Curvature delays growth-induced wrinkling
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Wrinkling patterns can be induced by the growth of a thin elastic film over a soft elastic substrate.
While there is a good understanding of how this pattern is initiated on a flat geometry, wrinkling
patterns over a curved surface are more complicated. Here, we consider this phenomenon within
the framework of large deformation morphoelasticity by investigating surface wrinkling of a growing
thin elastic film bonded to a large elastic cylinder. The system has two important dimensionless
parameters: the ratio n of the film thickness by the cylinder radius and the relative stiffness of
the two layers £. Depending on the values of £ and 7 we identify four different regimes for which
we find the critical growth and wrinkling mode number. By combining asymptotic methods with
numerical computations we determine the effect of the curvature on the bifurcation and establish
that it always induces a delay at the bifurcation: larger growth is needed on a curved surface to
induce the same wrinkling instability. These results are crucial to understand pattern formation on

surface with varying curvatures.

INTRODUCTION

Surface morphological instabilities of soft materials
caused by growing or swelling have been a subject of con-
siderable interest over the last few years as this has been
proposed as a key mechanism for morphogenesis and for
the control of engineered thin-film materials [1-10]. Typ-
ically, these instabilities are driven by differential expan-
sion of two bonded layers. In this case a stability analysis
can be used to determine the critical conditions for the
onset of surface wrinkling. These ideas have been applied
to different geometries such as planar films [11-14], cylin-
drical shells [15-17], and spherical layers [18-21]. Com-
parisons between planar and curved systems reveal that
the surface curvature plays an important role in pattern
formation and evolution. Most of these previous stud-
ies either focused on the various wrinkling modes on a
curved surface [13, 18, 20], or emphasise the use of effec-
tive numerical methods for complex geometries [19, 22].

A key question is to understand the relative effect of
curvature on the wrinkling bifurcation. There have been
various studies on reduced systems such as growing rods
[8] in which a modified beam equation was derived to
take the curvature of the substrate into account. For elas-
tic shells, Cai et al. [13] adopted the Donnell-Mushtari-
Vlassov shell equation to explain the occurrence of hexag-
onal modes on a slightly curved surface. They showed
that both the critical stress and wave-number are related
to a curvature parameter € to order Q2 when Q < 1.

Yet, the problem has not been fully investigated within
the framework of nonlinear elasticity where precise state-

ments can be obtained. To address this question, we
study the problem of the circumferential wrinkling of
a growing thin cylindrical shell on a softer non-growing
cylinder. We assume that both materials are isotropic,
incompressible and hyperelastic and look for plane-strain
solutions that are essentially two dimensional (since it is
assumed that there is no deformation in the third dimen-
sion). We are particularly interested in the comparison
between the cylindrical and planar cases that can be ob-
tained as the limit when the ratio between film thickness
and the cylinder radius goes to 0. Here, we clarify the
role of curvature on the critical growth and mode num-
ber. There are two important dimensionless parameters
in the system: the ratio of the film thickness h to the
cylinder radius R and the ratio of elastic shear modulus
of the film pu¢, to the shear modulus of the substrate pug:

[
n= 4, and Efw (1)
Since we are interested in thin films, we assume 7 < 1.
There are then four regimes of interest: either £ = O(1),
E=0(nY, £=0(n73), or £ > O(n~3). The case for
which ¢ = O(n™!) has already been studied in [13, 23].
To the best of our knowledge, the case where stiffnesses
are comparable £ = O(1) with n < 1 has not been
discussed. In this case, the circumferential wrinkling
mode number is large which causes numerical difficulties.
However, the Wentzel-Kramers-Brillouin (WKB) method
[24, 25] can be used to obtain excellent approximations
to the solutions. In the remaining two cases, £ = O(n~3),
or ¢ > O(n~?), the wrinkling mode number is relatively
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FIG. 1. Cylindrical film-substrate model. In plane strain,
there is no deformation along the axis and a material point
position is specified by its position in the reference (R, ©) and
current (r,0) configurations.

small and a regular perturbation analysis is used to ob-
tain estimates on the critical growth and mode number.
Taken together, the results of these analyses give a com-
plete picture of the role of curvature in the wrinkling
instability of thin films on a curved substrate valid for
all stiffness ratios. Finally, we note that there is a well-
know limit in the planar case. If the film is sufficiently
soft then the first instability that takes place is the so-
called Biot instability [31] with a mode with vanishing
wavelength. Therefore, we expect that on a curved sub-
strate, for sufficiently soft film, the Biot instability will
also appear. This provides an upper bound for the stiff-
ness ratio after which no wrinkling instability with finite
wavelength is expected.

