00 —%_

Following a similar derivation to Eq. (40), we obtain the following frequency equation of the breathing mode as

P3p1 P3pg

0, 43
P331 P33y (43)
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where P3;; are the components of the global transfer matrix P3 for the breathing mode.
For the neo-Hookean ideal dielectric model (13), the explicit form of the dimensionless quantities appearing in Egs. (31)
and (32) are

_ Y = —
Css =Cos = A, 2 Ag>, Cr7 =22, &1 =1, 51:53:@%%(17—[%)7 0y = —Dpri227,

_ _ — _ _ =2 i, _ _ _ =2 i O
G =0 =2Dr, G3=75+2p+D, +2,°ky°, Ta=0qs=p+D; + 1,37,

_ 2 .o _ - 4 5 2 (44)
Q6 =72 +2p+D; + 4}y, @ =27 —D; - 1% (D; +p* - 2pDy ),

_ =2 =4 =2 _ = _ =2
do =4 — Dy — 5 )5 (Dr +p - ZPDr)«, Q1o = —Dr(1-B1), i = 224D, +1.
where D, = D;//fie and p = p/u are defined in Section 2.

5. Numerical results and discussions

Our goal is to study the axisymmetric vibration characteristics of SEA tubes, and in particular investigate how its resonant
frequencies are affected by the electromechanical biasing fields (i.e., the axial pre-stretch 1, and the dimensionless radial
electric voltage V) and by the tube geometry (i.e., the inner-to-outer radius ratio 5 and the length-to-thickness ratio L/ H).

5.1. Nonlinear static response of the SEA tube

Based on the nonlinear governing equation (14) for the neo-Hookean ideal dielectric model, we obtain the axisymmetric
response curves in Fig. 2, which displays the variations of the circumferential stretch A, at the outer surface with the
dimensionless voltage V for different axial pre-stretches 1, and inner-to-outer radius ratios 7. Note that the inverse of 7 (i.e.,
the outer-to-inner radius ratio) is chosen to be =1 = 1.1, 2 and 5, corresponding to what can be considered to be thin-,
medium- and thick-walled tubes, respectively. The curves of A, versus V for different combinations of A, and 5! reveal a
monotonically increasing variation trend, which means physically that the tube expands in the radial direction. We find that
no axisymmetric solution exists and that the SEA tube collapses when the voltage exceeds a critical value, which we call the
electromechanical instability voltage Vgyy. There, the balance between the compressive force caused by the radial electric
voltage and the mechanical resistance force cannot be maintained [51,52]. Moreover, when the voltage reaches Vgyy, a rapid
rise of the curves is observed. For a fixed 71, the axial compression results in a higher Vg, while for the thinner SEA tube, it
is easier to arrive at the electromechanical instability with a given A,. Specifically, the critical voltage values Vg for different
combinations of A, and 7! are exhibited in Table 1.

5.2. Validation of the state-space method

As stated in Sections 3 and 4, the state-space method (SSM) combining the state-space formalism with the approximate
laminate technique is an analytical but approximate method. It is necessary to validate its convergence and accuracy for the
axisymmetric vibrations of SEA tubes.

For the convergence analysis, Tables 2—5 exhibit the variations with the number of discretized layers (NOL) of the first two
dimensionless resonant frequencies of two classes of vibration for the axial mode number n = 1 calculated by the SSM. The
results for the thick and short tube are displayed in Tables 2 and 4, while Tables 3 and 5 correspond to the results for the thin
and slender tube. Obviously, the results based on the SSM show an excellent convergence rate with increasing layer number,
and thus we are satisfied that we can obtain accurate resonant frequencies with an arbitrary precision via the present SSM.

When there is no electric voltage applied to the tube, the deformation of the pre-stretched SEA tube is homogeneous.
Therefore, the exact resonant frequencies for the superimposed non-axisymmetric vibrations (including the axisymmetric
vibration as a special case) can be obtained through the conventional displacement method; these frequencies are provided in
Appendix Cin detail. Based on the exact solutions and the SSM, the curves of the first five dimensionless resonant frequencies
w versus the axial mode number n are plotted in Fig. 3(a) and (b) for the L and T vibrations, respectively, in the pre-stretched
SEA thick and short tube (A, = 2, =1 = 5 and L/H = 2.5). The lines in Fig. 3 correspond to the exact solutions while the
symbols represent the solutions from the SSM. The tube is divided into 120 thin sublayers to ensure a balance between
accuracy and computational speed. It is clear that resonant frequencies obtained by the SSM agree very well with the exact
solutions in the entire axial mode number range for the axisymmetric vibrations. This in turn confirms the accuracy of the
SSM. The frequency equation of the breathing mode for an arbitrary energy function is provided in Eq. (C.20). In particular, Eq.
(C.21) gives the resonant frequency of the breathing mode for the pre-stretched neo-Hookean tube. It should be emphasized
that due to the incompressibility of the tube, there exists only one radial vibration frequency for the breathing mode n =0
associated with dilatational motions. This phenomenon is in contrast to the classical linear elastic result for a compressible
isotropic elastic tube, which has an infinite number of vibration frequencies for the breathing mode [62]. In addition, it can be
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Fig. 2. The circumferential stretch 4 at the outer surface versus the electric voltage V for SEA tubes with different axial pre-stretches A, and outer-to-inner radius
ratios 1.

seen from Eq. (C.16) that the axial pre-stretch has no effect on the resonant frequencies of the T vibration for the neo-Hookean
hyperelastic model; they are only determined by the outer-to-inner radius ratio and the length-to-thickness ratio.

