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Dynamics of poroelastic filaments
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We investigate the stability and geometrically nonlinear dynamics of slender rods
made of a linear isotropic poroelastic material. Dimensional reduction leads to the
evolution equation for the shape of the poroelastica where, in addition to the usual
terms for the bending of an elastic rod, we find a term that arises from fluid—solid
interaction. Using the poroelastica equation as a starting point, we consider the load-
controlled and displacement-controlled planar buckling of a slender rod, as well as the
closely related instabilities of a rod subjected to twisting moments and compression
when embedded in an elastic medium. This work has applications to the active and
passive mechanics of thin filaments and sheets made from gels, plant organs such as
stems, roots and leaves, sponges, cartilage layers and bones.
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1. Introduction

Poroelasticity is the continuum theory used to describe the behaviour of a biphasic
material in which fluid flow is coupled to the elastic deformation of a solid skeleton
(see Selvadurai (1996), Wang (2000) and references therein). The first applications
of this theory were to geological problems such as consolidation of saturated soil
under a uniform load (Biot 1941). Since then the theory has grown to cover many
and varied applications, some of which are displayed in table 1.

If a medium having interstitial fluid of viscosity v is forced to oscillate with a
characteristic time 7, the Stokes length of the motion, Ly = /v, will characterize
the range of influence of the solid into the fluid. If Ly < I, (the pore length-scale),
the fluid within the pores moves out of phase relative to the solid. On the other
hand, if Ly > I, the fluid will only move relative to the solid when the volume
fraction of the solid matrix changes locally. This limit (Lg > [,) was first considered
by Biot (1941) for an isotropic poroelastic material. Later work using averaging
techniques led to equations of the same form as well an understanding of how the
microstructure of the material influences the constitutive equations of the material
(Auriault & Sanchez-Palencia 1977; Burridge & Keller 1981; Mei & Auriault 1989;
Lydzba & Shao 2000).

Whereas geological applications are concerned primarily with bulk behaviour,
many engineering, physical and biological applications have extreme geometries
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which allow for the application of asymptotic methods to reduce the dimension of
the problem. Some examples include the active and passive mechanics of thin fila-
ments and sheets made of gels, plant organs such as stems, roots and leaves, sponges,
cartilage layers, bones, etc.

In this paper we use the constitutive behaviour of a linear isotropic poroelastic
solid to investigate the stability and dynamics of slender rods made of this material.
In §2 we give a physically motivated derivation of the constitutive equations for
a poroelastic material. In §3 we use the bulk poroelastic constitutive equations to
determine the equation for the time-dependent bending of a slender poroelastic rod
subjected to an externally applied compressive force P. Dimensional reduction leads
to the equation for the poroelastica, where in addition to the usual terms due to the
bending of an elastic rod we find a term due to the fluid resistance. It arises from
the fluid-solid interaction and has a form similar to that in a Maxwell fluid (Bird
et al. 1987). In §4 we solve the problem of load-controlled buckling. Although the
poroelastic nature of the material does not change the buckling threshold or the final
stable shape, it governs the dynamics of the system as it evolves from the unstable
to the stable state. Both the short and the long-time limit are investigated using
asymptotic methods. We then use numerical methods to corroborate our asymptotic
approaches and follow the nonlinear evolution of the poroelastica. In § 5 we treat the
problem of displacement-controlled buckling and compare the results of the poro-
elastica with those of the classical elastica under similar loading conditions. In §6
we consider the linear instability of a slender poroelastic filament embedded in an
infinite elastic medium, when it is subjected to an axial twisting moment and an axial
thrust. Finally, in § 7, we summarize our results and discuss possible applications to
such problems as the mechanics of cartilaginous joints and rapid movements in plants.

2. Governing equations for poroelastic media

We begin with the equations for a homogeneous, elastic isotropic poroelastic material
in the limit where the Stokes length, Ls = +/v7 is much larger than the system size
lm and further that [, is much larger than the pore size [,. We will also neglect
inertial effects in the solid and liquid phases. In this limit the viscous resistance to
fluid flow in the pores is balanced by the pressure gradient, so that the momentum
balance in the fluid yields

pvVi v —Vp—V;,pp =0, (2.1)

where v is the fluid velocity with characteristic scale V', p is the fluid density, V
and V; denote gradients on the system scale and the pore scale, respectively, p is
the macroscopic pressure driving the flow, and p, is the microscopic pressure in the
pore. When the pore scale and system size are well separated (I,/l, < 1), equation
(2.1) gives the following scaling relations:

lmpV. __ pvV

P P

~

Thus, the dominant contribution to the fluid stress in the medium arises from the
macroscopic pressure. The simplest stress—strain law for the composite medium then
arises by considering the linear superposition of the dominant components of the fluid
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and solid stress tensor. Assuming that the elastic behaviour of the solid skeleton is
characterized well by Hookean elasticity (i.e. the strains are small), we can write the
following constitutive equation for the poroelastic medium (see Appendix A for a
derivation using the method of multiple scales):

o=2ue+ \V - -ul —apl. (2.3)

Here o is the stress tensor, u is the displacement field, e = %(Vu + VuT) is the lin-
earized strain, p and A are the effective Lamé coefficients of the material (dependent
on the material properties and the microstructure), « is related to the fluid volume
fraction but includes a contribution from the dilatation of the solid skeleton as it
is compressed by the pressure in the surrounding fluid (see Appendix A), and I is
the identity tensor in three dimensions. These material parameters can be derived
using microstructural information (see Appendix A). In the limit when inertia can
be neglected, the equations of equilibrium are

V.o =0. (2.4)

Mass conservation and continuity requires that the rate of dilatation of the solid is
balanced by the differential motion between the solid and fluid in a poroelastic solid.
This yields (see Appendix A for a derivation using the method of multiple scales)

V:-k-Vp=p0p+ adiV - u, (2.5)

where the solid skeleton is composed of a material with bulk modulus 87! (# A+ % W,
since the Lamé coefficients A and p are for the composite material and take into
account the microstructure, while 37! is independent of the microstructure) and k
is the fluid permeability tensor of the solid matrix. In words, (2.5) states that the flux
of fluid into a material element is balanced by the change in solid volume due to the
bulk compressibility of the matrix. For a rigid incompressible skeleton, 3 = 0. We will
assume that the solid skeleton is isotropic so that k = kI; however, many structured
and biological materials are anisotropic, and one may need to revisit this assumption.
Equations (2.3)—(2.5), when subjected to appropriate boundary conditions, describe
the evolution of displacements w and fluid pressure p in a poroelastic medium. The
typical values of the parameters for a soft gel are o ~ 1, 4 ~ A\ ~ 10% Pa, and
E~10"12m?s ! Pa—l.

