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Elasto-capillary circumferential buckling of soft tubes under axial loading:
existence and competition with localised beading and periodic axial modes.
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Abstract We provide an extension to previous analysis of the localised beading instability of soft slender tubes
under surface tension and axial stretching. The primary questions pondered here are: under what loading conditions,
if any, can bifurcation into circumferential buckling modes occur, and do such solutions dominate localisation and
periodic axial modes? Three distinct boundary conditions are considered; in case 1 the tubes curved surfaces are
traction-free and under surface tension, whilst in cases 2 and 3 the inner and outer surfaces (respectively) are
fixed to prevent radial displacement and surface tension. A linear bifurcation analysis is conducted to determine
numerically the existence of circumferential mode solutions. In case 1 we focus on the tensile stress regime given
the preference of slender compressed tubes towards Euler buckling over axial wrinkling. We show that tubes under
several loading paths are highly sensitive to circumferential modes; in contrast, localised and periodic axial modes
are absent, suggesting that the circumferential buckling is dominant by default. In case 2, circumferential mode
solutions are associated with negative surface tension values and thus are physically implausible. Circumferential
buckling solutions are shown to exist in case 3 for tensile and compressive axial loads, and we demonstrate for
multiple loading scenarios their dominance over localisation and periodic axial modes within specific parameter
regimes.

Keywords Soft tube - Non-linear elasticity - Surface tension - Bifurcation - Circumferential buckling

1 Introduction

Surface tension plays a dominant role in the finite deformation of non-linearly elastic materials below the elasto-
capillary length scale £ = v/p, where v is the surface tension and p is the ground state shear modulus [3L20L25].
Indeed, in extremely soft materials such as biological tissue or gels, or in solids with a sufficiently high surface area
to volume ratio, this length can have an order of magnitude comparable to the microscale or even the milliscale.
In such circumstances, it becomes imperative that surface tension is incorporated into the classical continuum
framework. In recent years, elasto-capillary effects have been considered in many investigations of soft materials
at finite strains. For instance, there have been exhaustive studies into surface instabilities in soft layers under the
combined action of surface tension and uni-axial compression [5], equi-biaxial strain [7] and growth [IJ.

The beading instability of soft cylindrical tubes under axial loading and surface tension has received copious
attention given its implication in the axonal degeneration caused by cytoskeletal trauma [I3|[18] and neurodegen-
erative disorders such as Alzheimer’s and Parkinson’s disease [d]. Indeed, the theoretical nature of this bifurcation
phenomenon is now extensively understood. Beading of a solid cylinder has been unanimously regarded as an
infinite-wavelength instability through linear elasticity theory [2LAL22], non-linear elasticity theory [826L30] and
numerical approaches [16]. Explicitly, beading has been shown to be a phase separation phenomenon [1231], and
in [I1] it was demonstrated that, depending on the loading path that the cylinder is subjected to, several localised
solutions can exist such as necking and bulging.

For a hollow tube, Finite Element Method simulations for the cases where the inner or outer curved surfaces are
radially fixed were conducted in [16]. Where the outer radius tends to infinity, the special case of a cylindrical cavity
inside an infinite solid is recovered. It was shown analytically in [30] that a localised solution can exist for such a
case. Recently, localisation in hollow tubes under two distinct boundary conditions was investigated in [27] under
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the framework of finite elasticity. Surprisingly, an analytical solution to the incremental eigenvalue problem was
obtained in terms of modified Bessel functions. This was contrary to expectation given the investigations in [I5],
where the governing equation for a tube under axial loading and internal pressure could only be solved numerically.
This discrepancy was swiftly resolved in [I0], where we proved that the analysis in [27] is valid only where the
primary deformation of the tube is homogeneous. Such a deformation may only occur in a hollow tube under the
constraints of cases 2 and 3 with no axial stretching, a cylindrical cavity in an infinite solid or a solid cylinder, with
the latter two having been analysed in [30] and [I1], respectively. In [10], it was shown that localisation cannot occur
in a tube where both curved surfaces are traction free and under surface tension. However, if one of the curved
surfaces is radially fixed and free of surface tension, localisation is possible and preferred by the tube when the axial
stress is tensile. Of course, this preference is strictly over bifurcation into periodic axial modes with non-zero wave
number. However, it may instead be the case that the tube develops finite circumferential buckling modes, and this
has recently been shown to occur in a solid disk encapsulated by a growing layer [24]. Here we provide a conclusive
to answer this question for all three cases alluded to in the abstract, whilst conducting an exhaustive analysis of
the competition between possible solutions in tandem.

The remainder of this paper is structured as follows. After formulating the problem in section 2, we derive in
section 3 the primary solution governing the axial loading of the tube under elasto-capillary effects, and recall the
analytical bifurcation conditions for localisation given in [I0]. In section 4 we conduct a linear bifurcation analysis
from which we obtain a numerical bifurcation condition relating the load parameter (which we take to be the
nominal axial stress S,, and the surface tension 7 separately) to the circumferential mode number m. From this
relationship we deduce under which parameter regimes circumferential mode solutions can exist, and then analyse
their competition with localisation and periodic axial modes where applicable. Concluding remarks are offered in
section 5.

