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Abstract Acoustic wave propagation from surrounding
medium into a soft material can generate acoustic radiation
stress due to acoustic momentum transfer inside the medium
and material, as well as at the interface between the two. To
analyze acoustic-induced deformation of soft materials, we
establish an acoustomechanical constitutive theory by com-
bining the acoustic radiation stress theory and the nonlinear
elasticity theory for soft materials. The acoustic radiation
stress tensor is formulated by time averaging the momen-
tum equation of particle motion, which is then introduced
into the nonlinear elasticity constitutive relation to construct
the acoustomechanical constitutive theory for soft materials.
Considering a specified case of soft material sheet subjected
to two counter-propagating acoustic waves, we demonstrate
the nonlinear large deformation of the soft material and ana-
lyze the interaction between acoustic waves and material
deformation under the conditions of total reflection, acoustic
transparency, and acoustic mismatch.
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1 Introduction

Acoustic waves carry momentum flux when propagating in a
medium, which is capable of generating an acoustic radiation
force at the interface of the objects immersed in the acoustic
field [1,2]. This force is quite like the optical radiation force
produced by electromagnetic waves striking on electrically or
magnetically responsive objects. Although the two radiation
forces are both attributed to the momentum transfer occurring
at the interface between different media, the acoustic radia-
tion force is generally much larger than its optical counterpart
[3]. Forexample, in air at room temperature, the magnitude of
the acoustic radiation force is approximately 10° times that of
its optical counterpart under the same input power. Therefore,
the acoustic radiation force may induce large deformation
in soft materials. This paper aims to develop an acoustome-
chanical constitutive theory for nonlinear deformation of soft
materials.

The acoustic radiation force is intrinsically a time-
averaged force over an oscillation circle of an acoustic wave,
namely, a mean residual stress stemming from the nonlin-
earity of particle momentum. This force is in the form of a
stress tensor when exerting on the micro-cubic element of
the medium, and is a real force when exerting on an object
with an arbitrary surface immersed in the medium. Lord
Rayleigh [4,5] first developed a theory of radiation pres-
sure arising from acoustic waves in compressional fluids and
obtained the acoustic radiation pressure on a perfectly reflect-
ing surface induced by a normally incident plane acoustic
waveinagasas (y + 1)(E)/2, where y is the ratio of specific
heat of the gas and (E) is the time-averaged energy density of
the wave over a circle. Inspired by Lord Rayleigh’s pioneer-
ing work, numerous studies were carried out to investigate
the acoustic radiation force and relevant applications, for
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instance, the study of acoustic radiation pressure on arigid or
compressible sphere [6-9], acoustical trapping and tweezers
[10-15], acoustic levitation and contactless handling of mat-
ter [16-19], deforming fluid interface and biological tissues
[20-22]. This research has demonstrated that the acoustic
radiation force generated in the path of traveling acoustic
waves is sufficiently large, and can even levitate metallic
spheres and deform tissues. Therefore, it is understandable
that this acoustic radiation force induces large deformation
in soft materials.

Although a great deal of effort has been devoted to
studying acoustic radiation forces, there is yet research
on large deformation of soft materials induced by these
acoustic radiation forces. The present paper aims to establish
an acoustomechanical constitutive theory for the nonlinear
deformation of soft materials and analyze theoretically the
coupling relationship between acoustic waves and mater-
ial deformation. This work will open the avenue for the
field of acoustomechanics for soft materials, which can be
employed to investigate the nonlinear deformation and insta-
bility behaviors of soft materials. It is also worth pointing out
that the present “acoustomechanics” is completely different
from the old topic of “acoustoelasticity”. Acoustoelasticity
focuses on the effects of initial strains or stresses on con-
ventional sound velocities, where the initial deformation is
not caused by acoustic waves. In contrast, acoustomechanics
concentrates on acoustic-actuated large deformation of soft
materials, in which a focused, high-intensity ultrasonic wave
can stretch the material to undergo large deformation.

2 Acoustic radiation stress tensor

To formulate an acoustomechanical constitutive theory for
soft materials, this section summarizes the fundamental equa-
tions of the theory for acoustic radiation stress tensors in an
ideal fluid-like material. The theory is expressed in the more
familiar Eulerian coordinate system. The motion of a mater-
ial is governed by a momentum equation [23,24]

du
p|:¥+(u~V)ui|+VP=0, @))

and a continuity equation

ap

— +V-(ou)=0, (2
ot

where p is the material density, P is the sound pressure,
and u is the velocity field. Combining Egs. (1) and (2) and
introducing the momentum flux tensor T', we obtain

d(pu)
ot

+V.T =0, 3)
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where the momentum flux tensor is given as
T=PIl+pu®u, 4

I being the identity matrix. Following the general custom in
fluid mechanics, the momentum flux tensor here represents
pressure when its value is positive, while denoting tension
when its value is negative. Actually, the momentum flux ten-
sor is the reason of acoustic momentum changing.