In summary, the superior convergence rate and the excellent agreement with the exact solutions demonstrate that the
obtained numerical results based on the SSM are highly accurate.

5.3. Effect of the electromechanical biasing fields

In this subsection, we focus on how the electromechanical biasing fields influence the resonant frequencies of the two
classes of axisymmetric vibration of SEA tubes. Without loss of generality, the tube geometry is takenasn~!' =5and L/ H =
2.5 corresponding to a thick and short SEA tube. The number of discretized layers is set to 120 as in Section 5.2.

Variations of the dimensionless resonant frequency = with the axial mode number n are displayed in Fig. 4(a) and (b) for
the L and T vibrations, respectively, for axial pre-stretch A, = 2 and different voltages below the electromechanical instability
voltage V. It can be seen from Fig. 4(a) that the first resonant frequency of L vibrations decreases at first and then grows
monotonously with increasing axial mode number n. The lowest vibration frequency is taken at the axial mode number n =
1. In addition, a higher electric voltage leads to a lower vibration frequency. Specifically, when the dimensionless radial
electric voltage is less than 0.2, the applied electric voltage barely affects the L vibration frequency. However, a high electric
voltage surpassing 0.2 will significantly decrease the resonant frequency due to the rapid expansion of the tube as shown in
Fig. 2. When the applied electric voltage V = 0.49 gradually approaches Vgy; = 0.55, the effect of electromechanical coupling
on the L vibration frequency is the greatest.

For the T vibrations depicted in Fig. 4(b), the change of electric voltage makes no difference to the first-order vibration
frequency. This is because the first-order resonant frequency of the T vibration is governed by the relation pw?— y2c;7 = 0
with y = nw/I for an arbitrary energy function, which is independent of the applied voltage as verified in Appendix D.
Furthermore, the first-order vibration frequency grows monotonously and linearly with increasing axial mode number.
However, the second-order vibration frequency declines with the applied voltage and grows nonlinearly with the increasing
axial mode number, as shown in Fig. 4(b).

The first-order L vibration modes corresponding to different axial mode numbers n = 0, 1, 2 and 6 are presented in Fig. 5.
The breathing mode in Fig. 5(a) has a sole component, the radial displacement component u;, independent of z and 6. Ac-
cording to Eqs. (C.17) and (C.19), the radial displacement for the breathing mode is an inversely proportional function of the
radius. Therefore, the displacement at the inner surface is larger than that at the outer surface and the circumferential
gridlines become sparse from the inner surface to the outer surface. Fig. 5(b—d) show the L vibration modes for non-zero axial
mode numbers (n+0) with both the radial and axial displacement components u, and u,. The SEA tube for these modes
vibrates as a trigonometric function in the axial direction, which conforms well with the formal solutions (29);. Obviously, the
axial mode number n+0 is equal to the integer multiple of the half-wave number.

Fig. 6 exhibits the first two T vibration modes for a fixed axial mode number n = 1 in an SEA tube subjected to biasing
fields. For the first-order vibration mode in Fig. 6(a), the sole torsional displacement component u, is proportional to the
radius (see Egs. (D.1) and (D.9)), and the vibration is a rotation of each cross-section as a whole about its center, which is
analogous to the torsional waves seen in an isotropic elastic cylinder [63]. Thus, the gridlines still distribute uniformly in the
cross-section. But the torsional displacement varies according to the trigonometric function in the axial direction (see the
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Table 1

Electromechanical instability voltages Vgyy for different combinations of axial pre-stretches A, and outer-to-inner radius ratios 7~ 1.
Az 0.75 1 1.5 2
7l =11 1.333 1.000 0.666 0.500
7l =2 1.358 1.019 0.679 0.509
7l =5 1.467 1.100 0.734 0.551

right view of Fig. 6(a)). For the second-order vibration mode in Fig. 6(b), the torsional displacement presents the nonlinear
distribution and there exists one zero-crossing point in the mode profile along the radial direction.

In order to clearly demonstrate the effect of voltage on the vibration behavior, the curves of the L vibration frequency as
functions of the voltage are displayed in Fig. 7(a—c) for axial mode number n = 0, n = land n = 2, respectively, under
different axial pre-stretches. It is apparent that the resonant frequencies w for all three modes monotonically decrease to zero
with the increasing voltage from zero to the critical voltage V; of the corresponding vibration mode. At the critical voltage
Ve, the point @ = 0 represents the axisymmetric instability of the corresponding vibration mode of the SEA tube. The
decrease of the resonant frequencies is mainly due to the global stiffness of the SEA tube gradually decreasing with increasing
voltage [10]. In particular, when the voltage approaches the critical value V;, the global stiffness reduces rapidly so that
barreling instabilities [61,64] occur in the SEA tube. This is why the frequencies of modes n =1 and n = 2 in Fig. 7(b and c)
decrease gently at first and then dramatically. Moreover, we find that the larger axial pre-stretch the tube is subjected to, the
lower critical voltage the tube may withstand.