3. Equations of motion for a slender filament

We consider a naturally straight slender circular rod of length L and radius R < L
with a tangent to the centreline that makes an angle # with the horizontal (see
figure 1). At its ends an axial force P is applied suddenly at time ¢t = 0. We will
further assume that the lateral surfaces of the filament are free of tractions. This
assumption could break down when the solid matrix is very dilute, so that interfacial
forces become comparable with the internal forces in the filament, but we will not
consider this case here. The slenderness of the filament implies that the axial stresses
vary rapidly across the cross-section and much more slowly along it, so that we can
use an averaging procedure to deduce low-dimensional equations that describe the
motion of the filament. This long-wavelength approximation can be formalized using
an asymptotic expansion in the aspect ratio of the filament R/L < 1. Here, we will

Proc. R. Soc. Lond. A (2004)



1998 J. M. Skotheim and L. Mahadevan

Table 1. Applications of poroelasticity

(Ls = 4/v7 is the Stokes length, where v is the kinematic viscosity of the interstitial liquid and
7 is the time-scale of the motion.)

geometry
infinite medium finite medium
Ls ~ pore size  high-frequency acoustic wave sound absorption

propagation in saturated rock high-frequency vibrating gels/

biological tissues

Ls > pore size  low-frequency acoustic wave low-frequency vibrating gels/
propagation in saturated rock biological tissues
consolidation and settling bone mechanics
phenomena

cartilage deformation

dynamics of poroelastic
filaments

(@) (b)

y
/
e i

6

>

Figure 1. Schematic of (a) a bent rod, where 0(z) is the angle between the deformed and
undeformed tangent vector and x, y and z are body-fixed coordinates in the reference frame of
the rod; (b) the circular cross-section.

proceed directly by noting that, since the rod is slender, bending it is easier than
stretching or shearing it (Love 1944). At the level of scaling, geometry implies that
the out-of-line (bending) displacement of the centreline scales as R, while the axial
displacement scales as R?/L.

At the surface of the filament, no stress is applied. Since the filament is thin, this
implies that oy, ~ 0., ~ 0. For a displacement field u = (ug, uy, u), equation (2.3)
yields

Oy = —p + (20 + N)Dyuy + Ayt + D,u.) = 0, (3.1)
O, = —Qp + (2/1 + A)azuz + /\(aﬂcuﬂ? + 8yuy> =0,

which can be solved for dyu, and 9,u, to give

ap — AO0g Uy

Oyty = O,u, = ESY
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Equations (2.3) and (3.3) give the axial stress

A+ 242
oy P M+ 2 Oty
A p A+

Ogg = (3.4)
More specifically, when an infinitesimal axial element of the rod of length dx is bent
so that locally the centreline curvature is 9,0, fibres that are parallel to the neutral
axis (coincident with the centreline for a homogeneous circular cross-section) and at a
perpendicular distance y from the neutral plane (defined by the neutral axis and the
axis of bending) will be either extended or contracted by an amount y9,.0 dz, so that
the elastic strain d,u, = —y0d,0. This leads to an elastic stress that varies linearly
across the cross-section; in addition, there is a fluid pressure that is determined by
equation (2.5). We insert (3.3) into (2.5) and find the evolution equation for the fluid
pressure:

k(Byap + Oyyp + B2p) = b+ -2 Nap— 2y o.0 (3.5)
zaxD yyD 2zP) = )\+M tP )\+M?J xtV - .

To make the equations dimensionless, we use the following definitions for the
dimensionless primed variables:

x = La’, y =Ry, 2= R, 0= %«9',
S (2u? + 3 p) R? o _ 7w(2u? + 3A\u) R _, (3.6)
o (h+AL2 Ap+ALr 7 '
Y7 [t N8+ a?R,
[(1+ )8 + a2 L>7 (n+ Ak ’

and then immediately drop the primes, referring exclusively to dimensionless vari-
ables from now on. We note that the axial stress, the compressive force and the
pressure are scaled to reflect the dominance of bending deformations over all other
modes, and the time is scaled to reflect the dominance of radial diffusion over axial
diffusion.

The stress in the filament, given by (3.4), can then be written in a dimensionless
form as

Opx = —Y Oz — %5}9. (3.7)

Here, the first term reflects the purely elastic contribution well known from the theory
of beams (Love 1944), while the second term is proportional to the fluid pressure in
the pores. The dimensionless parameter
4
5= K = ~O0(1)
(2p+3M)[(k+A)B + o?]
for most materials denotes the ratio of the fluid and solid stress.
In the long-wavelength approximation, it is preferable to use the stress resultant

F:/UmdA
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Figure 2. Schematic of the local torque balance in a bent rod under an externally applied
compression P. We balance torques about the point O; z, y and z are the coordinates in the
body-fixed frame with O as the origin. Let M (z) denote the total moment due to internal
stresses generated in part by bending the elastic skeleton and in part by the fluid pressure field.
Balancing torques gives: M (z+dl) — M (z)4+dl x P = 0. In the limit dl — 0, 9, M + Psin6 = 0.
The total moment M = E,19,0 + « [ pydA, where E, is the effective elastic modulus of the
poroelastic skeleton and [ is the moment of inertia of the cross-section.

and the torque resultant
M = —/yamdA = /yzamGdA—l— ié/ypdA = M. + M;

as the variables of interest. Here M, is the elastic torque and My is the fluid torque
that arises due the transient effects of a pressure gradient across the filament. Then,
the local force and torque balance, which can be derived from (2.3), (2.4) and (3.4),
or equivalently directly (figure 2), yields the dimensionless equations

0. F =0,
L ) (3.8)
0z M + 7mPsinf = 0.

The first of these equations can be integrated immediately to yield F' = P, with P
a constant determined by the boundary conditions. The second equation combines
the effects of the elastic and fluid stresses that arise due to the fluid pressure, and
requires the solution of the continuity equation (3.5). For a rod with a circular
cross-section, there is rotational symmetry in the problem. Choosing the axis of
bending to coincide with the z-axis, we rewrite (3.5) in polar coordinates (r,¢),
using dimensionless variables, as

1 1
Oip — ;ar(rarp) - ﬁaqﬁqﬁp = 78I ¢0z40. (3.9>

We see that the pressure in the fluid arises from the extensional and compressional
stresses in the filament due to bending. The boundary conditions for the pressure
can be deduced using the following considerations: the centreline of the rod does not
suffer any deformation, and is symmetrically disposed; the pressure at the surface is
determined by the permeability of the surface layers and the flux through it. Then

p=20 atr:O,}

, (3.10)
Bip+0,p=0 atr=1,

where Bi = (nR)/k, and 7 characterizes the flux through the surface for a given
pressure drop (the ambient external pressure is assumed to be zero). The second
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boundary condition in (3.10) on the pressure states that the flux of fluid through the
surface is proportional to the pressure drop across the surface. Bi = oo corresponds
to a freely draining rod, where there is no pressure jump across the surface, and
Bi= 0 corresponds to a jacketed rod, which allows no flux through the surface. For
a sponge, Bi > 1, while for a plant (root, stem or leaf) Bi < 1, since it is designed
to retain water.