Consider an oscillatory motion of the material. For conve-
nience, it is natural to define a mean momentum flux tensor
by averaging the pressure tensor over a cycle, denoted by
symbol (-). Alternatively, this mean momentum flux tensor
can be regarded as residual mean stress, which is derived by
taking the time average of the momentum equation by not-
ing that (df /dt) = 0 when the quantity f is a time period
function. Therefore, the mean momentum flux tensor can be
expressed as

(T) =(P—P) I+ {pu®u), (5)

where P, is the ambient pressure in an undisturbed state.
Since we focus on the fluctuation of excess pressure with
respect to the ambient pressure, it will make no difference to
use P — P, instead of P. The second term is the well-known
Reynolds stress, standing for the time-averaged transport of
acoustic momentum density pu; (or pu ;) with velocity u ;
(or u;) in the x; (or x;) direction of the transport. Generally,
the Reynolds stress is significant in fluid medium, whereas
it is insignificant and can be ignored in solid medium. For
solid medium, only in or near resonance, the Reynolds stress
plays a dominant role and should be taken into account.

The mean excess pressure (P — P,) is zero at the lin-
ear level, but nonzero in general at the nonlinear level, and
hence contributes to the change in acoustic momentum. With
the ideal fluid-like assumption, the material motion is irrota-
tional. That is to say, the material velocity can be expressed
in the form of velocity potential as u = —V¢, ¢ being the
fluid velocity potential. The momentum equation can thence
be rewritten as

99 1 o2l _YP
v[—3[+2(v¢)}_ . (©6)

The first law of thermodynamics dictates that dh = T'ds +
dp/p, where s and & are the entropy per unit mass and the
enthalpy per unit mass of the fluid, and T is the temper-
ature. As the propagation of sound is in general adiabatic
so that heat conduction can be ignored, the thermodynamic

law simplifies to dh = dP/p or Vh = V P/p. Integrating
Eq. (6) yields the enthalpy per unit mass of the material

ap 1

S 2 /
h = o 2(V¢>) +C, (7
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where C’ is constant in space, but can depend on time. In the
nearby region of the undisturbed state, the pressure can be
expanded in a Taylor series in terms of enthalpy as

dp 1 (d?p )
P=pP+ (L) ne=(Z2) n24..., 8
”(dh)s,a +2(c1/12)s,a - ®

where the subscripts “s, a” signify constant entropy and the
undisturbed state, respectively. Applying the basic relations
(dh/dP)s =1/p and (dP/dp)s = ¢2, we have

d’p dp dp dpP P Oa

dh= ) dh J dP) \dh /], ¢ cx
Let all the quantities take undisturbed state values. The pres-
sure can be written as

_ a_¢_l 2 /
P—Pa+Pa|:8t 2(V¢]+C]
Tpafdd 1 o
2C§[at 2(V¢>+c]+ . (10)

The constant C’ is commonly taken as zero in linear
acoustics. The enthalpy thus has the form 2 = (P — P,)/pa
= 0¢/0t. Taking time-averaged manipulation of Eq. (10)
and keeping terms up to the second order, we obtain

_ 1 2\, Lo [(39)°
(P =P = =3 pa((V9) >+zg<(5) >+c, (11)

where C = p,(C’) is constant in both space and time. For an
open system without rigid boundaries, the value of C can in
general be taken as zero. We are, therefore, only interested
in truncating up to the second-order terms, as the quadratic
terms of ¢ are enough to ensure the accuracy of the mean
excess pressure. Substituting Eq. (11) into Eq. (5) yields the
acoustic radiation pressure (or stress) tensor [2,25,26]

1 o\, Loa [(00)°
(T)=|:—§pa<(v¢) >+§g<(§) >]I+Pa (u®u),

12)
or equivalently
(P?)  patu-u)
(T) :(2;03103 — 5 I+ p,(u®u). (13)

Upon integration, this stress becomes an actual radiation
force

Pa (U - u)

Frad — _ / (p2) _
Jag |\ 2pac2 2

)(n~1)+pa ((n~u)u):|da,
(14)

where n is the outward positive unit vector on the surface of
the selected body.

Finally, given the time-harmonic nature of the present
problem, the time-averaged stress is expressed as

1 [[(p*p) _ pa (W - u)

T) = -R
T =3Re )| 2002 2

}I—l—,oa(u*@u)],

15)

where the superscript asterisk “*”” means the complex con-
jugate of the corresponding variable.

3 Acoustomechanics of soft materials

As formulated in the above section, the acoustical radiation
stress scales as p(z) / (,oacg), and hence the non-dimensional
acoustic radiation stress is pg/(/x,oacg), where pg is the
amplitude of input sound pressure. Typical acoustic pressure
at the focus lies between 0.1 MPa and 4 MPa. Correspond-
ingly, the acoustic radiation stress ranges from 70247 Pa to
112 MPa in air and 4.44 Pa to 7111 Pa in water. Conse-
quently, as the shear modulus of a soft material ranges from
dozens of pascals (Pa) to several kilopascals (kPa) [27-31],
the acoustic radiation stress is sufficiently large to induce
large deformation in the soft material. Compared to con-
ventional mechanical forces, the acoustic radiation stress is
comparable in magnitude, but superior due to its non-contact
nature and capability of fast manipulation, attractive for a
wide range of practical applications.