For the breathing mode n = 0 in Fig. 7(a), when there is no radial electric voltage (V = 0), the vibration frequencies are
identical for any axial pre-stretch A;in the neo-Hookean SEA tube according to Eq. (C.21), and they depend only on the inner-
to-outer radius ratio 1. Additionally, the critical voltages corresponding to the breathing mode for different axial pre-stretches
are identical to the electromechanical instability voltage Vgyy shown in Table 1 for the axisymmetric deformation.

Furthermore, we see from Fig. 7(a—c) that the critical voltage decreases monotonously with increasing axial mode number
for ;; = 0.75, 1 and 1.5, while the critical voltage presents a different variation trend for A, = 2. Therefore, Fig. 7(d)

Table 2
The first two resonant frequencies @ of L vibration with n = 1 of the thick and short tube (n~! = 5and L/H = 2.5) based on the SSM with different numbers of
discretized layers (NOL) (A; =2 and V = 0.3).

NOL 20 40 60 80 100 120 140 160

1st 1.38275 1.38271 1.38271 1.3827 1.3827 1.3827 1.3827 1.3827

2nd 3.10784 3.11411 3.1153 3.11572 3.11591 3.11602 3.11608 3.11613
Table 3

The first two resonant frequencies o of L vibration with n = 1 of the thin and slender tube (n~' = 1.1 and L/H = 100) based on the SSM with different
numbers of discretized layers (NOL) (A, =2 and V = 0.3).

NOL 20 40 60 80 100 120 140 160

1st 0.034475 0.034475 0.034475 0.034475 0.034475 0.034475 0.034475 0.034475

2nd 0.155983 0.155983 0.155983 0.155983 0.155983 0.155983 0.155983 0.155983
Table 4

The first two resonant frequencies @ of T vibration with n = 1 of the thick and short tube (n~! = 5and L/H = 2.5) based on the SSM with different numbers of
discretized layers (NOL) (A; =2 and V = 0.3).

NOL 20 40 60 80 100 120 140 160

1st 1.2675 1.26765 1.26768 1.26769 1.26769 1.2677 1.2677 1.2677

2nd 4.10631 4.10741 4.10762 4.10769 4.10772 4.10774 4.10775 4.10776
Table 5

The first two resonant frequencies wof T vibration with n = 1 of the thin and slender tube (n~! = 1.1 and L/H = 100) based on the SSM with different
numbers of discretized layers (NOL) (A, =2 and V = 0.3).

NOL 20 40 60 80 100 120 140 160

st 0.034475 0.034475 0.034475 0.034475 0.034475 0.034475 0.034475 0.034475
2nd 3.14552 3.14552 3.14552 3.14552 3.14552 3.14552 3.14552 3.14552
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Fig. 3. Accuracy analysis of the first five dimensionless vibration frequencies @ of the L vibration (a) and T vibration (b) obtained by the exact solutions and the
SSM for the pre-stretched (1, = 2) SEA thick and short tube (n~' =5 and L/H = 2.5), without applied voltage.
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Fig. 4. Dimensionless frequency spectra (w versus n) in a pre-streched (A, = 2) SEA thick and short tube (y~! = 5 and L/H = 2.5) for different values of radial
electric voltage: (a) the first-order frequency of L vibrations; (b) the first two frequencies of T vibrations.

demonstates the variation trend of the critical voltage V¢ (where the barreling instabilities occur) with the axial mode
number n for different axial pre-streches from 1.5 to 2.2. With the assistance of the dotted grey auxiliary line in Fig. 7(d), we
see that the critical voltage decreases to a minimum at n = 1 and then increases monotonically when the applied axial pre-
stretch is greater than approximately 1.6. Therefore, for a higher axial pre-stretch, the SEA tube undergoes the barreling
instability first at n = 1. If the axial pre-stretch is less than 1.6, then the SEA tube will have the barreling instability at a higher
axial mode number.

For the T vibration with n = 1, Fig. 8 displays the variations of the first two resonant frequencies with the applied voltage
for different axial pre-stretches. Compared with the curves of L vibrations in Fig. 7, the frequency variation trend for the T
vibration in Fig. 8 is quite unique. Specifically, the first-order resonant frequency (the lower curves shown in Fig. 8) is in-
dependent of the applied voltage V and axial pre-stretch A, as explained in Appendix D. The torsional mode of the first-order
frequency exhibits a linear displacement distribution along the radial direction. Note that different axial pre-stretches 4,
result in different electromechanical instability voltages Vg, as shown in Table 1 and Fig. 8. The independence of the first-
order vibration frequency on the biasing fields could be exploited to design a torsional resonator with a consistent working
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(a). n=0 (). n=1

(c). n=2 (d). n=6

Fig. 5. The first-order mode of the L vibrations in a pre-streched (1, = 2) SEA thick and short tube (7~! = 5and L/H = 2.5) with V = 0.2: (a) breathing mode (n =
0);(b)n=1;(c)n =2;(d)n =6.

(a). lst-order mode (n=1) (b). 2nd-order mode (n=1)

Fig. 6. The first two modes of the T vibration with n = 1 in a pre-stretched (1, = 2) SEA thick and short tube (n~' = 5and L/H = 2.5) with V = 0.2: (a) the first-
order mode; (b) the second-order mode.

performance. However, the second-order frequency (the higher curves depicted in Fig. 8) decreases gradually with the
voltage, which is in accordance with the phenomenon shown in Fig. 4(b).