THEORETICAL SET-UP

Geometry

A cylinder is separated into two parts: a soft solid
substrate and a hard film, as shown in Fig. 1. We assume
that there is no deformation along the direction of the
cylinder axis, so that the problem reduces to a plane-
strain problem. The polar coordinates of a material point
are {R, O} in the reference configuration and {r, 8} in the
current configuration. The outer radii of the substrate
and film before deformation are A, B, respectively. After
deformation, the same radii are a and b, respectively.

Kinematics of deformation

We use the theory of morphoelasticity [3, 26] to de-
scribe deformations of a body that can both grow and
deform elastically. We consider deformations x : By — B
of a system in an initial configuration By to the current
configuration B. The deformation gradient is given by

F = Grady, (2)

where the gradient is taken with respect to coordinates
in the reference configuration. The fundamental assump-
tion of morphoelasticity is that this deformation gradient
can be multiplicatively decomposed into a growth defor-
mation tensor G and an elastic deformation tensor A:

F = AG. (3)

For the particular geometry under consideration, we as-
sume that the growth tensors G in both substrate and
film have the form:
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Here and in the remainder of this paper, the subscripts
‘s’ and ‘f’ are used to describe variables attached to the
substrate and film, respectively.

Energy functions and stress tensors

Both materials are assumed to be incompressible, hy-
perelastic and isotropic. Since only the elastic part of
the deformation stores elastic energy, we assume that the
strain-energy density function of the material depends on
A only. In our study, we choose a Neo-Hookean material

WS:%(L—%, W = %(11—2). (5)
Here I; = Tr(C), where C = ATA is the principal in-
variant associated with the right Cauchy-Green tensor
C.

Once the strain-energy density function is defined, the
stress tensors can be obtained. The nominal stress tensor
S is [3]
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where the local volume increase J = det F = det G, and
p is the Lagrange multiplier associated with incompress-
ibility and can be identified with the hydrostatic pressure.
In components, we have
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and as C is a symmetric tensor, OW/JC is also a sym-
metric tensor with
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So the nominal stress (6) can be written

oW
S = 2JG_18—CAT —pJGTIATL (10)

For the strain-energy density function (5), the stress is
S=uJG AT —pJGTTATE, (11)

From the nominal stress tensor, we obtain the Cauchy
stress tensor as follows:

T =J 'FS = puAAT —plI, (12)

The equilibrium equation can be written either in terms
of Sor T as
DivS=0 or divT =0, (13)

where the divergence Div (resp. div) is taken in the ref-
erence (resp. current) configuration.

Equilibrium state

For an axisymmetric deformation of the form
r=r(R), ©=0, (14)

the deformation gradient reads [3, p. 273]

efe fd o

where the comma denotes partial differentiation: r p =
Or/OR. From the multiplicative decomposition, we ob-
tain

A= {T’Ro/ " T/(;)QR)} = {O(é)l O?J - (6)

The incompressibility condition imposes

det(A) =1 = 7’73% = g1gs = J. (17)

Solving (17), with the boundary condition R = 0, rs = 0,
we obtain:

The continuity of displacement at the interface R = A
implies

JA? = JtA? + cip = crp = (Js — Jp) A%, (19)

and
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where A = g2/¢g1.

We note that from (20) we have as, = 0.
This last identity can be written formally as
asr = (1 — Asa?)as/r. Therefore, we have

2
Qg = M, (21)
r
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which can be written in general, as

2
o, = M_ (23)
r
We can now solve the equilibrium equation. The
Cauchy stress tensor for this axisymmetric deformation
is also diagonal with T = diag(T,.., Tgg) and (13) reduces
to a single non-trivial equation

8Tr7‘ + Ty — Tog
or T

=0. (24)
Using the particular form (12), we solve (24) to obtain

da=?  pula=?—a?
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p

Equation (25) can be integrated once to give p(r) =
f(r) + co, where

—2 A2-1
Is (as +=5—In r) ,
f(r) = ) (26)
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and the constants cof, cog are to be determined from the
boundary conditions.