To facilitate subsequent theoretical formulation, we
assume that the soft material is homogeneous, isotropic
and nearly incompressible (i.e., det (F) ~ 1, F being
the deformation gradient tensor), so that its bulk modulus
K = E/[3(1 —2v)] is much larger than its shear modulus
G = E/[2(1 + v)]. In other words, the soft material behaves
like a fluid since its bulk modulus plays a dominant role
in wave propagation. Particularly at ultrasonic frequencies,
the soft material may be regarded as an ideal fluid medium
for wave propagation since it bears negligible dynamical
shear stress in such cases, which simplifies tremendously the
modeling of wave propagation. However, the assumption of
fluid-like material is only for dynamical wave propagation.
When static deformation is of concern, the stiffening effect
of the soft material needs to be taken into account when large
deformation in the material approaches the extension limit.

As previously mentioned, for nonlinear material motion,
the acoustic radiation stress is actually a residual mean stress
over a period. If the period is small enough, the smooth
dynamic process of the stress cannot be identified, which
naturally exhibits a steady state of stress, as well as a steady
state of the induced deformation. To satisfy this condi-
tion, the ultrasonic sound with frequencies beyond 10° Hz
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can be selected as the input sound field, which will gen-
erate a dynamic acoustic radiation stress varying in a very
short period (less than 1076 s). This stress can, therefore,
be regarded as a steady-state averaged stress to cause static
material deformation.

Under the above considerations, we next formulate the
acoustomechanics of soft materials by combining the non-
linear large deformation mechanics of soft materials and the
acoustic radiation stress theory. Since the acoustic radiation
stress is a field force, it can be considered an “insider”, i.e.,
as part of material law to establish the acoustomechanics of
soft materials. The nonlinear mechanics of soft materials can
be summarized as below. We consider a continuum material
particle at a particular time as a reference state and repre-
sent this material particle using its position X. In the current
state over a time ¢, the material particle moves to the new
position x = x(X, r) with a material deformation gradient
F = 0x(X,t)/0X. The Cauchy stress is related to the first
Piola-Kirchhoff stress as o = s - FT /det(F). LetdV (X) be
a volume element with mass density p(X) and body force
ﬁ(X, t). Let N(X)dA(X) be a surface element with surface
force f'(X, t). dA(X) is the area of the element and N (X)
is the unit vector normal to the element with positive value
towards outside. Force balance of the volume element dic-
tates that ds/0X + F = pd°x /31>, with force boundary
conditions - N = T.

To calculate the acoustic radiation stress in the soft mate-
rial, sound pressure and velocity fields in and out of the
medium need to be determined first. With reference to Fig. 1,
consider a thin sheet of soft material impacted by time-
harmonic sound field p(x, 1) = poe 3**~9) where k is
the wavenumber vector. Wave propagation in the material
is governed by momentum equation V - ¢ = pd2u /31> (in
Eulerian coordinates). As demonstrated in the Appendix, the
pressure and velocity fields can be obtained using the conti-
nuity conditions on the boundary interface. Once the pressure
and velocity are known, the acoustic radiation stress tensor in
and out of the material can be calculated by time-averaging
the corresponding variables, as

2
. p :
<T0Utslde>5 < 1>2 -l ) I+p1 (g ®@uy), (16)
2p1c7
M OWGIAa ) () —(T12)
1 E
o= —(Ta1) %W — {Tx)
— (T3 —(T32)
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Fig. 1 Tllustration of the deformation of a soft material induced by
acoustical radiation stress from reference state (L, Ly, L3) to current
state (I1, [, [3)

<Tinside> _ (p%> P2 (up - up)

17
oy : (17)

I+ pp (uz @ uy),

where the subscripts “1, 2” represent the outside medium and
the inside medium, respectively.

The Cauchy stress in the soft material can be expressed
as the sum of elastic-deformation induced mechanical stress
and time-averaged acoustic radiation stress

F BW(F)_

= Gar) oF D

(18)

where W (F) is the Helmholtz free energy related to the elas-
tic deformation of the material, which is a symmetric function
of the principal stretches (11, A2, A3) for an isotropic material
(Fig. 1). Unlike electric or magnetic fields, the input sound
field causes no polarization of the soft material, and hence
the mechanical stress is decoupled from the acoustical radi-
ation stress, which justifies the simple summation of the two
stresses.