In short, the dependence of the resonant frequency of the axisymmetric vibrations on the electromechanical biasing fields
provides a possibility to tune the small-amplitude free vibrations of SEA tubes, which should be beneficial to the SEA tube-
based design of tunable sound generators, vibration isolators, and biomedical sensors.

5.4. Effect of the tube geometry

Now we explore how the tube geometry, including the length-to-thickness ratio L/H and the outer-to-inner radius ratio
n~1, influences the axisymmetric vibrations of the SEA tube. In this subsection, the dimensionless electric voltage is fixed as
V = 0.2 and the tube is divided into 120 thin sublayers to guarantee convergence and accuracy.

For the breathing mode (n = 0), the curves of the first-order dimensionless frequency @ versus L/H are displayed in
Fig. 9(a) for different combinations of 7! and A,. Apparently, the length-to-thickness ratio makes no difference to the vi-
bration frequency; this is because L/H disappears from the frequency equation for the breathing mode n = 0 according to Eq.
(32)1. Nonetheless, the outer-to-inner radius ratio n~! and the axial pre-stretch A, still have an influence on the vibration
frequency for a non-zero voltage. Specifically, for a fixed axial pre-stretch, the thicker the SEA tube is, the larger resonant
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under different axial pre-stretches A,: (a) breathing mode (n = 0); (b) n = 1; (c) n = 2. (d) Variation trend of the critical voltage V. corresponding to the in-
stabilities with the axial mode number n for different axial pre-stretches.
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0.2: (a) breathing mode (n = 0); (b)n=1for 4, =0.75; (c)n=1for 4, = 1; (b)n=1for A, = 2.

frequency we obtain. Additionally, increasing the axial pre-stretch lowers the resonant frequency. However, the variation gap
between the axial pre-stretch and the vibration frequency depends on 5. The vibration frequency is barely affected by the
axial pre-stretch for a thin tube (y~! = 1.1), but it is remarkably decreased by the axial pre-stretch for a thick tube (y~1 = 5).

For the L vibration mode n = 1, Fig. 9(b)—(d) demonstrate the variations of the lowest resonant frequency with L/H for
different combinations of =1 and A,. Generally, the vibration frequency gradually decreases with increasing L/H and the
vibration frequency of the thick tube is higher than that of the thin tube. In addition, we see from Fig. 9(b)—(d) that the curves
of these three tubes with different n~! get closer to each other when increasing the axial pre-stretch. That is to say, a larger
axial pre-stretch weakens the effect of the tube geometry on the L vibration behavior. It is interesting to note from Fig. 9(b)
that, for an axial compression 1, = 0.75, the resonant frequency of the thin tube reduces to zero when L/H approaches a
critical value 2.0391, which corresponds to the barreling instability with the axial mode number n = 1. Thus, the axisym-
metric instability occurs more easily for a slender tube subjected to axial compression.

Turning now to the T vibration with n = 1, Fig. 10 displays the first two resonant frequencies versus L/H for different
combinations of n~1 and A,. Similar to the results of L vibrations, the vibration frequency decreases monotonically with
increasing L/H. For the first-order torsional mode shown in Fig. 10(a), the resonant frequency for the neo-Hookean SEA tube
satisfies w = /(L /H) (see Eq. (D.10) in Appendix D) and is an inversely proportional function of the length-to-thickness ratio
L/H. Therefore, the frequency is independent of the axial pre-stretch and the outer-to-inner radius ratio, as shown in
Fig. 10(a). According to Appendix D, the torsional displacement is distributed linearly along the radial direction. In addition,
the resonant frequency tends to zero for an infinite SEA tube, which means physically that the longer tube achieves torsional
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instability more easily. For the second-order frequency depicted in Fig. 10(b), a thicker SEA tube (n~! = 5) results in a higher
resonant frequency, especially when L/H > 1. Besides, the frequency is hardly affected by the axial pre-stretch for a low
voltage (V = 0.2), but for a higher voltage, increasing the axial pre-stretch will lead to a lower resonant frequency, which is
analogous to the phenomena observed in Fig. 8.

6. Conclusions

In this work, we conducted an analytical study of the small-amplitude axisymmetric vibrations of SEA tubes subjected to
inhomogeneous biasing fields. The theory of nonlinear electro-elasticity and the associated linearized incremental theory
constitute the framework of our analysis. To tackle the problem of inhomogeneity in the deformed configuration, we adopted
the state-space method (SSM) which combines the state-space formalism in cylindrical coordinates with the approximate
laminate technique. We obtained the characteristic frequency equations for two independent classes of axisymmetric vi-
brations (i.e., L and T vibrations) by imposing proper mechanical and electric boundary conditions. To confirm the accuracy of
the SSM, we also employed the displacement method to derive the exact frequency equations of the axisymmetric vibrations
in a pre-stretched hyperelastic tube. Finally, we conducted numerical calculations to validate the effectiveness of the SSM. The
effects of the electromechanical biasing fields and the tube geometry on the axisymmetric vibration characteristics were
discussed in detail. From the numerical results, we obtained the following important conclusions:

1) The proposed SSM is a highly accurate and efficient method for studying the axisymmetric vibrations of SEA tubes under
inhomogeneous biasing fields.