2 Problem formulation

Consider a hyperelastic cylindrical tube whose reference and finitely deformed configurations are denoted by By
and B, respectively. A representative material particle in these configurations has the respective position vectors
X =X(R,0,z) and x = x(r, 9, z) such that

X=REr+ZEz;, x=re,+ze,, (1)

where (Er,Eg,Ez) and (e,,ey,e,) are the corresponding orthonormal bases. The tube has an inner and outer
radius situated referentially at R = A and R = B, and we denote by a and b the corresponding inner and outer
radii in Be. The tube is assumed to have axial half-lengths L and ¢ in By and B,, respectively.

We consider a general deformation of the tube which is characterised by the following variable transformations

r=r(R,0), 9¥=9(R,0), z=M\Z, (2)
where A = £/L is the principal axial stretch. The deformation gradient F = 0x/0X then takes the following form

or 1 or r 09 oY
F—ﬁer®ER+E%eT®E@+E%e§®E@+T@eﬁ®ER+>\ez®Ez. (3)

The tube material is assumed to be incompressible, and so the following constraint of isochorism must be satisfied
detF = 1. (4)
The constitutive behaviour of the tube is described by a strain energy function W = W (Ig), where Ig = trB

is the first principle invariant of the left Cauchy-Green strain tensor B = FF' and the superscript T denotes
transposition.

2.1 Stream function formulation

As was originally proposed in [6], the problem can be elegantly reformulated in terms of a single mixed-coordinate
stream function ¢ = ¢ (R, ") which enforces the incompressibility constraint exactly through the relations

A
T2 = 2¢,197 @ = E (b,Ra (5)
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where a comma denotes partial differentiation with respect to the implied coordinate. Thus, F as given by can
be expressed in terms of ¢ and its partial derivatives as such

{¢,R19 + iiz (% - ¢,RR>]

® .90 V200

F = er®ER+7er®E@+7’eﬁ®E9
V20 A/2¢ .90 Rro A® Ro
\/2
+ it [¢’R —¢,RR] e.®Er+)e. @ Ez. (6)
oro | R
It then follows that Ip takes the form
b + P99 (PR é 2 2 2
In— RO . Ro R RR 1 ¢,1919 2¢,19 + 2¢,19 ¢,7R — ¢ + 22 (7)
B 209 2N 09 0hy NPy PRy L R T .

A variational approach is considered in deriving the bulk elastic equilibrium equations and the associated bound-
ary conditions. The total potential energy £ comprises of the bulk elastic energy &, and the inner and outer surface
energies £ and £F such that

E=&E+EM+EE, (8)
where &, E;,A and B are given in terms of ¢ and its partial derivatives as follows

2 B 27
E=A / / b.roW(Ig)dRdY, EMB =Ny / 20,9 + % (9)
0 A 0

Note that in @ Ip is given by and use has been made of the relation dO = g—(gdﬁ = % @, ry d¥. Equilibrium
requires the vanishing of the first variation of @[)1, i.e. § &, = 0, which is equivalent to solving the Euler-Lagrange

equations
oLy ) (E)L’b)
- = =0. 10
(3¢,m ia N9/ (10)

The standard summation convention is applied here, with j = R or ¢ and 1A = RR, R¢ or J99. The bulk Lagrangian
Ly is defined from @[)1 as such

‘R:A, B

Ly =X ro W(Ig). (11)

Now, in case 1 both curved boundaries R = A and R = B are traction-free and under surface tension, and these
boundary conditions take the respective forms

A A
oLy B ( oLy ) _ ( oLy ) _ ( 0L > + <3£S ) -0, (12)
09, r 0.rr) g Ob,ro ) 4 hea 00,99 ) 99 009 ) o

B B
oLy < oLy > < oLy > +((9£s ) (3[33) o, (13)
8¢,R a(b,RR R a¢,Rﬂ I pep 8¢,1919 90 8¢719 0

where the inner and outer surface Lagrangian’s £2 and £ are given by

LOF =2y 200+ - (14)

The opposite signs in the last two terms of and is due to the opposing curvatures of the inner and outer
surfaces. In case 2 (resp. case 3), the inner (resp. outer) surface is constrained to prevent radial displacement, with
the other curved boundary remaining traction free. Thus, we require that the incremental displacement in the r
direction, denoted dr, on this surface vanishes. For all three cases, zero shear on the inner and outer curved surfaces
may be invoked by a further two boundary conditions which are as follows

oLy
0¢ rR

We assume throughout this work that the tube material is neo-Hookean, for which the associated strain energy
function is

= 0. (15)
R=A,B

W(In) = gu(ls —3). (16)

For the remainder of this paper we scale all lengths by B, all stresses by p and v by p B. Thus, we may set without
loss of generality y =1 and B = 1.
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3 Primary deformation and conditions for localisation

We consider an axial loading of the tube, which is encapsulated by the following change of variables

r=r(R), 9=060, z=\ (17)
A sub-class of , the primary deformation is theoretically possible for all values of v and A. The deformation
gradient enforcing is

Fzg—;er(@ER—k%eﬁ@E@—k)\ez@Ez (18)

Upon substitution of into (4)), incompressibility is found to be conditional on r taking the following form

r(R) = /A~1(R2 — A2) + a2. (19)