For a compressible soft material, if the three-dimensional
input sound field in the selected Cartesian coordinates agrees
with the principal directions, the Cauchy stress can be
expressed in terms of principal stretches as

—(T3)
— (T23) ,
(T33)

(19)

IA3
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where J = det(F) is the Jacobian determinant of the
deformation gradient. If the input sound field is normally
impacting the soft material along one of the principal direc-
tions (or Cartesian coordinates), the Cauchy stress becomes

Al 3W()Ll,)»2.)»3) _

VAR S (T11) 0 0
o= 0 Q BW()\BI),\)Q.)g) 7<T22> 0
J 2
A3 OW (A1, 20,4
0 0 737( By 3 ()
(20)

If the soft material is nearly incompressible, det(F) =~ 1.
Consider it to be approximately incompressible, thus the
Cauchy stress can be expressed as

oW (F)

—rF
oF

(T) — pnl, 2n

where pyp is a Lagrange multiplier to satisfy the constraint
of near incompressibility (i.e., a yet arbitrary constant scalar
to match with the initial and boundary conditions), which is
actually the hydrostatic pressure and taken as a constant since
the dimensions of the material layer considered in the present
study are assumed to be far below the deep where it is located
in the fluid medium. We notice that nearly incompressible
materials can be approximately modeled by adopting the
incompressible model, since it can be numerically demon-
strated that the incompressible model of Eq. (21) leads to
almost the same results as the compressible model of Eq. (18)
when both models are applied to characterize nearly incom-
pressible materials. If the three-dimensional input sound field
in the selected Cartesian coordinates agrees with the princi-
pal directions, the Cauchy stress can be written in matrix
form, as

A W—mw—ph —(T2) —(T3)
o= —(Ta1) L) (T)—py = (T3)
—(T31) —(T32) —(T33)—pn

(22)

If the sound field is normally incident along one of the prin-
cipal directions (or Cartesian coordinates), the Cauchy stress
is simplified as

o LI —(Ty) = py 0 0
o= 0 dy P22 (T — py 0
0 0 —(T33) = pn

(23)

Since the acoustic fields should be solved in Eulerian
coordinates, they significantly depend upon the deforma-
tion of material. In turn, the acoustic fields generate acoustic
radiation stress, which induces material deformation in

Lagrange coordinates. Bearing in mind this coupling inter-
action between material deformation and acoustic fields,
one can deal with the boundary-value problem by applying
an incremental iterative scheme. Starting from the unde-
formed state, one needs to exert mechanical and acoustic
loads with small amplitudes, determine the acoustic field by
solving a boundary-value problem over the fixed configura-
tion body, and determine the displacement field by solving
another boundary-value problem. Further, one should update
the body configuration using the increment of displacement
field, and give small increments to both the mechanical and
acoustic loads. Repeating the above procedures, one can
obtain the finial steady-state deformation until the loads are
increased to pre-specified levels and balance the deformation
stress.

4 A soft material sheet between two opposing
sound inputs

We now employ the acoustomechanical theory to investigate
the nonlinear deformation of a thin sheet of soft mater-
ial subjected to two opposing acoustic fields. As shown in
Fig. 2a, the sheet is immersed in an isotropic medium with
dimensions (L, L, L3) in the undeformed state. When
impacted by two acoustic fields having the same ampli-
tude, frequency, and phase position, but opposite propagation
directions, the sheet is deformed to dimensions (I1, [», [3)
in the current state. The two input acoustic fields are sym-
metric with respect to the midplane of soft material sheet,
which is convenient to treat the system as one of static
deformation because the midplane remains stationary when
subjected to two acoustic stresses of equal magnitude, but
opposing directions. Let the outside medium and the soft
material have acoustic impedance pjc; and pac;. The Carte-
sian coordinates (x, y, z) are located on the left side of the soft
material, as shown in Fig. 2. Two opposing acoustic fields are
incident on the material along the z-direction: the left side
field is pp(z,1) = poe1*1:2=®) and the right side one is
pr(z, 1) = poe il-ki@=h)=el where p is the amplitude,
k1. is the wavenumber in the z-direction, and w is the angular
frequency.

Let the thickness of the soft material sheet be thin and
comparable to acoustic wavelength A = 27 ¢ /w in the soft
material, and let the in-plane dimensions of the sheet be infi-
nitely large. In practice, such conditions may be satisfied by
a sheet thickness of 1 mm and in-plane dimensions and spot
size of acoustic fields exceeding 10 mm. Following the cus-
tom of nonlinear deformation analysis of soft materials, we
consider only homogeneous deformation of the soft material
with principal stretches (11, A2, 13).

Since the soft material and the outside medium are both
assumed isotropic, the acoustic fields are homogeneously dis-
tributed in the two different media. In particular, when the
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Fig. 2 Deformation of a soft material sheet induced by acoustical radi-
ation stress under two opposing sound pressure. The outside and inside
media have acoustic impedance pjc; and pac;, respectively. a In the
reference state, the soft material sheet has dimensions (L, Ly, L3).
b In the current state, the sheet deforms to dimensions (I, l2, [3)
under two opposing acoustic fields pr. = pr,el®’ and pr = pr,el®’.
¢ Equivalent mechanical stress induced by acoustic radiation pressure

acoustic fields are incident along the z-direction, only the
principal acoustic radiation stresses exist

1 [(p*p) 1 X
(T1) = (Tn2) = ERe _Zpac§:| - ZRe [pa (u} - uz)].
(24)
(1) = e[ L2 4 Lge [pa (u? - uz)] (25)
2 | 2pac2 ] 4 e T