Expanding p in terms of the homogeneous solutions of (3.9), we write

p= Z Z[Am” sin me + By €08 M| Ty (1 A e—/\mnt7 (3.11)

m=0n=1

where A,,, and B,,, are constants, J,, is the Bessel function of order m, and A,
is determined by the boundary conditions. Inspection of the inhomogeneous term
on the right-hand side of equation (3.9) yields m = 1 so that Ay, = A, By =0
and A1, = A,. Since the boundary condition is a linear combination of p and 9,p,
we are guaranteed to have a complete basis. We therefore look for a solution to the
inhomogeneous equation (3.9) of the form

p=Y_ An(t)singJi(rv/An), (3.12)

where A, is determined by substituting (3.12) into (3.10), which yields

OrJ1(rv/An) + BiJi(ry/An) =0 atr=1. (3.13)
Inserting (3.12) into (3.9) yields

D (0eAn + A An)Ji(ry/An) = 106, (3.14)
n=1

Multiplying (3.14) by rJ1(rv/A,/) and integrating across the cross-section gives

where

B fol r2J1(rv/Ay) dr

Xn = . (3.16)
oy [T (VA2 dr
Solving equation (3.15) yields
t
Ap = Xn / e M09 04, (3.17)
0

so that (3.12) may be rewritten as
0o t
P=>_ XnsingJi(ry/An) / e M=y L4t (3.18)
n=1 0

Then (3.7) allows us to write the total axial stress o, at a cross-section as
o) t
Ope = —78in 0,0 — ié Z Xn Sin@J1(rv/ ) / e—An(t—t/)azt/e dat’. (3.19)
n=1 0
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fluid resistance

load €— ——> load

J\/\/\/\/L

elastic resistance

Figure 3. Mechanical analogue of the bending resistance of a poroelastic rod. For rapid displace-
ments, the dashpot will not move and the fluid resistance due to the instantaneous pressure
yields a response similar to a stiff (fluid) spring in parallel with an elastic spring. Eventually the
dashpot will move to relieve the stress in the spring and the fluid resistance gradually decays,
leading to a purely elastic steady state.

The dimensionless torque resultant is then given by
o0 t
M=— /rsin G0, dA = %ﬂ@ﬁ + iwé Z *yn/ e_)‘"(t_t,)am/edt’, (3.20)
n=1 0

where L
Tn = X'n,/ r2J1(ry/ An) dr.
0

Substituting the result into the equation for torque balance (3.8) yields the dimen-
sionless equation for the poroelastica (see figure 2),

oo t
Opzf + Psinf + 6 Z Vn / e_A"(t_t/)Gmt/Q dt’ = 0. (3.21)
~ 0

The first two terms correspond to the usual terms in the classical elastica (Love 1944)
for the bending of a rod with a circular cross-section, while the final term is due to
the instantaneous fluid pressure not being equilibrated across the cross-section. The
influence of the fluid is to create a material with ‘memory’, so that the current state
of the filament is determined by its entire history. The kernel in the memory function
for the fluid resistance is e~ *» (=) so that the fluid resistance is analogous to that of
a Maxwell fluid (Bird et al. 1987) with relaxation times 1/),, which measure the rate
of decay of the nth transverse mode in response to the rate of change of the curvature
of the filament 0,:6. A mechanical analogue of the resistance of a poroelastic filament
is presented in figure 3 and shows the connection to simple viscoelastic models.

The dynamics of a poroelastic rod are then determined by the solution of the
equation for local torque balance (3.21), subject to the boundary condition on the
fluid pressure at the surface (3.13), which determines the decay constants A\, and
additional boundary conditions on the ends of the rod, which we now consider in
some specific cases.

4. Planar load-controlled buckling

When an initially straight rod that is simply supported at either end is subjected
to a constant compressive force P that is applied suddenly at ¢ = 0, the boundary
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40 s [
| numerics
I N - asymptotics
20
1 | ] ] | | ] | |
0 0.2 0.4

(P-P.)/5P,

Figure 4. Growth rate s of the deflection as a function of the dimensionless external load P;
P. = 72 is the critical compression above which a simply supported purely elastic rod buck-
les. Here the surface permeability parameter Bi = 0.1. When (P — P.)/6P. = %, the growth
rate becomes infinite and one must consider inertial effects, which are neglected here. For
comparison, we show the numerical results obtained by solving (3.21) with initial conditions
6(0) = 0.001 cos 7z, (dt) = 0.001e* ¥ cos 7z, where s is the theoretically calculated exponent,
with d¢ = 0.001, dx = 0.01.

conditions at the ends are

0.:0(0,t) =0,
(4.1)
0,0(1,t) =0,
and the initial condition is
0(x,0) = 0. (4.2)

The complete time evolution of the rod is then given by the solution of the integro-
differential equation (3.21) subject to the boundary conditions (4.1), the initial con-
ditions (4.2) and the condition (3.13) which determines the rate constants \,,.