It is then straightforward to deduce from that the outer deformed radius b = \/A~1 (1 — A2) + a2. Moreover,
again with use of , the following primary solution for ¢, denoted ¢g, which satisfies incompressibility exactly is

deduced through integration of (5|
R?9 1 A2
¢0+<a2)19. (20)

2\ 2 A

3.1 Traction-free curved boundaries under surface tension

In case 1, the inner radius a in the primarily deformed state is an unknown quantity. We assume that the tube is
under the combined action of surface tension and a nominal axial stress S,,, with the latter being defined as the
axial force per unit cross-sectional area in By. Consequently, the total potential energy £ as given in — @D is
modified as such

E=E+EA+EP —mA(1-A)?S... (21)

For the primary deformation, £ can be deduced by substituting into . Equilibrium then requires that
0E/0a = 0 and OE/OX = 0. From the former, the following expression for v = v (A, a) can be obtained

(aQA—AQ)(b—a) ab Ab
= I — . 22
2ab N2 "X+ Og(a) (22)
From the latter, we deduce an expression for S,, = S, (A, a) which is as follows
SR S PPV (42 = 2) (A% — 1) + 222 (42 4 1%) + 2 4%1og (<) |- (23)
2)2(1 - A)° b2 b Ab

For a localised solution to exist, we would anticipate that bifurcation into a mode characterised by zero axial wave
number k transpires [I7,19]. It was shown in [I0] that such a bifurcation can necessarily occur when the Jacobian
J of the vector function (v, S..) vanishes. That is, the condition for localised bifurcation in case 1 is

_ 0y9S.. 9705,

=% on ox da (24)

J (7, S.2)

However, we then deduced that said condition is associated with negative surface tension values, which is physically
implausible. Thus, localisation was deemed unattainable in case 1, and we showed that bifurcation into a periodic
axial mode with non-zero wave number may necessarily take place instead where + is the load parameter and S, is
negative and of sufficient magnitude. The existence of circumferential mode solutions remains unresolved, however,
and their materialisation is highly anticipated in lieu of localisation.

Notwithstanding, it was shown in [I4] that slender cylindrical shells under axial compression are of greater
susceptibility to the Euler buckling mode with axial wave number k = 7/ (A L) than periodic axial wrinkling. As
such, for case 1 we focus in next section on the existence of and competition between periodic circumferential and
axial modes specifically when the axial load is tensile.
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3.2 Radially fixed inner boundary free of surface tension

In case 2, prevention of the radial displacement of the inner surface requires that ¢ = A, and the absence of
surface tension on this boundary enforces £4 = 0. Thus, the primary deformation is determined absolutely here by
A, and ¢¢ and b become

R?y9 A2 1
o = (1

U7X

2\ 2 ) v, b= \/)‘_1 (1—A2) + A2 (25)

Hence, to ensure equilibrium we need only satisfy the single equation 9€/9A = 0. From said equation we obtain the
following expression for S,, = S, ()

2

L (e ene e a-2) e - ]

S.z = 5
w2 (1 — A)

222 A2

The bifurcation condition for localisation was then shown in [I0] to be 95,./0X = 0, from which the following

expression for the critical surface tension can be obtained

4(A3(A—1)+ A)*logb
A -1

1
Ter T pAZ(A2 1)

—ATGN) - A6 -2V +2) ], (27)

where & (\) = 22\ — 42 + 203 + 202 — 3\ + 1 and & () = 40t — 403 + 7\ — 5.
3.3 Radially fixed outer boundary free of surface tension

In case 3, the radial fixing of the outer boundary requires that b = B. With use of 7 this invokes the following
expression for a

a= A 1(A2-1)+1. (28)
Moreover, the absence of surface tension on said boundary requires that ESB = (0. The primary solution ¢q therefore
reduces to the following
RZ9 1 1
=—+-(1—-—=]9. 2
=53 T3 ( )\> (29)

Then, equilibrium again requires only that we set 9€/OX = 0, and the following expression for S,, = S,,()\) is
subsequently obtained

1
272 (1— A)?

292
a

S, (30)

A

(1+a) +(A—1) ((112+)\+1)—2A2(A3—1)+2log<a)

Once more, the bifurcation condition for localisation is that 0S,,/0A = 0, from which we obtained in [I0] the
following expression for the critical surface tension .,

4 _ )2
Vor = (2242 )\4+)\+)\2—4A2>\—>\10g<a )+2+AA] (31)

a

A2 (A% — 1)2 { A4 al

With the outer surface fixed to prevent radial displacement, FEuler buckling is circumvented in favour of conventional
periodic wrinkling modes. Indeed this statement is intuitive, and in [2I] it was shown for the case of purely me-
chanical axial compression that axial or circumferential modes with wave number nw/ (AL) (n # 1) will be favoured
by the tube in case 3. Thus, unlike in case 1, we may extend our linear bifurcation analysis in the next section
for case 3 to compressive axial loads; this will facilitate an exhaustive investigation into the competition between
localisation and periodic axial and circumferential modes when elasto-capillary effects are taken into consideration.