2) The manipulation of axisymmetric vibration behaviors of the neo-Hookean SEA tubes is feasible by tuning the electro-
mechanical biasing fields except for the lowest torsional mode with linear displacement distribution along the radial
direction.

3) By varying the tube geometry, the resonant frequencies of different modes for the neo-Hookean SEA tubes could be readily
adjusted, except for the breathing mode and the lowest torsional mode, because they are independent of the length-to-
thickness ratio and the outer-to-inner radius ratio, respectively.

This work provides not only a robust method (SSM) to derive the frequency equations of three-dimensional free vibrations
of SEA cylindrical structures, but also demonstrates the electrostatic tunability of resonant frequency of SEA tubes with
various geometric sizes. Experiments will definitely help understand the small-amplitude vibration characteristics in the SEA
tubes under biasing fields and deserve further study. The present investigation clearly indicates that it is feasible to use
biasing fields to tune the small-amplitude vibration behaviors of SEA tubes, which should be beneficial to the experimental
research and design of tunable resonant devices consisting of SEA tubes (e.g., tunable sound generators, active vibration
isolators, and biomedical sensors).

It should be emphasized that an SEA tube with strain-stiffening effect may exhibit the snap-through phenomenon mainly
arising from the curvature and material nonlinearity [59,65]. However, the SEA tube studied in this analysis is characterized
by the neo-Hookean ideal dielectric model, which does not lead to the snap-through mechanism. Therefore, further analysis
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on the effects of other nonlinear material models (such as Gent model, Ogden model) on the vibration behaviors of SEA tubes
is required, but it is out of the scope of this paper.
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Appendix A. Theoretical background
A.1. The theory of nonlinear electro-elasticity

Consider a soft deformable continuous electro-elastic body subjected to a static finite deformation. We denote the un-
deformed stress-free reference configuration at time ty by By, and by d53; and N the boundary and the outward unit normal,
respectively. Any material point X in B; is identified by its position vector X. An application of the external stimuli deforms the
body so that the material point X occupies a new position X = x(X, t) at time t in the deformed or current configuration 5,
with the boundary and the outward unit normal denoted by dB; and n;, respectively. Here, the vector function x with a
sufficiently regular property is defined for all points in 8. The deformation gradient tensor is defined asF = dx/ X = Grady,
where ‘Grad’ is the gradient operator with respect to ;. In component form we have F;, = dx;/dX,, where Roman and Greek
indices are associated with B; and B, respectively. The local measure of the volume change is J] = detF = 1 for an incom-
pressible material. The left and right Cauchy-Green deformation tensors b = FF' and ¢ = F'F are used as the deformation
measures, where the superscript T signifies the usual transpose operator of a second-order tensor if not otherwise stated.

Under the quasi-electrostatic approximation and in the absence of mechanical body forces, free body charges and currents,
the equation of equilibrium, Gauss’s law and Faraday’s law may be written as

divt = pxy, divD=0, curlE=0, (A1)

respectively, where p is the material mass density (which remains unchanged during the deformation), the subscript ¢t
following a comma denotes the material time derivative, ‘div’ and ‘curl’ are the divergence and curl operators in B,
respectively, and t, D and E represent the total Cauchy stress tensor including the contribution of the electric body forces, the
electric displacement and electric field vectors in B;, respectively.

For an incompressible material, the nonlinear constitutive relations can be expressed as

0

_ -1 =
T pF ', & D

~OF

where Q(F, D) is the total energy density function per unit reference volume, T =F~'7, D = F"'D and £ = F'E are the total
nominal stress tensor, the Lagrangian electric displacement and electric field vectors, respectively; p is a Lagrange multiplier
introduced by the incompressibility constraint. Note that the total nominal stress tensor is the transpose of the first Piola-
Kirchhoff stress tensor and that they both are non-symmetric two-point tensors like the deformation gradient tensor [27].
Due to incompressibility (I3 =det ¢ = 1), the energy density function Q(F, D) depends the following five invariants only,
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I =tre, 12:%{(trc)2—tr<c2>], I4=D-D, Is=D-(cD), IG:D-(CZD). (A3)

Thus, the total stress tensor T and the Eulerian electric field vector E can be derived from Egs. (A.2) and (A.3) as

T =2Q;b+ 20, (1113 - b2> —pl+2QsD®D + 2Q5(D®bD + bD®D),
E- 2<Q4b’1D+QSD+QGbD),
where Qp = dQ/dlm (m=1,2,4,5,6).

Taking no account of the electrical quantities in the surrounding vacuum, the mechanical and electric boundary conditions
to be satisfied on dB; may be written as

m=t;, Exn =0, D-n;= —0f, (AS)
where t, is the applied mechanical traction vector per unit area of d; and oy is the free surface charge density on 91,
A.2 The linearized incremental theory

Now an incremental time-dependent perturbation x = (X, t) along with an infinitesimal incremental electric displace-

ment Dy is superimposed upon a finitely deformed configuration B, (with the boundary 958, and the outward unit normal
vector n). Here, the incremental quantities are denoted by a superposed dot. According to the incremental field theory [46],
the updated Lagrangian form of the incremental governing equations can be written as

divly = puy, curléy =0, divDy =0, (A.6)

where u(x, t) = x(X, t) is the incremental displacement vector and Dy, & and T, are the ‘push-forward’ versions of the
corresponding Lagrangian increments. The resulting push-forward variables are identified with a subscript 0. The linearized
incremental constitutive equations for incompressible SEA materials are