(a) Short-time behaviour, t < 1
Expanding the solution about the initially straight state 8 = 0, we write
0 = eb(t), (4.3)

where € < 1. Substituting the expression (4.3) into equation (3.21) and linearizing
yields

00 t
ol + POL+8 D 7 / e M=) 0, At = 0, (4.4)
0

n=1

subject to the boundary conditions
0,01(0,t) = 0,0, (1,t) = 0. (4.5)

To solve (4.4) and (4.5) we use separation of variables, writing 60, (z,t) = g(z) f(t)
and substituting the result into (4.4) to obtain two equations for g(z) and f(¢). The
function g(z) is determined by the solution of the eigenvalue problem:

(1 + g)ang + Pg=0, axg(o) =0, azg(l) =0. (46)
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Here the separation constant ¢ = (P — 72) /7?2 is the relative difference between the

applied load P and the dimensionless buckling load, P, = 72 for a purely elastic rod
that is simply supported at its ends. The function f(t) satisfies

S0 /’ M09, F(#) d. (47)

n=1
Using Laplace transforms (L(f(t)) = [, e *! f(t) dt), we solve (4.7) and find that

ZQSt‘f Z )\n + S (48)

seS

where f(0) is determined by the initial condition and the set S is composed of
elements that satisfy

§ “—Ats e '
The growth rate at the onset of the dynamic buckling instability is therefore given by
the largest s that satisfies (4.9). In figure 4, we plot the growth rate s as a function
of the rescaled external load
5 _ P — PC

0 0P,

with P. = 72, obtained by solving (4.6) and (4.9). When s < 0 we do not have
an 1nstab1hty7 corresponding to the case when P < P.. In the poroelastic regime,
when P, < P < P.(1+ ié), fluid flows across the filament in response to the stress
gradient in the transverse direction, and the phenomenon is qualitatively different
from the buckling of a purely elastic rod. Since the time it takes fluid to flow across
the filament is longer than the time it takes a bending wave to propagate the length
of the filament, poroelastic buckling is sometimes called creep buckling (Biot 1964).

We now turn to the dependence of the buckling transition on the surface perme-
ability parameter Bi. Substituting a pressure field of the form

p(z,r, ¢,t) = h(r)0,0(z)sinpe™ and 6O(z,t) =e*O(x)
into (3.9) yields

1 h
sh — ;&(r&«h) + o5 = (4.10)

subject to boundary conditions (3.10), which are now given by

h=0 atr=0,
(4.11)
Bih+0,h=0 atr=1.

Thus, (4.10) yields limg_,oh =0 and limg_, o h = —7, corresponding to the case
of infinitely slow and infinitely fast growth rates respectively. Consequently, for
infinitely slow buckling the fluid supports no load. In the case s — oo near r = 1,
a boundary layer emerges where the internal solution (h = r) is matched to the
boundary condition (4.11) at » = 1. Balancing the first two terms of (4.10), the
length-scale of the boundary layer Iy ~ 1/4/s or, in dimensional terms,

I (k+ Nk
PN Sl(u NG+ a2
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h(r)

(b) -~
— / \ —
L s 1 — — s=100
s \
Q0.4- s V] ———-s=10
= s 7 - R
/ /,” \\\ \ --------------- s=1
B e NN
D i N 5=0
R PR —— N
! | !
0 0.5 1.0

Figure 5. The radial variation of the fluid pressure at the onset of buckling, h(r), for (a) growth
rate s = 1 and various values of the surface permeability parameter Bi (larger Bi corresponds
to a more permeable surface) and (b) Bi = co and various s.

To complement these asymptotic results, we solve (4.10) and (4.11) numerically
and plot the radial variation in the pressure. In figure 5a we show h(r) for s = 1 and
various Bi, and in figure 5b we show h(r) for Bi = co and various s. As expected, we
see that, as the surface permeability increases (i.e. Bi increases) for a given growth
rate of the instability (corresponding to a given load), the pressure variations across
the filament decrease. On the other hand, as the growth rate increases, a boundary
layer appears in the vicinity of the free surface of the rod to accommodate the slow
permeation of fluid in response to the stress gradients.

Having considered the onset of poroelastic buckling, we now turn to the transition
from poroelastic to inertial dynamics which occurs for very large compressive loads
when the fluid cannot move rapidly enough to keep up with the elastic deformations.
For large s the condition that determines the growth rate (4.9) reads

Ozg—z%<1—/\:>. (4.12)

We have computed ), v, = i for integrals of Bessel functions. Using the definition
of the separation constant & = P/P. — 1, we solve equation (4.12) for the growth

rate: )
P-P. 1]
5~ ;”Yn)\n [5PC - 4} ) (4.13)
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3 T T
)L _
v | ]
1L _
numerics
A asymptotics |
1 |
0 0.2
(P-P) /6P,

Figure 6. As the solution approaches the equilibrium shape, the difference between the current
and equilibrium shape decays exponentially with a rate v, which is plotted against the applied
compression. § = 1, Bi = 0.1, dz = 0.01, dt = 0.01. The numerical computation is begun with
0 = 0.96,.

showing that it indeed diverges when (P — P.)dP, — i, consistent with figure 4.

(b) Long-time dynamics, t > 1

In the long-time limit ¢ > 1, i.e. when the fluid has enough time to diffuse across
and along the filament, the shape of the filament approaches that of the ideal elastica.
To capture the dynamics of this process, we linearize (3.21) about the steady-state
solution by letting

with € < 1. Substituting the expansion (4.14) into (3.21), at leading order we get
At O(e), we get
t
Opz01 + Pcos(6p)01 + 6 Z Y / e—Mt—t')am,el dt’ = 0. (4.16)

To simplify the equations further we consider the convolution integral in (4.16) for
typical values of Bi = 0.1, corresponding to the case for soft gels and biological
materials. Then (3.13) yields

{A\n} = {3.67,28.6,73.1,137,221,325,...} and Y _ Tn _ 0.0152.

n=2 n

Given the large separation between the decay constants, we see that the dominant
contribution in the integral arises from A, leading to an approximation of (4.16)
that reads

¢
Ozz01 + P cos(6p)01 + 01 / e—M(t—t’)am,al dt’ = 0. (4.17)
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6 (0,1

asymptotics

---------------------------- numerics b
— — — - elastica

Figure 7. 0(0,t) for P = 11, § = 1, Bi = 0.1, dz = 0.01, d¢ = 0.001 and 0(z,0) = 6(z,dt) =
0.01 cos rz. The short-time asymptotic is for a growth rate s(P) found from equation (4.9). The
long-time asymptotic is of the form Ae™%! 4 6y, where v is the rate of decay to the equilibrium
angle 0y and A is a fitting parameter.

Using separation of variables, 61 (z,t) = g(z)f(t), we find that g(z) is given by the
solution of the eigenvalue problem

(1 —&)0zzg + Pcos(bp)g =0, 0:9(0) =0, 0:9(1) =0, (4.18)

while the temporal part f(t) satisfies

t
—f&=0m / e =g, Far. (4.19)

Since we are interested in the asymptotic behaviour for ¢ > 1, we multiply both
sides of equation (4.19) by eM! and differentiate with respect to time to find

g
oy +¢§

We observe that the poroelastic solution approaches the elastic steady shape expo-

nentially fast at late times. In figure 6, we plot the exponent 1) = A&/ (071 + &)

versus (P — P.)/0P. and see that, the larger the value of P, the faster the solution
approaches the final shape.