4 Linear bifurcation analysis

To begin, we look for a solution of the form

¢ = o +e f(R) ™, (32)
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where € is a small parameter, f is a scalar function of R and m is the circumferential mode number. On substituting
into , we obtain a fourth order ordinary differential equation (ODE) for f, which may be re-written as the
following system of first order linear ODZEs;

0 1 0 O
af 00 1 0
41 Q42 (43 Q44
where f =1[f, ', f", [ ]T and the variable components of A are given as follows
m? [ 2n? 9 9 m?R  2(m?*—2) 2m?R® 3 (m?-1)
a41(R)7’]3<R2+2R —nm ), (I42(R): 772 + ’I7R - ’173 - R3 5
(34)
4 mPR? 3-m? 2 4R
R)y=—4+—7———— R)=—5——
as3(R) 77+ e R as4(R) R

with n = n(R) = R? — A2 +a® \.
On substituting into - and (15), we find that the boundary conditions on R = A and R = B in
case 1 may be expressed respectively as the following matrix equations

by —1/R 1 0

Bl(R7§) = }t,_l / )
Bi(4,8) f =0, byy b2z Dozl

where (35)

B2(B,§) f =0, by —1/R 1 0

Bu(r ) = | Y :
b21 b22 b23 1

with )
mR 1—m? 2m2R%? 2 1
bii(R, §) = <77> ;o baa(R, §) = Rz 2 - 57 bas3(R, &) = D) a44,

(36)

+ m®

b21(R7 5) - 773R

Note that £ is a dummy variable introduced for presentational purposes to represent the load parameter, for which
there can be several choices. For cases 2 and 3, on substituting into 1, we deduce that satisfying 6 7 = 0 on
the surfaces R = A and B requires we enforce the corresponding constraints f(A) = 0 and f(B) = 0 in place of
traction-free conditions. Indeed, the matrices B; and By can then be modified appropriately. Now, the linear system

((r+ B2 9 (1) B2 (m? (a2A + B?) — A%m? — ))).

B1(A, &) f = 0 can be shown to have two independent solutions, say fél) and féz). For instance, in case 1 we have

él) = |:17 07 _b117 b23b11 _b;1:|T ’ (§2) = |:07 17 _1/A7 1723/14_1722]T : (37)
R=A R=A
We may then integrate forward from R = A to R = B, using (37)) or equivalent as initial data for f at R = A.
Two linearly independent solutions for f, say f; and f are obtained, and thus a general solution for f takes the
form

f=cafitcaf=MR,{ec, (38)

where ¢ = [¢1, ¢3] " is an arbitrary constant vector and M(R, €) = [ f1, f2]. By its construction, satisfies the
boundary conditions at R = A, and it thus remains only to satisfy the corresponding conditions on R = B. On
substituting into Bo(B,&)f = 0, we obtain Bo M (B, &) ¢ = 0. Then, since ¢ is arbitrary, the existence of a
non-trivial solution to the eigenvalue problem is conditional on satisfying

det [BaM(B, §)] =0. (39)

Indeed, represents a numerical bifurcation condition which must be satisfied by A, v and m. The bifurcation
points are obtained by iterating on the load parameter until is satisfied. We may take either S, or -y as the load
parameter, and we indeed consider both of these cases in the following analysis. In the former, the tube is firstly
subjected to a fixed surface tension v and zero axial load. Then, we vary the nominal axial stress S,, monotonically
from zero, with S,, < 0 corresponding to a compressive stress and S,, > 0 being a tensile stress. In the latter, we
first fix A and then gradually increase v from zero.
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The primary aim of this linear bifurcation analysis is to produce a relationship between the load parameter £ and
the circumferential mode number m. This enables us to deduce firstly whether bifurcation into a finite circumferential
mode is possible. Then, if it is, we can ascertain the critical load £ and circumferential mode number m.,.. The
latter must be an integer greater than or equal to two in order to ensure the periodicity of the solution. By definition,
Mg, characterises the circumferential buckling mode preferred by the tube. As we vary the load parameter from
zero, Mg, is the first integer value of m encountered on the bifurcation curve in the (m, &) plane. Then, .. is the
value of £ at this point and the critical load at which bifurcation into the preferred circumferential mode occurs.

We note briefly that all presented results were obtained through the previously outlined determinant method.
However, for verification purposes, we also performed an equivalent analysis using the compound matriz method
[23], and excellent agreement was observed between both approaches. The algebraic manipulations and numerical
solution procedures presented in this paper were implemented in Mathematica [29].

4.1 Traction-free curved boundaries under surface tension

We start by applying a fixed stretch A > 1 and take 7 as the load parameter. In Figure 4 (a) of [10], it was
shown that neither localisation nor periodic axial mode solutions can exist under such a loading path. Thus, if
circumferential mode solutions do occur, we can conclude that they will be dominant by default.

In Figure [1| (a) we plot v against m for various fixed A > 1 and A = 0.3. It is observed that circumferential
mode solutions are entirely possible, and the critical mode number m.,, = 2 consistently. This corresponds to the
tubes cross section bifurcating into an elliptic shape. Axial stretching is shown to have a destabilising influence on
the tube in that 7., decreases with increasing A. In Figure[l| (b) we analyse the bifurcation behaviour over various
tube thickness’s. The variation of 4., with respect to A is found to be non-monotonic, with each curve having a
maximum typically in the regime of moderate thickness. Thus, for a specific fixed A, one can design a tube of such
a thickness in order to provide added resistance against circumferential buckling.