When the soft material is nearly incompressible (det(F) ~
1), both the acoustic fields and elastic deformation can be
calculated by taking the soft material as a compressible
material. However, in the case of near incompressibility,
the compressible deformation solution is almost the same
as the incompressible deformation solution. Therefore, the
assumption of incompressibility is adopted here to model the
large deformation behavior of soft materials. In accordance
with Eq. (23), the acoustomechanical constitutive theory of
a nearly incompressible soft material is given as

OW (A1, A2)
A Lo

o - (Tn) -

o] —03 =

(T33)) (26)
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W (A, A
o (A1, A2)

TR — ((T22) —

0y —03 = (T33)) . 27

The Helmholtz free energy function of soft material due
to stretching deformation is expressed following the Gent
model [32], as

- M43 +a2-3
W(F):_'ujhm TN R B B ’ (28)
2 Jlim

where u is the shear modulus and Jj;p, is the extension limit.
When Jiim becomes infinitely large, the Gent model cov-
ers the neo-Hookean model. When subjected to symmetric
acoustic fields (Fig. 2), the Cauchy stress in the x- and y-
directions balance the outside hydrostatic pressure, namely,
l aldz =5 fo 02dz = —pp. Meanwhile, the Cauchy
stress in the z- dlrectlon balances the combination of out-
side acoustic radiation stress and hydrostatic pressure as
03 = —(T%“mde) — ph. Under these force boundary con-
ditions, Eqgs. (26) and (27) become

A2 — a2
A L TR e R 29)
1— (A + 23 + 13 — 3)/Jiim
A2 — a2
t— 13 = I‘;(Zz 122) , (30)
1— (A% + 23 + 13 — 3)/Jiim

where

1 (B
= —/ (T (2))dz, 1= l_/ (T2 (z))dz,
3 .Jo

l
<T1ns1de (13)> < Toutside (s )> 3

As shown in Fig. 2¢, Eq. (31) actually gives the equivalent
mechanical stresses by homogenizing the acoustic radiation
stresses, which are sufficient to deal with the large deforma-
tion of the soft material by applying the acoustomechanical
constitutive model of Egs. (29) and (30).

5 Total reflection

Consider the specific case when the material density p1 < 02
and the sound speed c¢; < ¢, so that the interface is acousti-
cally rigid with respect to the outside surrounding medium.
For example, the soft material is coated with metal film and
immersed in air. Under such conditions, the incident sound is
totally reflected at the interface between the outside medium
and the soft material, thus no sound wave penetrates into the
latter. Sound pressure and particle velocity in the right side
medium of Fig. 2 can, therefore, be written as
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pﬁet _ jwplleiwt [eilqz(zfl.s) + e*jklz(Z*l3):| ; (32)
et = 16l [z st ] (33)

where [ is the amplitude of incident velocity potential.
Accordingly, the resultant acoustic radiation stress is
(Toside(Q)) = (T4 (13)) = pi/(pic?), which exerts
a radiation pressure on the surfaces. Since the sound wave
does not penetrate into the soft material, this pressure is inde-
pendent of the thickness of the material and the sound wave
polarization.

If we select the initial phase position of the two inci-
dent acoustic fields as « = m/2, the soft material sheet
will be stretched by the extension stress 3 = p% / (,olc%).
For the case of total reflection, Fig. 3 plots the deformation
of the soft material induced by acoustic radiation stress. As
the material is subjected to a constant extension stress in
the z-direction, the non-dimensional incident acoustic field
increases monotonously with increasing out-of-plane stretch,
and the stretches are independent of the initial sheet thick-
ness. The in-plane stretches are related to the out-of-plane
stretchas A| = Ay = )\3_1/2.

6 Acoustic transparency

A soft material is acoustically transparent with respect to the
outside surrounding medium when its acoustic impedance
matches with that of the outside medium (i.e., p1c; = pac2).
If only one acoustic field is incident on the soft material
(Fig. 1), the acoustic wave totally penetrates through it with-
out any reflection, generating acoustic forces t; = t, = 0 and
= p(z) / (szc%) - p(z) / (2,01c]2). If two counter-propagating
acoustic waves are incident on the soft material as shown in
Fig. 2, the real fields are the superposition of the two waves
so that the pressure and velocity fields inside and outside the
soft material are

Ccy - . .
ppet = jwpzlc—Zejw’ I:e—JkZZZ n eJk2z(Z—13)] 7 (34)
1
CcH - . .
e o e e (35)
cl
P = jwpy Iel" [éku(z—m + e—j(klzz—klzlz"rkle)] ’
(36)
U = ke, [ [_ejklz(z—lz) + e—j(klzz—klzls+k2z13)] .
(37)
Correspondingly, the acoustic radiation stresses are
<Tlirllside> _ <T2ir2151de>
2
— _Po_ > [elk2z(2z—13) + e—JkZz(22—13)] . (38)
20205

25+

Neo-Hookean .
-—--Gent

20 1

)

,
()