Of

f=—yf. (4.20)

(¢) Intermediate-time dynamics

For intermediate times we have to solve for the shape of the poroelastica numeri-
cally. Our arguments in the previous subsection allow us to neglect the contributions
from the higher modes, so that a good approximation to (3.21) is given by

t
Oz + Psinf + v, / e—Mt—t/)am/a dt’ = 0. (4.21)
0
For ease of solution, we convert the integro-differential equation to a partial differen-
tial equation by multiplying (4.21) by e*? and differentiating with respect to time,
so that
(1 +71)0pt0 + A\10,20 + P cos 00,0 + X\ Psin§ = 0. (4.22)
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Figure 8. The shape of the buckling filament X (z,t), Y (z,t) for P =11, =1, Bi= 0.1,
dz = 0.01, dt = 0.001 and 6(¢t = 0) = 6(¢ = dt) = 0.01 cos 7.

We solve equation (4.22) subject to the boundary conditions (4.1) using a Crank—
Nicolson finite-difference scheme in space and we extrapolate the nonlinearity using
the previous two time-steps. This gives us a scheme with second-order accuracy in
time. For a time-step dz = 0.01 and a space step dt = 0.001, the difference between
the numerical and analytical initial growth rate is 0.2% (see figure 4). In figure 7 we
show the variation of the angle 6(0, t), determined using the numerical simulation for
the case when the dimensionless buckling load is slightly larger than the threshold for
the poroelastic buckling, with (P — P.)/P. ~ 0.17. For comparison, we also show the
asymptotic solutions for short and long times determined in the previous sections,
and find that they agree well with the numerical solution. To determine the shape
of the filament we use the kinematic relations

0;X = cos b, 0;Y =sind, (4.23)

where X (z,t) and Y (x,t) are the position of the centreline. Figure 8 shows the shape
of the filament as it evolves from the initially unstable straight shape to the final
elastic equilibrium via a transient overdamped route. In sharp contrast, a purely
elastic rod subjected to the same initial and boundary conditions would vibrate
about the final state forever (in the absence of any damping).

5. Displacement-controlled planar buckling

In many problems involving instabilities there is a qualitative difference between
load-controlled and displacement experiments. To understand the difference, we con-
sider the problem of displacement-controlled buckling of a poroelastic filament and
compare the results with those of the previous section. Since the centreline of the
filament is assumed to be inextensible, the change in the end-to-end distance is given
by

1
Af) = 1 —/ cos Bz, t) d. (5.1)
0
We choose the functional form
A(t) = 1 Apax[1 + tanhat], (5.2)

to allow us to ramp up the displacement to a maximum amplitude A, at a charac-
teristic rate %Amaxa. The shape of the poroelastica is now determined by the solution
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Figure 9. (P — P.)/dP;, where P is the load and P. is the critical load required for buckling,
corresponding to a change in end-to-end displacement A(t) ~ 0.1[1 4 tanh at], for various a. For
some later times the more quickly applied displacement, corresponding to larger a, requires a
lower compressive force. The graphs correspond to the following parameter values: dx = 0.01,

dt = 0.002, Bi= 0.1, 6 = 1, 6(—3) = 6(—3 + dt) = 2,/A(—3) cos 7.

of (4.22), (5.1) and (5.2); the unknown load P(t) is now determined at every time-
step by using an iteration method to enforce (5.1). For an initial guess to start this
procedure, we note that after the onset of buckling when P > P, for small amplitudes
0 = ecosmx (e < 1) is a solution of (4.22) and (4.1). Substituting into (5.1) gives

1
A=1 —/ cos(ecos z) dz =~ 2. (5.3)
0

=

Therefore, we choose 0(x,ty) ~ 21/ A(ty) cos mx. In figure 9b, we show the evolution
of the load P(t) for various values of a. P is roughly constant for very short and
very long times, but changes as A varies quickly for intermediate times. We can
understand the initial plateau by considering the case when e* < 1, so that (5.2)
yields

1 1 — et 2at
A = §Amax 1-— w ~ Amaxe . (54)

In light of the geometrical constraint (5.3) valid for small displacements, this yields

0 ~ 21/ Apaxe® cos ma. (5.5)

Comparing this with the short-time behaviour of the poroelastic filament considered
in §4a, we see that exponential growth of small angles corresponds to a constant

Proc. R. Soc. Lond. A (2004)



2010 J. M. Skotheim and L. Mahadevan

poroelastica

P max

112~

elastica 4

11.0 - T

Figure 10. Maximum compressive load, Pmax, for displacement-controlled buckling, where the
displacement field is given by A(t) ~ 0.1[1 + tanhat]. Bi= 0.1, § = 1, d¢t = 0.01, dz = 0.01.

Fexternal

Figure 11. Schematic of a rod buckling under an applied twist and compression in an external
medium. Y (x,t) and Z(x,t) are the displacements of the centreline in the y- and z-directions
respectively. The dotted line denotes the axis of symmetry.

compressive force seen in figure 9. A similar argument holds for late times, when the
system relaxes to its purely elastic equilibrium. For intermediate times, the load can
be larger than that for the case of a purely elastic filament. The difference in the
loads is due to the fluid resistance in the porelastica. A way of visualizing this is
shown in figure 10. For slowly applied displacement fields Pp.x is almost the same
for the elastic and poroelastic cases; however, for rapidly applied displacements,
corresponding to large values of a, the compressive force in the poroelastic case is
larger due to fluid resistance arising from the pressure gradients across the bending
filament.

6. Filament embedded in an external elastic medium and
subjected to axial torque and axial thrust

We finally turn to the case of a rod embedded in an external medium subjected to
an axial moment, K, and a compressive force P (see figure 11). The presence of the
twist causes the instability to become non-planar, and the filament adopts a helical
conformation; the presence of an external medium typically causes the instability
to manifest itself with a higher wavenumber than would occur otherwise. Letting
the displacements of the centreline in the y- and z-directions be Y (z,t), Z(x,t)
respectively, we scale the kinematic variables accordingly to define the dimensionless
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displacements
Y = RY’, Z =RZ'. (6.1)
The dimensionless axial moment is defined as
(22 + 3\u) R K
4(p+ N)L

K:

If the transverse displacements of the filament are small, the resistance of the external
medium can be approximated well using the response of a linear Hookean solid.
In light of the analogy between linear elasticity and Stokes flow, we can use the
results of classical slender-body theory in hydrodynamics (Batchelor 1970; Cox 1970)
and write the vector of dimensionless external forces on the filament as F., =
(0, —iﬂEY, —iﬂEZ ), where the dimensionless parameter E is given by

16 IP(u+ )
" In(L/R)R2(2% + 3\’

(6.2)

where iy, is the Lamé coefficient of the surrounding medium. This approximation is
valid when R/L < 1, a condition consistent with the geometry of a thin filament.
We will further assume that the filament is free to rotate in the medium, i.e. there is
no torque resisting this mode of motion, which varies in any case as R? and is thus
negligible in most situations.