Y Yer

0.25} 0.15

0.20f

o5t 0.10

0.10f
0.05

0.05f 2

2 4 6 8 10 12 14 0.3 0.4 05 06 07 08 A
(a) (b)

Fig. 1: (a) The variation of v with respect to m for A = 0.3. The axial stretch A is increased from 1 to 1.6 in
increments of 0.1. (b) Conditions for bifurcation into the critical circumferential mode m.. = 2. Plotted is 7.,
against A with X increased from 1 to 1.5 in increments of 0.1. Arrows indicate the direction of parameter growth.

For completeness, we investigate whether circumferential mode solutions are also dominant for other tensile
loading paths. To this end, we instead subject the tube first to a fixed surface tension v and zero axial force, and
then increase the nominal axial stress S,, = S,.(\, a) as given by from zero. In Figure [2| (a) we consider the
variation of S, with respect to m for several fixed v and A = 0.5. We observe that, for sufficiently small fixed =,
bifurcation into a circumferential mode solution with m., = 2 is triggered at some critical axial stress S, > 0.
Indeed, S¢7 is seen to decrease as vy increases, thus surface tension has a destabilising effect on the tube in this
sense. At some fixed surface tension threshold, the tube becomes highly unstable and bifurcation into the elliptic
mode occurs at SS7 = 0. This is shown by the lower-most dashed curve in (a) which corresponds to v = 0.142375.
We then deduce that circumferential mode solutions are again dominant over axial modes by default in this loading
scenario. This conclusion is made from Figure [2[ (b) where we plot S,, against the azial mode number k for several
fixed ; we find that find that periodic axial modes may only be triggered in the compressive stress regime S,, < 0.
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S.
_ol 97z
(b)

Fig. 2: The variation of S,, with respect to (a) the circumferential mode number m and (b) the axial mode
number k for A = 0.5 and v = 0.03, 0.035, 0.425, 0.05, 0.06, 0.07 and 0.08. In (a), the lowest-most dashed curve
corresponds to v = 0.142375. At this point the tube becomes highly unstable with S¢7 = 0. In (b), the upper most
curve corresponds to v = 0, which is the special case of a purely mechanical compression as was first studied in
[28]. The black dot marks the critical pair (k.-, SE7) = (3.605, —5.28656) for this case, which is in agreement with
the result given in [28]. Arrows give the direction of parameter growth.

4.2 Radially fixed inner boundary free of surface tension

The situation in case 2 is found to be far different to that displayed previously for case 1. To facilitate the analysis
here, we take 7 as the load parameter, and in Figure 3| we plot v against m for several tube thickness’s and fixed axial
stretches. We see that, across the wide range of parameter values considered, bifurcation into a circumferential mode
solution is associated with negative critical surface tension values, which is physically implausible. For completeness,
we include in Figure [3| (b) the special case of a solid cylinder corresponding to A = 0 (dashed curve). Thus, we
conclude that circumferential mode solutions are not possible in case 2, and that localisation in the tensile regime
is consequently preferred.

0.0

-0.2f

—0.4f

-0.6f

-0.81

-1.01

(a) (b)

Fig. 3: The variation of v with respect to m. In (a) we set A = 0.6 and increase A from 0.5 to 1.7 in increments
of 0.2. In (b) we set A = 1.5 and increase A from 0.2 to 0.8 in increments of 0.1. The left most dashed curved
corresponds to A = 0, which is the special case of a solid cylinder. Arrows indicate the direction of parameter
growth.
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4.3 Radially fixed outer boundary free of surface tension
Taking S, as the load parameter

We start by considering a representative case A = 0.8, and show in Figure [] the variation of S,, with respect
to m for several fixed v. We observe from Figure {4 (a) that, for considerably small fixed ~, bifurcation into a

0 10 20 30 40 50 10 2 3 4 5 6 7 8 9
m m
_80 L (mcrr-S;;)\ i
Tensile stress
0 ................................................................
100t Compressive stress
-10F
-120F Y
-20F
-140¢
Y
S. S
7z _3ol 97z
(a) (b)

Fig. 4: The variation of S,, with respect to m for A = 0.8 and (a) v = 0.02, 0.05, 0.1, 0.175, 0.3, 0.5, (b) v =
3.5, 3.6, 3.7, 3.8, 3.9, 3.9844. In both plots, the arrow indicates the direction of parameter growth. In (a), the dot
marks the critical pair (mg, S57) = (13, —82.9374) for v = 0.02. The dot in (b) shows that, at the fixed surface
tension threshold v = 3.9844, bifurcation into a circumferential mode with m., = 5 is triggered solely by surface
tension.

circumferential mode with finite wave number and S¢, < 0 is theoretically possible. That is, bifurcation into a finite
circumferential mode can occur at some critical compressive axial stress. In Figure |4] (b) we see that, for sufficiently
large fixed surface tension, circumferential buckling can exist in the tensile regime. However, at the fixed surface
tension threshold v = 3.9844 the tube becomes highly unstable and bifurcation into a finite circumferential mode
with m.,. = 5 is triggered before an axial stress can be applied.