To = AgH + ToDy +pH — pl, &y = ToH + Ry Dy, (A7)

where H = gradu is the incremental displacement gradient tensor, p is the incremental Lagrange multiplier, and .4, I'g and
Ry are, respectively, fourth-, third- and second-order tensors, which are referred to as instantaneous electro-elastic moduli
tensors. Note that the superscript T in Eq. (A.7) stands for the transpose of a third-order tensor between the first two indices

and the third index, i.e., I‘EH = [gjjkHjj. In component form, Ao, I'g and R are given by

Aqpigi = FpaFggAvigi = Aogipis  Topig = FpaFﬁql Luig = Toipgs

11 (A.8)
Roij = Fui Fgj Rag = Rajis
with the referential electro-elastic moduli tensors A, I and ‘R associated with Q(F, D) defined as
Q PQ a%Q

Aigj —m7 aif = m, af = W (A9)
Additionally, the incremental incompressibility condition can be written as

divu=trH = 0. (A.10)
The updated Lagrangian incremental forms of the mechanical and electric boundary conditions are

. T A . .

Toll:to, Eyxn=0, Dy-n=—0p, (A]])

where the increments of electrical variables in the surrounding vacuum have been neglected, tf} and —opg are the updated
Lagrangian incremental mechanical traction vector per unit area of 383 and the incremental surface charge density on 413,
respectively.

Appendix B. Elements of the system matrix M

The four partitioned 4 x 4 sub-matrices My(i,j= 1,2) of the system matrix M in the state equation (24) are given by [52]
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where

q1 = (e12 —e11)/e11, q2 = (é13 —e11)/e11, M = C12 — €1 + €114y, Ny =C13 — €11 + €114z,
43 = Cxp —Cip +€1241 — Ny, 44 =0C3 —Ci2+€1242 — M2, (5 =C3 —C13 +€13G1 — 1Ny,

2 2
g = C33 — €13 +€13G2 — N2, (7 = Cgg — C69/6667QS = e6(1 — Cg9/Ce6); q9 = Cgg — CSS/C557

q10 = e35(1 — C58/Cs5), q11 = eﬁs/css +exn, qu2= e§5/C5s + €33

Appendix C. Frequency equations of non-axisymmetric vibrations in a pre-stretched hyperelastic tube

In this appendix, we derive the frequency equations of non-axisymmetric vibrations in a pre-stretched hyperelastic tube
by means of the conventional displacement method. Without the electromechanical coupling, the deformation in a hyperelastic

tube is homogeneous with the relations, A, =4y =1 =4, =4, 172 The three-dimensional incremental governing equations
for the pre-stretched hyperelastic tube can be obtained from Eqs. (18)-(21) by neglecting the electromechanical coupling
terms. In fact, the governing equations for the hyperelastic tube can be deduced from those in Su et al. [53] for an SEA hollow
cylinder with homogeneous biasing fields through a proper degenerate analysis.

Based on the basic governing equations without the electromechanical coupling obtained by Su et al. [53] (see their Eq.
(41)), three displacement functions ¥, G and W are introduced to express the displacement components as

_9 196
ar r df’

14y G

ur—?wfy./ Ug = UZ=W7 (C'l)

which, when combined with the relation cy1 — ¢12 — g9 = Cgg, yields
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P aw
2 _ _ _ 2 _
<C55V +C77622 p6t2>ll/ 0, V4G + 0z 0,
, e 2
€11 —C13 — C58)V“ +C77— —p—|G+p=0 , Cc2
(€11 — €13 — Cs8) T2 P p (C2)

8% 92 ap
v? —C13—Cs8)— — p—|W — == =
€55V + (€33 — €13 — Cs8) 2 Patz] 2= 0

where V2 = 32 /6r2 + (1 /r)3/dr + (1 /r2)8% /96 is the two-dimensional Laplace operator.
We look for the vibration solutions to Eq. (C.2) in the form:

¥ = Y(r)sin(mf)cos(nwl)el*, G = G(r)cos(mb)cos(nml)elt,

W = W(r)cos(mf)sin(nm{)el“t, p = p(r)cos(mf)cos(nm{)elt, (€3)

where { =z/lis the dimensionless axial coordinate and m is the circumferential wave number. Note that Eq. (C.3), while
satisfying the generalized rigidly supported conditions (28) at the tube ends, represents the non-axisymmetric vibrations and
can be reduced to the axisymmetric vibrations by setting m = 0. Substituting Eq. (C.3) into Eq. (C.2), we obtain

(/1—&-0(%)@:0, - AG+yW =0,
[(Cn — €13 — C58) A + pw? — 72C77]E +p=0, (C4)
[Css/l +pw? — (33 — €13 — Css)“/z]W +vp=0,

where A4 = d?/dr? + (1 /r)d/dr — m?/r?, &} = (pw? —y2c77)/ces and y = nm/L.
It is apparent that Eq. (C.4); is a Bessel equation of order m, and its solution is

¥ =As)m(asr) + B3Ym(asr) | (C5)

where Ji( ) and Yy ( +) are the Bessel functions of the first and second kinds of order m, respectively, and A3 and B3 are
arbitrary constants to be determined from the boundary conditions. As for the remaining equations in Eq. (C.4), their solution
can be assumed as [53].