To derive the evolution equation for the shape of the filament, we use the consti-
tutive equation (2.3) to write down equations for the balance of forces in the y- and
z-directions as for the planar filament. After dropping primes this leads to

0 t
OraeaY + KOpawZ +06 Y Yn / e MY, Y dt' + PO, Y + EY =0, (6.3)
0

n=1

0 t
OraaZ — KOpwaY +0 > / e MY, Z A + POy Z + EZ =0, (6.4)
0

n=1

where, since equation (3.9) is linear, we have superposed the two solutions for bending
in the y- and z-directions. Taking ( = Y + iZ, equations (6.3) and (6.4) may be
written as a single equation for the complex variable (:

o0 t
0 = Orawal — 1K Oaral + POz + EC+0 Y / e Mg, nCdt. (6.5)
0

n=1

For a simply supported filament, the corresponding boundary conditions at the ends
are

€(0) = ¢(1) = 022((0) = 1K 9:¢(0) = 022((1) —1Ky((1) = 0. (6.6)

We can treat equations (6.5) and (6.6) in exactly the same fashion as the planar
problem and use separation of variables ((x,t) = g(z)f(t) to get

(1 + £)armzmg - iKa:rng + Paza:g + Eg =0, (6 7)
9(0) = g(1) = 9229(0) — 1K 0,g(0) = 0rrg(1) — 1K dzg(1) = 0, '
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inertial dynamics

poroelastic
dynamics

Figure 12. For the case of an applied compression P and axial twisting moment K, we show
the three short-time regimes (stable, poroelastic, and inertial) as in figure 4. E = ¢ = 1.

an eigenvalue problem for the separation constant £ and g(x). The temporal part of
the solution f(t) satisfies

£ ~= MmS

which is the same as equation (4.19) for the temporal part of the solution for planar
buckling. Thus, once the separation constant ¢ is found, equation (4.9) yields the
growth rate s(P, K, E, §, Bi) as a function of the loading parameters and the material
constants (see figure 4).

As an example of how the influence of an external medium can lead to higher
modes becoming unstable at lower compressions than the fundamental mode, we
consider equation (6.7) in the case K =0,

(1 + €)0ss2aC + Pya + EC =0, (6.9)

which is an eigenvalue problem for £ and ¢ for a given P. At the ends (z = 0
and x = 1), the displacements and bending moments vanish, so that the boundary
conditions associated with (6.9) are ¢(0) = 0,,¢(0) = ¢(1) = 0,2¢(1) = 0. The only
non-zero solutions to (6.9) occur when ¢ = sing,z, where ¢, = nm, n = 1,2,....
The critical compression P.(n), where the nth mode becomes unstable, is found to
be (Landau & Lifshitz 1970)

P.(n) = m*n? + 3 (6.10)
We see that the critical buckling load for a given mode number n increases as the
stiffness of the environment E increases. Furthermore, for large F, the chosen mode
shape does not correspond to the fundamental mode n = 1, since 9P, /0n = 0 yields
n = %El/ 4 for an infinite rod. Physically, this occurs because short-wavelength modes
do not deform the stiff elastic environment as much, while the penalty associated with
a higher curvature is not too much of a price to pay.

For the case when K # 0, we cannot solve the eigenvalue problem analytically,
and we present the results using the phase diagram shown in figure 12. We find three
distinct regimes: for s < 0 the system is stable; for 0 < s < oo we have the poroelastic
regime where the system buckles on the same time-scale as the fluid pressure diffuses;
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Table 2. Applications of poroelasticity in biology

application u (Pa) o k (m?Pa~ts™) R (m) Tp (s)
actin cytoskeleton 102 0.8 10712 1076 1072
bones 10 0.05 107 to 10716 1072 1072 to 1073
cartilage 106 0.8 1x107%to6x1071% 1073 103
plant stem/root 108 0.8 10~ 1072 1072
Venus fly trap leaf 10° 0.8 10712 1073 1072

finally, we have the elastic regime where the system buckles so fast that the fluid
does not move and all the deformation occurs in the solid skeleton.

7. Discussion

The usefulness of poroelastic theory is limited to a range of time-scales. The poro-
elastic time-scale associated with decay of pressure fields is

a’R?
wk

recalling that « is the fluid volume fraction, R is the smallest macroscopic length-
scale of the system (R > [,,), p is the effective Lamé coefficient of the composite
material, and k ~ [2/(pv) is the matrix permeability. If the time-scale of the forcing,
T K Tp, the fluid will not move relative to the solid and Hookean elasticity and the
effects of inertia are sufficient to describe the system adequately. If 7 > 7, the fluid
pressure will equilibrate with the surroundings and once again classical elasticity
suffices to describe the system, albeit with different Lamé coefficients. However, if
T ~ Tp, the dynamics will be governed by poroelasticity.

Biological systems are composed mainly of fluid—so poroelasticity will be applica-
ble at some time-scale (see table 2 for estimates). Furthermore, they are characterized
by extreme geometries (e.g. beams, plates and shells), which led us to consider in
detail the dynamics of slender poroelastic objects, and particularly the buckling of
a planar filament. Biological materials are usually anisotropic and we expect the
permeability and elasticity tensors to reflect this feature. Taking k; to be the per-
meability in the axial direction, we can neglect axial diffusion if (k;R?)/(kL?) < 1.
The opposite limit, where (k;R?)/(kL?) > 1, has been studied by Cederbaum et
al. (2000). The dynamical behaviour of these objects is separated into two different
regimes, one governed by fast inertial effects, and the other by the slow dynamics of
fluid flow. These regimes are of course well known in bulk materials (Biot 19564, b),
but here they appear in a slightly different guise due to the effect of the slender geom-
etry of the system. The onset of planar poroelastic load-controlled buckling was first
considered by Biot (1964). In this paper we broaden and deepen our understand-
ing of this phenomenon. An important outcome of our studies is the poroelastica
equation, which is a simple integro-differential equation with one time constant that
describes the dynamics of a poroelastic filament under a compressive load. The bend-
ing resistance of the filament is analogous to a (fictional) Maxwell material, where
the time constant is the rate at which the pressure field decays (determined by the
material parameters and the geometry). We then used this equation to study not

TpN 5
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only the onset of buckling, but also the entire dynamics up until saturation for both
load-controlled and displacement-controlled buckling.