In Figure [5] we analyse the bifurcation behaviour across various tube thickness’s as well as the competition
between circumferential and axial modes for S,, < 0. In Figure [5| (a) we plot S,. against m for several fixed A
and v = 0.5. We observe that S¢, is a decreasing function of A, and thus the axial compressive stress required
to trigger bifurcation into a finite circumferential mode is much smaller in thicker tubes. In Figures [5| (b), (c)
and (d) we compare the conditions for bifurcation into circumferential buckling modes (orange) and axial modes
with critical wave number k.. > 0 (red) for three separate tube thickness’s. As was observed in Figure [4] for each
tube thickness considered there exists a fixed surface tension threshold at which the tube becomes highly unstable
towards circumferential buckling, with S, = 0. Through inspection of (b) through to (d), this threshold is seen
to be a decreasing function of the tube thickness, echoing the findings in Figure |5| (a) that thicker tubes are more
susceptible to circumferential modes. We find also that, if the tube thickness is sufficiently small, the relationship
between S, and v for circumferential modes is non-monotonic. This can clearly be seen by comparing Figures
(b) and (c), say, where A = 0.6 and 0.7 respectively. In the former, the magnitude of S¢ is a decreasing function of
v, whereas in the latter we see from the inset that S¢7 has a minimum at (v, SS7) = (0.143722, —33.95). Thus, for
v < 0.143722 (resp. v > 0.143722), larger fixed surface tension increases (resp. decreases) the axial load required for
bifurcation. We observe that, for a sufficiently thick tube, circumferential buckling is triggered at lower compressions
than localised beading or periodic axial modes for any fixed surface tension. However, for a sufficiently thin tube,
there exists an interval v € (0, 1) wherein axial modes dominate circumferential buckling. This can be clearly seen
in Figure [5[ (d) for A = 0.75, where the inset shows an intersection between the two curves at v = ; = 0.061327.
For v < 1, the magnitude of S, is evidently less for axial modes than circumferential buckling.

In the tensile regime, we comment that the fixed surface tension threshold at which circumferential modes are
triggered at S¢ = 0 is typically less than the minimum ~ required for localisation. For instance, for A = 0.7 it is
shown in [I0] that localisation is globally absent for v < 6.66298, but from Figure [5| (c) we see that circumferential
buckling is triggered purely by surface tension at v ~ 1.9. Thus, bifurcation into circumferential mode solutions will
have already occurred before the tensile stress required to trigger localisation can be applied, and so the former is
dominant in this sense.
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Fig. 5: (a) The variation of S,, with respect m for v = 0.5. The inner referential radius takes the fixed values A =
0.45, 0.475, 0.5, 0.525, 0.55, 0.575, 0.6, 0.625, 0.65. The dot indicates the critical pair (m-, SC7) = (5, —18.3092)
for A = 0.65 and the arrow indicates the direction of parameter growth. In the latter 3 plots we show conditions
for bifurcation into circumferential (orange) and axial (red) modes, with the latter having critical wave numbers
ker > 0. Specifically, we present the variation of S, with respect to v > 0.02 for (b) A = 0.6, (c) A = 0.7 and
(d) A = 0.75. The inset in (c) shows that, below some critical tube thickness, this variation for circumferential
buckling solutions is non-monotonic. The curve has a minimum at (v, SS7) = (0.143722, —33.95) as indicated by
the black dot. The inset in (d) shows that, for a sufficiently thin tube, there exists a fixed surface tension threshold
v = 1 below which axial modes dominate circumferential buckling. Said threshold is the intersection between the
two curves as indicated by the black dot, and corresponds to v; = 0.061327 in this case. The integers labelled along
each orange curve give the value of m., at the corresponding critical load. The critical circumferential mode number
is seen to decrease as the fixed surface tension gets larger.

Taking v as the load parameter

Alternatively, we may subject the tube to a fixed axial stretch A and then gradually increase the surface tension
from zero. We consider first a representative case A = 0.4, and in Figure |§| (a) we plot v against m for several
fixed A < 1. We observe that, for a sufficiently small fixed compression, the critical circumferential mode number
mer = 2. For larger compressive stresses, we may have m., > 2, and this is demonstrated in Figure |§| (b) where we
show that m.,. = 3 for A = 0.891. If we compress even further, the tube enters a highly unstable regime whereby
Yer = 0. In Figure |§| (c) we analyse the bifurcation behaviour across various tube thickness’s. For the fixed stretch
A = 0.95, we observe that m., = 2 consistently below some critical tube thickness. Above this threshold, we may
have m,, > 2, and this is observed in Figure@ (d) where we show that m,, = 3 for A = 0.2725. We also deduce that
thicker tubes are more sensitive towards circumferential mode solutions; for a sufficiently thick tube, circumferential
buckling is triggered at ~.. = 0.