G C] D]
{ w } =Jm(ar)q G ¢ + Ym(ar)q D2 ¢, (C6)
13 C3 D3

where « is the radial wave number related to the other three functions G, W and p, and Giand D; (j = 1 — 3) are undetermined

constants. Inserting Eq. (C.6) into Eq. (C.4);_4 and ensuring the non-trivial solutions, the determinant of the coefficient matrix
associated with C; and D; must be zero, which results in the following characteristic equation:

gn 0 1
0 g»n &3|=0, (C.7)
&1 82 O

where

g = Pwi — ey — (e — C213 _558)7
82 = pw° — (33 — €13 —2558)7 — a°Css, (C8)
823=832=7, 8&n=0".

For prescribed n and , the characteristic equation can yield two different values of « with Re[a;] >0 or Re[a;] = 0 and
Im[e;] > 0. The complete vibration solutions can be expressed as
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=

_ L (1
{GW} = Z{ Byj } [Adm (1) + BYm (7)) (C9)

p 2j

where A; and B;j (j=1-2) are undetermined constants and the ratio $;; and (,; between different constants Cj; or
Dj (i=1 - 3) are obtained as

Bij=— ]-2/7» Baj= — [sz —(c33 — €13 — C58) 7 —061-2C55]ﬁ1j/% (i=1-2). (C.10)

After substituting Eqs. (C.5) and (C.9) into Eq. (C.1) and (21)148, we obtain the incremental displacement and transverse
stress components. Then, we impose the mechanical part of incremental boundary conditions (38) and the determinantal
condition for non-trivial solutions to exist, and obtain the frequency equation of the non-axisymmetric vibrations as

|dj| =0, (i.j=1-86), (€11)

where the elements dj; (i = 1 — 3) of the first three rows of the determinant corresponding to the boundary conditions on the
outer surface r = b are written as

. 1 [m? ,
dlj = 7C112m(01jb) + C]zE l: b Zm(()[]b) 7Zm(a]b)] + (C]3’Yﬂ]j — ﬁzj)Zm(a]b),

diz = c1y {%J;’n(“zb) - %]m(“s'b)} + C12% {%]m(%b) - m];n(aBb)}

m,,, m 1mm
dig = C11 |:3Ym(a3b) - ﬁym(%b)] +Cizg {FYm(%b) - men(%b)} ;
C , m m m
dyj = % [mzm (ajb) — gzm (D‘jb)] + Ce6 |:FZI/71 (ajb) — bﬁzm (“jb)} ) (C12)

2
dy3 = C% [— mT m(asb) +J§n(0¢3b)} — Cealm(a3b),

c m? , )
s =52 | = ¥m(aab) + Yp(asb)| — cos¥y (o),

! / m m
dsj = C5561jZp (ajb) + c587Zy, (a;b),  d33 = —CsgY pim(asb) . dse = —Csg7 4 Ym(ash),

wherej =1,2,4,5, the prime denotes differentiation with respecttor, Z(+) =J(+)forj=1,2andZ(-) =Y(-) forj = 4,5.In
addition, the notations ¢;,3 = &; and f;;, 3y = §;;(i,j= 1,2) have been adopted in Eq. (C.12). For the boundary conditions on
the inner surface r = a, we can use the inner radius a to replace the outer radius b in Eq. (C.12) to obtain the elements
d;j(i=4—6) of the last three rows of the determinant (C.11).

For the axisymmetric vibrations with m = 0, the frequency equation (C.11) can be decomposed as

diy dip dig dis
d3; d3p d3g dss
dyy dgp dgy dgs
ds1 dsy des dgs

dy3 das

d; = ds3  dsg

=515, =0, (C.13)

where S; = 0 and S; = 0 represent the axisymmetric longitudinal vibration (L vibration) and the purely torsional vibration (T
vibration), respectively, of the pre-stretched hyperelastic tube.

Now consider neo-Hookean hyperelastic materials with strain-energy function Eq. (13) with Is = 0. We can obtain the
necessary instantaneous elastic moduli and effective material parameters from Appendix B in Wu et al. [52] and Eq. (23) as

-1 2 -1
Aot111 = Ao2iz = A, Api21 = Ao1122 =0, p=ulj =pl;,

i » ) (C.14)
C11=2uh; , C1p2=0, Co6=Co9=pA, , C77=ply,
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which yields &% = a = )z(w? —k?) with w = wH/+/u/p and k = nwH/L. Substituting Eq. (C.14) into Eq. (C.13), we rewrite
the elements assoc1ated with the purely torsional vibration, in the dimensionless form, as

dy3 = d23 ;Jo( %32 ) 2(1 = n)as)i (1&311’),
ds = dZG_Z = 3Y0 (1@17) 2(1=mazh (1@71)’ (C.15)
ds3 = d53H72 =3 0(;7&_3;) - 2<?771 - 1)&3/1/1 (1”&_3:7>,

dsg :dss e 3,1Y0(1WB;7> 2( - 1>01 Y1 (1”0‘ 37)

where @3; = a3d; = &3/1;1/2 = Vw2 — k2. It is obvious from Eq. (C.15) that the resonant frequency of the purely torsional
vibration is independent of the axial pre-stretch 2., but depends on the length-to-thickness ratio L/H in k and the inner-to-
outer radius ratio n = A/B. After some manipulations, the frequency equation S, = 0 becomes

(2 ) (2 () -0 e

2

Thus, we note that &%A = w? — k2 = 0 is one of the solutions to the frequency equation of the purely torsional vibration,
which is only determined by L/H. In fact, the torsional displacement corresponding to @ = « is proportional to the radius, and
thus the vibration is a rotation of each cross-section of the tube as a whole about its center, which is similar to the torsional
waves in an isotropic elastic cylinder [63].