A series of three-point-bending experiments (Scherer 1992, 1996) has shown that
the mechanical response of a silica-gel rod immersed in acetone or ethanol can be
described using poroelastic theory. The theory developed by Scherer (1992) applies
only to situations where the displacement is applied much faster than the poroelastic
time-scale and is a special case of the more general theory presented in this paper.
The lack of experiments on slender poroelastic filaments being deformed on the
poroelastic time-scale prevents us from testing our predictions quantitatively. Since
our results are relevant to swollen polymer networks, gel actuators and sensors, the
mechanics of cartilaginous joints, and the physics of rapid movements in plants, an
important next step is the quantitative experimental study of slender poroelastic
structures.

We acknowledge support via the Norwegian Research Council (J.M.S.), the US Office of Naval
Research Young Investigator Program (L.M.), the US National Institutes of Health (L.M.) and
the Schlumberger Chair Fund (L.M.). The authors thank Mederic Argentina for insightful dis-
cussions.

Appendix A. Derivation of the poroelasticity equations

The derivations of the equations of poroelasticity have been many and varied. This
has partly been because several qualitatively different parameter regimes, containing
distinct leading-order force balances, exist. We focus here on the equations which
govern the second row of table 1, namely where the Stokes length is much larger
than the pore size, i.e. Ly > [,. The methods used to derive equations for this
region of parameter space can be classified into three categories: physical arguments
and superposition (Biot 1941; Biot & Willis 1957), mixture theory (Barry & Holmes
2001) and microstructural derivations (Auriault & Sanchez-Palencia 1977; Burridge
& Keller 1981; Mei & Auriault 1989). First, we show in detail a version of the
microstructural derivations, which uses ideas from both Burridge & Keller (1981)
and Mei & Auriault (1989).

The equations that govern the behaviour in the incompressible interstitial fluid at
low Re are

or = —pl + 2epe(v), (A1)

V. .or= 0, (A 2)

V-v =0, (A3)

where o is the stress tensor in the fluid, € = I,/l,, < 1 (see figure 13), e(:) =

$[V(-) + V(-)T] is the strain operator, and v is the fluid velocity.
In the solid the analogous equations are

os=A:e(u), (A4)
V-os=0, (A5)

where u is the displacement field, A is the tensor of elastic moduli, and oy is the
stress tensor in the solid. At the solid—fluid interface the continuity of displacements
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Figure 13. A typical porous medium illustrating the separation of length-scales,
where [, is the pore scale and [, is the system scale.

and tractions yields
v—0Ou =0, (A6)
os-n—og-n=0. (A7)

Here n is the unit normal vector to the surface separating the two phases.
Looking for a perturbation solution in terms of the small parameter €, we use an
asymptotic expansion of the variables

O'f:a?—l—ea'fl—i--n,
O'S:ag—l—easl—i—-",
p=p"+e' + -, (A8)

u:u0+eu1+-~-,

v=v"+ev' +. -,
with a multiple-scale expansion for the gradient
V =V, +€V, (A9)

where x denotes the macroscopic scale, ' = ex denotes the pore scale, V denotes
the gradient relative to the macroscopic scale, and V,/ denotes the gradient relative
to the pore scale. Since we assume that the flow is driven on the macrosopic scale,
the leading-order deformation is a function only of . Then, equations (A1) and (A9)
yield the following expressions for the fluid and solid stress tensors:

ol = A:le(u’) + eyx(ul)], (A10)
ol = A:le(u') + ey (u?)], (A11)
o = —p°I, (A12)
of = —p'I + pey (v°), (A13)

where e and e,/ denote the strain relative to the system-scale and pore-scale coordin-
ates respectively. The stress balance in the fluid (A 5) yields

Vap® =0, (A14)
uV3® — Vpt —vp? = 0. (A 15)
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Thus the leading-order pressure gradient p°(z) is only a function of the system scale
coordinate. The stress balance in the solid yields

Ve ol =0, (A 16)
Ve ol+V-al=0. (A17)
We define o to be the total stress tensor:
o= {”S n Vs, (A 18)
or in V,

where V5 and V; are the solid and fluid parts of a volume element. Stress balance in
the fluid and solid implies
Ve ol +V-a%=0. (A19)

Averaging (A19) over the pore scale yields
1 0 1 1 1 0 1 / 1
- . - o - — . - ) =0, (A2
V/VUdV—i—V/V o dV V/VadV—i—V n-o dS =0, (A20)
where V = V; 4+ V4. In the limit V' — oo,
1
V /n . 0'1 ds — O,
since the surface to volume ratio tends to zero. Consequently,
1
V/V-UOdV:V~<0'0>:O, (A21)

(") = (A [e(u”) + exr(u')]) — "1, (A22)

where ¢ is the fluid volume fraction and (-) denotes the average over the pore scale.
In order to write averaged equations in terms of u° and p°, we eliminate u'. This is
achieved by using the stress balance in the solid so that

Vo 02 =V - {A:[e(u’) + ey (u')]} = 0. (A23)
The boundary condition (A7) at the fluid solid surface yields
A:[e(u®) + ey (u')] - n=—pn. (A24)

is a linear combination of p° and e(u°):

Since this is a linear system of equations, u
u' = B :e(u’) — Cp°, (A 25)

where the third-rank tensor B and vector C vary on the pore and system scales, and
can only be found explicitly by solving the microstructural problem (A 23), (A 24).
The averaged stress tensor becomes

(%) =(A+ A:eyn(B)):e(’) —(A:eu(C))p’ — o'l (A 26)

where, in index notation, e, (B) = (0u Bnki + Ozt Bppi). If we assume that the
material is isotropic on the macroscopic scale, we can further reduce (A 26) to

(o) = 2pe(u’) + AV - u’T + (=¢¢ +7)p"1, (A27)
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where vI = (A : ¢(C)) is an isotropic pressure in the solid due to the fluid pressure
exerted at the interface. Substituting (A27) into the stress-balance equation