15+ 1
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Fig. 3 Deformation of a soft material sheet induced by acoustical radi-
ation stress in the case of total reflection. a Out-of-plane stretch plotted
as a function of non-dimensional incident acoustic field. b Relationship
between out-of-plane stretch and in-plane stretches. ¢ Stretches of soft
material sheets with different initial thicknesses
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2
(ripide) = L0 (39)
P2C5

outside\ __ [7-outside
<T11 > = <T22 >

2
Po [ei(ZklzZ—zklzl}'l-kZzls) + e—j(2k1z1—2k1113+k2z13)]

a 2,01C%
(40)
<T303ut51de> — 02 i (41)
r1C]
and the equivalent stresses are
Py sin (ka:l3)
n=thHh=—s—7—— (42)
pacs  kals
2 2
14 P
n=—"2_--2 (43)
P2C5 P1C]

From Eqgs. (42) and (43), it is seen that as the sheet thick-
ness is increased, the equivalent stress #; periodically varies
its value with a progressively decreasing amplitude around
the constant value of zero, approaching eventually this con-
stant value when k,/3 — oo. In contrast, the equivalent
stress 73 is a constant independent of sheet thickness. By sub-
stituting Egs. (42) and (43) into the constitutive equations of
(29) and (30), the deformation behavior of the soft mater-
ial is obtained as shown in Fig. 4. As the equivalent stress
t1 is a periodical function of A3 with period 27 /(kp;L3),
the non-dimensional incident acoustic field varies with A3
in a period of 2m/(ky,L3), as shown in Fig. 4a. The in-
plane stretches are related to the out-of-plane stretch as
Al = Ay = A;l/z (Fig. 4b). As shown in Fig. 4c, for a
given acoustic field input, both the in-plane and out-of-plane
stretches are related to the initial sheet thickness L3. Also,
the equivalent stress #; is a periodical function of L3 with
period 27/ (ka,A3), and hence the stretches alter in a wavy
form, asymptotically approaching a constant value when
Ly — oo.

7 Acoustic mismatch

Generally speaking, the acoustic impedance of a soft mater-
ial mismatches with that of its outside surrounding medium,
with p1c1 # p2ca. The acoustic field in each medium con-
sists of both positive- and negative-going waves. In the
case of two counter-propagating incident acoustic waves
(Fig. 2), the pressure field and the velocity field are
separately the superposition of the two opposing fields,
as
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et — 2wl p1 p2kize!® [ paki sin (ka; (z — 13)) — paki sin (ko;2) +jp1kzz cos (ka; (z — 13)) + jpika; cos (ka;2) |
net —

- , (44)
2p1p2k1zkoz cos (ka13) + j (pik3, + p3ki,) sin (ka:13)
et _ 21p1k1zkaz& [pika; sin (ka: (z — 13)) + pika sin (ka.2) +Jpzk1z cos (ky; (z — 13)) — jpoki; cos (ka:2) | 45)
! 2p1p2k1:ka; cos (ka:13) + j (pFk3, + p3ki,) sin (ka:13) 7
22— p22
et _ ja)pglejwt olksz(@=13) 4 o=iks:(z=13) Jsin (k2;13) (P ki, — prky ) + 2,01;02klz.k2z ’ (46)
2p1p2k1zko; cOS (k2z13) +j (ofk3, + p3ki,) sin (ka:l3)
et _ jkgzlejwt _eikaz(z=l3) 4 o—iksz(z—13) jsin (koz13) (10 1z~ Pi k21) + 21p1p2k1ka; (47)
2p1 p2ki1zkoz cos (kaz13) + j (pik3, + p3ki,) sin (ka:13)
In such cases, the acoustic radiation stresses are B> = jwppoki ]
side side o e ks (p1ka, — pokiz) + (p2kiz + prkaz)
<T )= <Tzz > 2p12kizkaz cos (kazls) +5 (07K, + p3k7.) sin (kacls)
(57)

1 . .
= — (AxBje7dt Az BeYt) | (4g)
2/0202

<T1n51de> — A2A; + BzB; (49)
2,020%
< Tzozutside >
1

2,01c1

<T0ut81de> AlAl +leik’ (29
2p1¢3

outside\ __
(i) =

5 (AiBremdst v ) (s0)

and the equivalent stresses are

Hh=n
1 1 ) .
A3By (520 1) = Ay B (e7eb — 1)]] ,
2,0202 |21k2413 [ 2 2
(52)

AyA5 + BBy A|AT + B Bf

t3:22 222_11 211’ (53)
2p2¢5 2picy

where the superscript * means complex conjugates of corre-
sponding variables, and

Ay = jwp; 1elh1:13

(03K3 1h3.) sin (ka:13) + 2p1 pokizka:
2p1p2k1zko; cos (k2z13) + (,012/62 + p3k3, ) sin (kp:13)

(54)
B = jwp Te kb5, (55)
Aa = jwp1 p2ki; ]
o [ s (prkiz + prkaz) + (piko: — pakiz) :|
2p1 p2k1zk2; cos (ko l3) + (,012/62 + p2k? )Sln (k2;13)
(56)

To give an intuitive sense of the acoustic radiation stresses,
their distributions are plotted in Fig. 5 for two specific cases:
current thickness /3 = A and I3 = 1.5A. The in-plane
acoustic radiation stress (771(z)) = (T»2(z)) varies in a sinu-
soidal way along the z-direction in both the soft material
and the outside medium, with significant mismatch at their
interface. Only the inside stress deforms the soft material,
since we ignore the viscosity of the outside medium. The
acoustic radiation stress (733) remains constant along the z-
direction both in the soft material and the outside medium,
with mismatch at the interface in the /3 = A case. This dif-
ference is actually the equivalent stress 3 in the z-direction.
However, in the I3 = 1.5A case, the inside (733) matches
with the outside (733), so that the equivalent stress 73 van-
ishes.