For the breathing mode with m = u, = u, = 0, we have from Eqgs. (C.1) and (C.3)

u=u(r)e, uy=0, u;=0, p=p(re?t (C17)

Substituting it into the incremental incompressibility condition (20) and the incremental governing equation (18) gives

ﬁ,(r) = __ﬁ(r)v ﬂ”(r) zu(r)’
r r
_, _ (C.18)
_ u'(r)y u(r _
en [+ 517 20 - ) = —upe?
r r
Thus, the solutions to Eq. (C.18) can be written as
ﬁ:A4/r, P =Agp0? InT + By, (C.19)

where A; and B4 are the undetermined constants. Utilizing the incremental boundary conditions TOrr\r:a,b =
(C1ouUr /T + C11U, — p)|r:a‘b = 0, we can obtain the frequency equation for the breathing mode as

1 1 a
PwZZ(Clz—Cn)(a—z—ﬁ) /IHE’ (C.20)

which, when combined with Eq. (C.14) and 7 = 7, leads to the frequency equation for the pre-stretched neo-Hookean
hyperelastic tube as

o?=—2(1- n)2(1 7712) / (nz In n)- (C21)

Appendix D. Frequency equation of the purely torsional mode with linear displacement distribution in an SEA tube
For the purely torsional vibration with m = u; = u, = p = ¢ = 0, the only non-zero displacement component is

uy = v(r)cos(nmf)elt, (D.1)
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which satisfies the generalized rigidly supported conditions (28) at the tube ends. Therefore, the incremental incompressi-
bility condition (20) is satisfied automatically. Substituting Eq. (D.1) into Eqs. (21)-(22), we obtain the non-zero stress and
electric displacement components as

. 6u0 u‘g . 8u9 U60
Torg = Co6—= — Ceo— Togr = Ceo—> — Ca9—
or r or r (D2)
. au,g . GU() . (311,9 Uy ’
Topz = Car5, Tow =775, Doy = €25\ 5~ |-

Consequently, the incremental governing equations (17) and (18)1,3 are also satisfied automatically. Inserting Eq. (D.2) into
Eq. (18), yields

—1 C66\ -/ / Cog 17(1”) 2 YAPS _
oot (1) + (Chs +—2)7/(1) — (g +—2) =2+ (p? = c7? )(r) = 0, (D.3)
where v = nm/l and the prime signifies differentiation with respect to r.

Note that based on the incremental form of the total Cauchy stress symmetry condition FT = (FT)T, the connections
between the components of .4 and 7 for an incompressible material may be obtained as [27,52].

Agjisk — Aoijsk = (Tjs + P0js) ik — (Tis + Djs)Oj, (D4)
which, when combined with Eq. (23), provides

Ce6 —Ce9 = T11, Cog — Ce9 = T22, Co9 = T22 — T11 + Ce6- (D.5)

Thus, using Eq. (D.5) and the equilibrium equation (6), with 7+ = 797 and 749 = 722, Eq. (D.3) can be rewritten as

v(r)

C C
oot (1) + (o +—22)7(1) — (i +—22) == + o ceo(r) = O, (D.6)

T
where o = (pw? — y2c77)/cgg. It is obvious that the solution to Eq. (D.6) is difficult to obtain for o3 0. However, if o = 0, Eq.
(D.6) becomes

1 v(r)

o 1) 439 (r) ~ 500r) | = e |02 ()| (D7)

Now we assume that the left-hand side of Eq. (D.7) is equal to zero, i.e.,

7/ +17(1) () =0, (D3)

which is the classical Euler equation with the general solution %(r) = Asr—! + Bsr, where As and Bs are the undetermined
constants. In order to make the right-hand side of Eq. (D.7) vanish, we take As = 0, which yields the solution of 7(r) and u, as

¥(r)=Bsr, up=Bsr cos(nw{)el*r. (D.9)

Thus, the solution (D.9) satisfies the governing equation (D.7).

Inserting Eq. (D.9) into Eq. (D.2);, we have T,y = Bs(cgg — Cgg)cos(na{)elt. Using Eq. (D.5); and 714 lr—ap = Trrlr—qp = 0,
the incremental boundary conditions Tg,g|,_, , = O are satisfied automatically. As a result, regardless of the inhomogeneous
biasing fields, Eq. (D.9) is indeed a solution of the purely torsional vibration in the SEA tube with a% = 0 determining its

frequency equation. Specifically, the torsional mode related to o = 0 exhibits linear displacement distribution along the
radial direction.
Particularly, for the neo-Hookean ideal dielectric model (13), the frequency equation a% = 0 can be rewritten as

o2 = p? H? / = (nH/L)%=k2, (D.10)

which is independent of the axial pre-stretch 4, and the inner-to-outer radius ratio = A/B, and depends only on the length-
to-thickness ratio L/H. This phenomenon is analogous to the hyperelastic case described in Appendix C.
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