It thus remains to assess the competition between axial and circumferential mode solution to deduce absolutely
the preference of the tube in this loading scenario. In Figure [7]we plot the critical surface tension for bifurcation into
axial modes with k. > 0 (red) and circumferential modes (orange) against A for several tube thickness’s. For each
fixed value of A considered, we find that there exists a fixed compression threshold beyond which circumferential
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Fig. 6: (a) The variation of 7 with respect m for A = 0.4. The axial stretch A\ takes the fixed values
A = 0.891, 0.9, 0.905, 0.91, 0.92, 0.93, 0.94, 0.95 and 0.96. (b) A blow up of the curve in (a) corresponding to
A = 0.891 about the critical pair (mc,, ver) = (3, 0.330843). (c) The variation of v with respect to m for A = 0.95 and
A = 0.2725, 0.285, 0.3, 0.325, 0.35, 0.375 and 0.4. (d) A blow up of the curve in (c) corresponding to A = 0.2725
about the critical pair (mer, ver) = (3, 0.107227).

mode solutions are favoured over localisation or periodic axial modes. Prior to this point, localisation is preferred
over circumferential and periodic axial modes for all tube thickness’s.

5 Conclusions

The objective of this study was two-fold. Firstly, for the three distinct boundary conditions under consideration, we
endeavoured to determine whether bifurcation of soft slender tubes into finite circumferential buckling modes can
necessarily occur for multiple loading paths. Secondly, where circumferential mode solutions do exist, an analysis
of their competition with localisation and periodic axial modes was desired.

In case 1 we focussed on the regime of tensile axial loads given the preference of slender tubes towards Euler
buckling over periodic wrinkling when in compression. We determined that the tube was highly susceptible to
circumferential mode solutions when either the surface tension v or the nominal axial stress S,, was taken as the
load parameter. Specifically, the elliptic mode m., = 2 was found to be unanimously favoured. In either of these
loading scenarios, the fixed axial stretch A and surface tension v (respectively) were found to have a destabilising
effect on the tube. Where S, is taken as the load parameter, we determined that the tube becomes highly unstable
to the elliptic mode at a fixed surface tension threshold, and bifurcation is triggered prior to the application of an
axial stress at this point. For the representative case A = 0.5, this threshold was determined to be v = 0.142375.
With the aid of results given in [I0], we determined absolutely that for both loading scenarios bifurcation into into
periodic axial modes may only occur when the axial nominal stress is compressive. Thus, in the tensile regime we
concluded that circumferential mode solutions are dominant by default.

In case 2 we took v as the load parameter, and found over a wide range of tube thickness’s and fixed axial
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Fig. 7: Conditions for bifurcation into localised and periodic axial modes (red) and the elliptic circumferential
buckling mode (orange) in the (A, v.,) plane for (a) A =0.3, (b) A=0.35, (c) A=0.4 and (d) A=0.5.

stretches that bifurcation into circumferential modes was associated with negative values of ... Given the physical
implausibility of negative surface tension, we deduced from this that such a bifurcation cannot necessarily take
place in case 2. This conclusion was also shown to be valid for the special case of a solid cylinder on taking the limit
A — 0. Consequently, it follows that localisation is the preferred solution here when the tube is in tension.

In case 3 we extended our interests to the compressive stress regime given the known competition between
circumferential and axial wrinkling modes when the tube is purely under axial loading [2I]. We chose first S, as
the load parameter; it was shown that, for sufficiently small fixed ~, circumferential buckling modes may emerge
at some critical compressive axial stress S¢, < 0. At some fixed surface tension threshold, the tube becomes highly
unstable with S¢. = 0; this threshold was deduced to be v = 0.39844 for the representative case A = 0.8, with
the preferred mode number being m.,. = 5. Thicker tubes were also ascertained to be more sensitive towards such
solutions. In this loading scenario, circumferential mode solutions were found to be consistently dominant over
periodic axial modes and localisation in the compressive regime provided that the tube is thick enough. However,
for sufficiently thin tubes, there exists a fixed surface tension interval v € (0, 71) wherein axial modes instead
dominate circumferential buckling. For instance, for A = 0.75 we determined that v; = 0.061327. Where ~ is
instead taken as the load parameter, we determined that there exists a critical fixed axial compression below which
the critical buckling mode is m,, = 2. Unsurprisingly, bifurcation became more likely as said compression increased,
and for a small enough value of A we deduced that .. = 0. Similar behaviour was deduced across different tube
thickness’s. Indeed, m.,, = 2 above some critical value of A, and thicker tubes were shown to be more susceptible to
circumferential modes. We finally showed that, for several tube thickness’s, there exists a critical fixed compression
beyond which circumferential modes are dominant over localisation and periodic axial modes.

Acknowledgements The first author (DE) acknowledges the School of Computing and Mathematics, Keele University for supporting
his PhD studies through a faculty scholarship.



Elasto-capillary circumferential buckling 13

References
1. Alawiye, H., Kuhl, E., Goriely, A.: Revisiting the wrinkling of elastic bilayers i: linear analysis. Philosophical Transactions of the
Royal Society A 377(2144), 20180076 (2019)
2. Barriere, B., Sekimoto, K., Leibler, L.: Peristaltic instability of cylindrical gels. J. Chem. Phys 105(4), 1735-1738 (1996)
3. Bico, J., Reyssat, E., Roman, B.: Elastocapillarity: When surface tension deforms elastic solids. Annu. Rev. Fluid Mech. 50, 629-659
(2018)

4. Boudaoud, A., Chaleb: Mechanical phase diagram of shrinking cylindrical gels. Phy. Rev. E 68, 021801 (2003)

5. Chen, D., Cai, S., Suo, Z., Hayward, R.C.: Surface energy as a barrier to creasing of elastomer films: An elastic analogy to classical
nucleation. Phys. Rev. Lett 109(3), 038001 (2012)