Adopting the constitutive equations at the given acoustic
radiation stress, the deformation of the soft material can
be achieved as shown in Fig. 6. When the current thick-
ness of the sheet is multiples of the half-wavelength of
the acoustic waves, the equivalent in-plane and out-of-plane
stress #; and 73 indeed exists, but 1 — #3 approaches zero,
which is attributed to the nearly infinite value of the non-
dimensional acoustic inputs to attain the deformation. This
is also the reason why the stretches periodically approach to
one since there is no stress (f; — t3 = 0) to induce deforma-
tion of soft material. Because of the equal-biaxial extension
or compressional nature of the problem, the relationship of
the in-plane and out-of-plane stretches Ay = A, = A3 2
always hold true for the normal incident acoustic wave.
In principle, whatever direction the acoustic wave is input
from, the soft material is stretched when it is relatively
softer than outside surrounding medium (i.e., c2 < c¢y),
and is compressed when it is relatively harder than out-
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sider surrounding medium (i.e., ¢ > c¢1) when the input
acoustic waves have zero phase position at the material inter-
faces.

8 Acoustic radiation stress boundary condition

The present acoustomechanical constitutive theory is for-
mulated by introducing acoustic radiation stress into the
nonlinear stress-stretch relation of soft materials, in which
the acoustic radiation stress is homogenized as equiva-
lent mechanical stress to calculate deformation induced
in the soft material. This acoustomechanical constitutive
theory is generally applicable to soft materials. When
an acoustic wave is incident on the soft material, the
momentum governing equation of the material dictates
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that V.- T = —0(pu)/dt. As the acoustic radiation
stress deforms the material via the time-averaged resid-
ual mean stress, we have V - (T') = 0 for the acoustic
wave considered is time-harmonic and (d(pu)/9t) = 0.
According to the theory of nonlinear elasticity, the non-
linear elastic deformation of a nearly incompressible soft
material generates stress 6¢ = FOW(F)/oF — ppl with
material deformation gradient F = 09x(X,t)/0X and
material dynamic governing equation 9s¢/dX + F =
pd%x /1. The Cauchy stress is related to the first Piola-
Kirchhoff stress in the form of ¢ = s¢-F'/det(F). The
acoustic radiation stress can be exerted on the surface of
soft material as a force boundary condition as ¢ - n =
[(Tinsidey _ (poutsidey) . p 4 £ where f is the mechani-
cal extension force. For a given deformation state of soft
material, the acoustic pressure and velocity fields in the
material can be obtained, based on which the acoustic radi-
ation stress can also be determined. Applying the acoustic
radiation stress as the force boundary condition and adopt-
ing the nonlinear elasticity theory of soft materials, one can
favorably solve the acoustomechanical problem of any soft
material.

9 Concluding remarks

An acoustomechanical constitutive theory is developed for
soft materials by adopting the acoustic radiation stress the-
ory in conjunction with the nonlinear elasticity theory, which
demonstrates the giant deformation of soft material under
acoustic wave input. The formulation of acoustic radiation
stress theory indicates the mean residual stress nature of the
acoustic radiation stress by applying time-averaged manip-
ulation over the governing equations. Acoustomechanical
stress versus stretch relations for both compressible and
nearly incompressible soft materials are given in consid-
eration of the acoustic radiation stress. For the specialized
case for two counter-propagating acoustic waves incident
simultaneously on a nearly incompressible soft material,
the general acoustomechanical constitutive model is spec-
ified via a stress homogenization method. The deforma-
tion behavior of and stress distribution in a thin sheet of
soft material are analyzed for particular cases, including
total reflection, acoustic transparency, and acoustic mis-
match.

The acoustomechanical behavior of a structure made of
soft material is significantly dependent upon its initial and
current geometries, which opens a pathway to design novel
multifunctional soft devices in a wide range of fields such
as robotics, medicine, and biology. The large deformation
of soft material induced by acoustic waves enables differ-
ent stimuli transduction in e.g., mechanical stress, electric
fields, and acoustic fields. Also, controlling acoustic wave

propagation via an acoustic wave itself is possible, since
the acoustic wave causes deformation of the soft material
and changes its geometry. As a future prospect, the time-
dependent viscoelasticity behavior of soft materials should
be considered in acoustomechanical modeling since most
soft materials exhibit time-dependent behaviors.
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Appendix: acoustic wave propagation