V- (6% =0 (A 28)
gives us three equations for the four unknowns (u® and p°). We now turn to continuity
to give us the final equation. Since the fluid stress balance (A 15) is linearly forced by

the external pressure gradient, we can define a tensor k relating the external pressure
gradient to the pore-scale flow:

v? — o’ = —k - Vp°. (A29)
Averaging over the fluid volume yields
(v%) — ppopu’ = —(k) - Vp°. (A 30)
Since the fluid is incompressible, averaging the continuity equation
Vo' +Vy-v=0 (A31)

gives

O:V'(vo>+‘:l//vx/~'v1dV:V-<v0>+‘1//n-'vldS

:V'(v0)+‘l//n-atuldS:V-<vO>—é/v-atuldV, (A 32)

where we have used (A6). Taking the divergence of (A29) and using (A 32) and
(A 25) to eliminate v° and u! respectively yields

—V - (k) V' = V- ((0) — drdru”)

= (Vo - B) : e(0u®) — (V- C)0up° — 0u® - Vb — ¢V - Dyul.
(A33)

If the change in solid volume fraction is much smaller than the volume fraction itself,
9yu? - V¢ ~ 0. Furthermore, if the solid skeleton is incompressible, then V- (v%) = 0,
so that the first two terms on the right-hand side of equation (A 33) are negligible.
For a compressible isotropic skeleton, (A 33) yields

BOp° — V- (k) - Vp’ = —ad;V - u°, (A34)

where 3 = (V, - C) is the bulk compliance of the solid skeleton and o = ¢¢ —
%(Vx/ - B);; is the effective fluid volume fraction. In general if the solid is treated
as compressible, the fluid must also be treated as such, since their bulk moduli are
comparable. Thus, ( is really a measure of the compressibility when the system is
jacketed, so that for a mixture of an incompressible solid and fluid, # = 0. Multiple
scale analysis (Auriault & Sanchez-Palencia 1977) shows that (V. - B) = (A :
e(C)) =, so that (A 27) takes the form

(%) = 2ue(u’) + AV - u’T — ap°I. (A 35)
Equations (A28), (A34) and (A35) are the equations of poroelasticity, identical
in form to the equations written down by Biot (1941). Removing the brackets and
superscripts, we recover equations (2.3) and (2.5) from §2. Studying poroelasticity
from the microstructural point of view allows us to see that Biot’s (1941) equations

correspond to a locally compressible solid skeleton and the equations of mixture
theory (Barry & Holmes 2001) correspond to an incompressible solid skeleton.
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Appendix B. Equations of motion for a poroelastic sheet

The equations of motion for a sheet of thickness H and length L are found using
the same techniques as for a filament. The displacement field u = (u(y),v(y),0) is
two dimensional, where the y-direction is normal to the neutral surface and the free
surfaces are located at y = i%H . We use the following dimensionless parameters:

a? H? 2uo H?
t=(8+ -t p= =7,
Bt o) P=18ep+ N +a7 27 B
4 H? H?

u+ A L2 3(2u+ NL2

The dimensionless parameter § characterizing the ratio of the fluid stress to the solid

stress is L9a?
_ Ho
RS e ek (52

The pressure field is found by solving the one-dimensional diffusion equation

Op — ayyp = —y0z0, (B 3)

with the boundary conditions

dyp+ Bip=0 aty=31, } (B4)
—Oyp + Bip =10 aty:—%.
Then .
p=— Z Xn Sin )\ny/ e_)‘"(t_t,)amt/@dt’, (B5)
- 0
where the ), satisfy
An cos%)\n + Bisin %)\n =0, (B6)
and Yy, and ~, are given by
. -1
Xn = 2(2+ Bi)sin 1), (Ai (1 - SlT”)) ,
i (B7)

. —1
Y = 2(2+ Bi)?sin? 1), (Aﬁ <1 - S”;“)) .

n

(B6) and (B7) together with equation (3.21) describe the motion of a poroelastic
plate with time-dependent plane stress.

Appendix C. Kirchhoff-Love theory for a bent, twisted filament

Here we construct the equilibrium equations for a thin poroelastic rod whose defor-
mation is not necessarily in the plane. The case of a purely elastic filament is treated
in Love (1944). The configuration is given by the position of the centreline and the
orientation of its cross-section at every point along it. At every point along the cen-
treline of the rod r(X,t) = (X (z,t),Y (x,t), Z(x,t)), where z is the arc length,
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we consider the orthogonal triad d;(z,t), i = 1,2, 3, where d; and ds lie along the
principal axes of the cross-section of the rod and

d3 = 8zr (C 1)

is the vector tangent to the centreline. The orientation is determined by a body-fixed
director frame that allows us to consider finite deformations. In this case we use the
director basis to follow the evolution of the fluid pressure field. The vector of strains
K is given by

k= rNd; + £Pdy + 2ds, (C2)
which defines the rotation of the principal axes along the filament. Here x(!) and

x(?) are the projections of the curvature of the centreline onto the principal axes of
the cross-section and {2 is the twist strain,

Gxdi =K X di. (C 3)

The stress resultant vector F'(z,t¢) and the couple resultant vector M (z,t) at any
cross-section can be written as

3 3

F=Y FOt)di(x,t), M=> M (xt)d(x,1), (C4)

i=1 i=1
where F(1) and F®) are the shear forces and M) and M?) are the bending moments
along the principal axes, F(3) is the tensile force and M®) is the twisting moment.
Since the equation for the diffusion of pressure is linear, we consider the bending
about the principal axes separately. In light of equation (3.20) (9,0 being the curva-
ture along one of the principal axes), we can write the equations for the dimensionless
couple resultant vector M as

00 t
MO +5Z%/ et g, D) gy’
n=1 0

o0

t
M® = @ 455, / M=), ) qp'
1 0

(C5)

n=

M® =0,

where C'(= 2(\ + p)(3X\ + 2u)~! for a circular rod) is the dimensionless torsional
rigidity (normalized by the bending contribution to M), 7, is the dimensionless
twist strain, and the ), are determined by solving equation (3.13). We note that
the twisting moment has no poroelastic contribution because it is purely a shear
deformation, and poroelastic effects arise only from volumetric deformations, as seen
in equation (2.5). Finally, the local balance of forces and torques gives the equilibrium
equations

Oy F + Foyy =0, (C6)
0, M +ds x F =0, (C7)

where Fgy is the external body force acting on the cross-section. The complete set
of equations that determine the poroelastic behaviour of a filament is (C1) and

(C5)-(C7).
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