6. Ciarletta, P.: Generating functions for volume-preserving transformations. Int. J. Non-Linear Mech 46(9), 1275-1279 (2011)

7. Ciarletta, P.: Wrinkle-to-fold transition in soft layers under equi-biaxial strain: A weakly nonlinear analysis. J. Mech. Phys. Solids
73, 118-133 (2014)

8. Ciarletta, P., Amar, M.B.: Peristaltic patterns for swelling and shrinking of soft cylindrical gels. Soft Matter 8(6), 1760-1763 (2012)

9. Datar, A., Ameeramja, J., Bhat, A., Srivastava, R., Mishra, A., Bernal, R., Prost, J., Callan-Jones, A., Pullarkat, P.A.: The roles
of microtubules and membrane tension in axonal beading, retraction, and atrophy. Biophys. J. 117(5), 880-891 (2019)

10. Emery, D.R., Fu, Y.B.: Localised bifurcation in soft cylidrical tubes under surface tension and axial stretching. Int. J. Solids. Struct,
Submitted (2020)

11. Fu, Y.B., Jin, L., Goriely, A.: Necking, beading, and bulging in soft elastic cylinders. J. Mech. Phys. Solids, Submitted (2020)

12. Giudici, A., Biggins, J.S.: Ballooning, bulging and necking: an exact solution for longitudinal phase separation in elastic systems
near a critical point. arXiv preprint arXiv:2005.10535 (2020)

13. Goriely, A., Geers, M.G., Holzapfel, G.A., Jayamohan, J., Jérusalem, A., Sivaloganathan, S., Squier, W., van Dommelen, J.A.,
Waters, S., Kuhl, E.: Mechanics of the brain: perspectives, challenges, and opportunities. Biomech. Model. Mechanobiol 14(5),
931-965 (2015)

14. Goriely, A., Vandiver, R., Destrade, M.: Nonlinear euler buckling. P ROY SOC A-MATH PHY. 464(2099), 3003-3019 (2008)

15. Haughton, D., Ogden, R.W.: Bifurcation of inflated circular cylinders of elastic material under axial loading—ii. exact theory for
thick-walled tubes. J. Mech. Phys. Solids 27(5-6), 489-512 (1979)

16. Henann, D.L., Bertoldi, K.: Modeling of elasto-capillary phenomena. Soft Matter 10(5), 709-717 (2014)

17. Iooss, G., Adelmeyer, M.: Topics in bifurcation theory and applications, vol. 3. World Scientific (1998)

18. Kilinc, D., Gallo, G., Barbee, K.A.: Interactive image analysis programs for quantifying injury-induced axonal beading and micro-
tubule disruption. Comp. Meth. Progr. Biom 95(1), 62-71 (2009)

19. Kirchgéssner, K.: Wave-solutions of reversible systems and applications. J. Diff. Eqns 45(1), 113-127 (1982)

20. Liu, J.L., Feng, X.Q.: On elastocapillarity: A review. Acta. Mech. Sin. 28(4), 928-940 (2012)

21. Liu, Y.: Axial and circumferential buckling of a hyperelastic tube under restricted compression. Int. J. Non-Lin. Mech 98, 145-153
(2018)

22. Mora, S., Phou, T., Fromental, J.M., Pismen, L.M., Pomeau, Y.: Capillarity driven instability of a soft solid. PRL 105(21), 214301
(2010)

23. Ng, B., Reid, W.: The compound matrix method for ordinary differential systems. J. Comput. Phys. 58(2), 209-228 (1985)

24. Riccobelli, D., Bevilacqua, G.: Surface tension controls the onset of gyrification in brain organoids. J Mech Phys Solids 134, 103745
(2020)

25. Style, R.W., Jagota, A., Hui, C.Y., Dufresne, E.R.: Elastocapillarity: Surface tension and the mechanics of soft solids. Ann. Rev.
Cond. Matter. Phys 8, 99-118 (2017)

26. Taffetani, M., Ciarletta, P.: Beading instability in soft cylindrical gels with capillary energy: weakly non-linear analysis and numerical
simulations. J. Mech. Phys. Solids 81, 91-120 (2015)

27. Wang, L.: Axisymmetric instability of soft elastic tubes under axial load and surface tension. Int. J. Solids. Struct. 191, 341-350
(2020)

28. Wilkes, E.: On the stability of a circular tube under end thrust. Q. J. Mech. Appl. Math 8(1), 88-100 (1955)

29. Wolfram Research Inc.: Mathematica 12.0 (2019). Wolfram Research Inc, Champaign, IL

30. Xuan, C., Biggins, J.: Finite-wavelength surface-tension-driven instabilities in soft solids, including instability in a cylindrical channel
through an elastic solid. Phys. Rev. E 94(2), 023107 (2016)

31. Xuan, C., Biggins, J.: Plateau-rayleigh instability in solids is a simple phase separation. Phys. Rev. E 95(5), 053106 (2017)



	Introduction
	Problem formulation
	Primary deformation and conditions for localisation
	Linear bifurcation analysis
	Conclusions