With reference to Fig. 1, consider a time-harmonic acoustic
wave p(x,t) = poe_j(k'x_w’) with wavenumber vector k
incident on the surface of a soft material sheet from its out-
side surrounding medium. Generally, the incident acoustic
wave will generate reflection and transmission not only on
the inlet surface, but also on the outlet surface and, in Eulerian
coordinates, wave propagation in the medium is governed by
dynamical equation V - ¢ = pd%u/dt>. For ideal fluid-like
materials, this equation degrades to the Helmholtz equation
03%u /31> + V p = 0. The velocity potential field induced by
the incident acoustic wave can be written as

¢1 (x’ t) — Ie—j(k?'-x—a)t) + ﬁe—j(kl_»x—wt)’ (Al)
¢2 (x’ t) — 8e—j(k3'-x—a)t) + é.e—j(kz_-x—a)t)y (AZ)
93 (x, 1) = eIk x—a), (A3)

where the subscripts “1, 2, and 3” denote the left medium,
the soft material sheet, and the right medium, while the
superscripts “+” and “-” correspond to positive- and negative-
going waves, respectively. The corresponding velocity field
and pressure field can be expressed as

8 .
pi=p? 103 (A4)

up =—=Vo;, ”

Continuity of velocity and acoustic pressure requires

Uz = u22|Z:0 , U2z = u3z|z:[3 , (AS5)
P1 = p2l;=0> P2= P3li=is > (A6)
which can be rewritten in the form
jk]zle_j(kl)‘x+klyy_wt) _jklzﬂe—j(klxx+k1)-y—wt)

- jkzzge*j(kzxerkay*wl) _jkzzé‘e*j(kh'x‘i’kl\‘y*wl)’ (A7)
jkzzge—j(kz,YX+k2yy+k2z13 —ot) _jkzz{e—j(kzxX-i-kzy}'—kzzh—wt)

— jk3zfe_j(k3xx+k3yy+k3213 —ot) , (AS)

@ Springer



F Xin, T.J. Lu

oo I:Ie—j(qux+k1yy—wt) T 'Be—j(klxx+k1yy—wt):| = jwpn I:Se—j(kgxx+k2yy—wz) 4 é.e—j(kzxx+kzyy—wt)]’ (A9)
w0 [8e—j(k2xx+k2yy+k2213—wt) + ge—j(ksz+k2yy—k2113—wz)] — jwps3 [Ee—j(kgxx+k3yy+k3213—wt):| _ (A10)
If the same medium occupies the left side and the right side,
i.e., p1 = p3 and k| = k3, one has
ikaols (1272 2.2 —jkaly (/212 _ 212
1B (03k = piks, ) + 1e B (piks — p3kT ) (ALD)
k23 (prko; + poki2)* — ek (pika; — pokiz)?
21prky ek (prk k
b= —— pikiz ; (02 _1;7-/01 22) . (A12)
el (prka; + p2kiz)” — e RuB (p1ka, — p2kiz)
21 prkie Kl (prka, — pok
p— p1kiz i (p1 .k2zl p2k1z) . (A13)
elk23 (prka; + pokiz)” — e 2B (prhka, — pakiyz)
41p1 paky ko eikichs
£ = — ,01,03 1z 21.: : . (Al4)
el (prka; + p2kiz)” — e RuB (p1ky, — p2kiz)
When two counter-propagating acoustic waves are nor-
mally incident on a soft material sheet (Fig. 2), the acoustic
pressure and velocity can be expressed as
C 272 272
prllet = jwp Jelot | gikiz + eikizz jsin (ka.l3) (kalz — P kZZ) + 2p1p2k1zk2; (A15)
2p1p2k1:ka; cos (ka:13) + j (pFk3, + p3ki,) sin (ka:13)
C 2.2 212
net _ g Ieja)t —jkizz _ ejklzz jsin (kazl3) (lOZklz — 'OlkZZ) + 2p102k1:k2; Al6
Uy, =JKiz € D) 2,2 . ’ ( )
2p1p2k1zkaz cos (kaz13) + j (p7k3, + p3ki,) sin (kaz[3)
et — 2wlpy p2k1€1" [ paky; sin (ka: (z — 13)) — paki sin (kaz2) + jpikaz cos (kaz (z — 13)) + jpika; cos (k2:2) | (A17)
? 2p1 pakizko: cos (kaz13) +j (pik3, + p3ki,) sin (ka:13) 7
net _ 2pikizkaze®! [pika; sin (ko (z — 13)) + pika; sin (ka.2) + jpaki, cos (kg (z — 13)) — jpaki cos (ka;2)] (AL8)
2 = - . ,
‘ 201 p2k1zk cos (ka:13) + j (pik3, + p3ki,) sin (kaz13)
.. 212 2.2
net _ oo gt | aikiz(@—ls) | g—ikiz(z—13) jsin (ka:l3) (p3ki, — pTk3,) + 201 p2k1zka A19
p3 _prl +e . 2.2 2,2 . ( )
2p1p2k1zko; cos (kazl3) + j (pTk3, + p3ki,) sin (kazl3)
C 2.2 _ 232
W = e, 1 [_ejklzms) | o-stemtyy 18I Gals) (03K, — p1k) + 211 pakacho: (A20)

2p1p2k12ka; cos (ka:13) + (07k3, + p3k3,) sin (ka:13)
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