Stability analysis

We consider incremental perturbations around a sta-
tionary homogeneous state changing the displacement
from the homogeneous solution x to the perturbed dis-
placement x + dx. The corresponding deformation gra-
dient changes from F to F + §F. To this incremental de-
formation gradient, we associate an elastic deformation
tensor A = (0F)G™'. This incremental deformation



gradient contains information about the perturbed non-
homogeneous solution. In the following, it is advanta-
geous to reformulate this tensor in the current configura-
tion by its pull-forward: 0F = (§F.)F and 0A = (6F.)A.
The incremental form (13) of the equilibrium equations
[26, 27] can be written in terms of the nominal stress
tensor S as

Div4S = 0, (27)
From (10),

68 =JG™! [25(%2/AT) — 5(pA_1)}
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The tensor §(OW/OC) can be written in component form
as

)
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5(%)@_}@1 = aci?/cl,fc”“ = %50% (29)
and hence
5(%) = ;;;VC :0C. (30)
Using §(AA ") = 0, we therefore have
(A7) =—-A"T5AAT! (31)

Substituting (30) and (31) into (28), the incremental
form of S is

2W
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where 0C = (SA)TA + ATSA. In the current configura-
tion, (27) becomes

divéSg = 0, (33)
where
§So = J'F6S (34)

For the strain-energy density function (5), the first term
in 0Sy vanishes identically, so that

6So = pAAT(6F )T — 6pI+ poF.. (35)

The boundary and continuity conditions are

5Sin=0 at r =b, (36)
[6x]] =0 and [[6S{n]] =0 at r=a, (37)
0x=0 atr=0, (38)
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where [[]] represents a jump of the argument across the
interface,
1= Jim, ()~ Jim (). (39)
RYA R<A

The incremental displacement can be written:

dx = u(r,0)e, + v(r,0)ey. (40)
where, for a single mode,
u(r,0) = U(r) cos(nd), v(r,8) = V(r)sin(nh). (41)

Similarly, the incremental form of the pressure dp is
op(r,0) = P(r) cos(nd). (42)

In components §F. reads
5F, = D uﬂ} . (43)

The incompressibility constraint implies tr(6F.) = 0:

w, o+ vetu _ (44)
T

After simplification the equation for U = U(r) is

U" + MsU" + MuU"” + MU' + MpU =0 (45)

where

n? —1)(3 — 4Xa? + n2a*
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The boundary conditions, written in terms of U(r), are

e At r = b, the incremental stresses on the film sur-
face vanish:

U///+M4U”+M5U/+M6U =0,

1 21 (46)
U”+7U’+MU:0.

r r

where
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r
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All the parameters in the last two equations are for
the film.



e At the interface r = a, the incremental displace-
ments and stresses satisfy the continuity condi-
tion: [[U]] = 0, [[U']] = 0. Further, we have
(0S0f)11 = (0S0s)11, (6S0£)21 = (6Sps)21 so that

H% (U" + MyU" + MU' + MgU = o)H —0,
[ (e tos 0 o

e At the center r = 0, we have U =0, U’ = 0.

The problem studied in this paper is to obtain in-
formation on the solutions of the system (45) of two
fourth-order ODEs (one for the film and one for the
substrate) coupled by the above boundary conditions.
We restrict our attention to isotropic growth in the film
and no growth in the substrate. Thus g1r = gor =: g,
gis =¢gas =l and \f = Ay = 1.

Without loss of generality, we set the radius of the sub-
strate to A = 1, and scale all the stress components by
us. We introduce two dimensionless numbers :the stiff-
ness ratio & = g/ s and the aspect ratio between the film
thickness and the cylinder radius n = (B—A)/A = B—1.
Since we assume that the film is thin, we have n < 1.
In the following, we identify four regimes of interest, de-
pending on the relative size of £ with respect to 7.

LARGE MODE NUMBERS: WKB METHOD

First, we look for a solution of (45) by using the WKB
method following [23]. This approach is valid for large
values of n. The general ansatz for Uy of the film is then

4 b .
U = ZKi exp </ Sf(l)(r)dT> ;
i=1 "
S =n8H) + 8¢ +0(m™), (a<r<b), (48)

where after substitution in (45), we find

1 1 2 1 3 o? 4 a?
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and the constants K; are to be determined from the
boundary conditions.

For the substrate with gs = 1, A\ = 1 and a5 = 1, (45)
simplifies to

6 2n? -5 an? +1
mr | Oy " /
v oy - ey - Sy
2 _ 1 2
+ %US —0, (49)

r

with general solution
Us = KsUY + KeUP + KU + KUY, (50)

where
Us(l) — ,,,n+1 Us(2) — Tn71

U#) = pntl

) 3

U = ot (51)

The boundary condition at » = 0 implies that K; =
Kg = 0. Thus, Ug can be written as

U, = KsUWY + KgU®. (52)

On substituting (48-52) into the boundary conditions
(46-47), we obtain six equations for the constants K;
that can be written in a compact form as

M KZO? K= (K17K2aK37K47K5aK6)T7 (53)

where the matrix M is given in Appendix A.
Finally the bifurcation condition is given by

f(&,9,B,n) = det(M) = 0. (54)

And the equation setting the critical mode number n. is
given by

of(¢, g, B,n)

h(¢,9,B,n) = o

=0. (55)

A THIN FILM ON A LARGE CYLINDER

Here, we focus on the case n = B — 1 <« O(1), which
corresponds to a film that is very thin compared to the
radius of the cylinder. The limiting case n — 0 is that of
a film on a flat substrate. Our main focus is to investigate
the effect of a small curvature on the instability of a film
on a flat substrate. In particular, we are interested in the
influence of the curvature on the critical growth g. and
critical mode number n.. Note that the definition of n.
is different from the generally used wave number k., but
they are related as follows: n. = k.Rgy, where Ry is the
radius of the middle surface of the film in the reference
configuration. Then, we have k.h= n.h/Ry. Under the
assumption n < O(1), Ry should be approximately equal
to the radius of the substrate A = 1. Thus, we have k.h ~
nch/A = nen, which is a key parameter for characterizing
the instability. Therefore, in our discussion, we will use
ncn instead of n..

A moderately stiff film on a soft substrate
S2: £=0(n")

Rather than starting with the case S1, for complete-
ness, we discuss briefly the case ¢ = O(n~1!) that has



already been presented in [23]. There are four small pa-
rameters in the problem: 1/¢,1/n,n and e = g—1. Equa-
tions (54) and (55) can be doubly expanded in € and 7.

(12 4 481 + 24n2n?) + (24nn + 160°n>)€ + (—12n2
Fninh)e? + [(48 +16872n2) + 144nné + (—48nn?

—~96n°n? + 32 n )¢ e+ .. = 0, (56)
A8 + (24 + 4812n2)E + 167°n3€2 + [336nn +144¢
+(—96n — 1925%n + 12877%3)52]6 r..=0. (57

Using the leading-order balance and principle of least de-
generacy we can deduce the relative balance of € and n
with respect to £ and 1. The leading-order terms in (56)
can come from five terms 12, 24nn&, —12n%€2, 4ntnte?
and —48n?n2¢%e and the corresponding three leading-
order terms for (57) can come from 24¢, 1613n3¢2 and
—96nn&?%e.  Balancing these last three terms leads to
m = O(673) and € = O(£73). Under these order re-
lations, the leading term in (56) is of O(£3) and we con-
clude that e = O(73), n = O(Y), n. = O(£3). Since
B =1+ 17 we can write

b
B=1+—, (58)
£
where bg is a constant of O(1) and seek an asymptotic
solution for g. and n. in the form

ge=1+E 3 (mo+aE 3 + a5 +--),

2 1 2 (59)
ne =E&3 (Yo + 1§ 3 + b 3 +-0),

where the coefficients z; and y; (¢ = 0,1,2,---) can be
deduced from (54) and (55). After simplification, we ob-
tain

s 32/3 17 x 31/3 31/352/3 )
Je = 2T ge2/s T T160¢4/3 12
32/3 )
- @774‘0(77 )s (60)
38 ¢ 11 31/3
= — - — On??).
"o =g, 3 gy Tagm PO

A soft film on a soft substrate S1: £ = O(1)

For a soft film on a soft substrate, the leading order
terms in (57) can come from 48nn, 24¢, 16n3n3¢% and
—96mné2e. Clearly, the first term 48nn has higher order
than the last term —96mné&%e, except when € = O(1).
This implies that g. cannot be chosen to be around 1, and
we denote this as gg and obtain it later. From the first
three terms, we find nn = O(1). Next, we expand (54)

and (55) in the two small parameters,  and ¢ = g — go,
and n =ng/n+ny + - to obtain

t1(€, go,m0) + t2(€, go,mo, m1) @ + (t3(£, 9o, no, m1)

+t4(§7907n0,n17n2)80)77+"' =0, (61)
t5(§7907n0) + t4(£agOan0an1)¢ + (t6(€7g07n07n1)
+t7(£,go7n07n17n2)go)n+--- =0. (62)

For the leading-order balance, we find ¢ = O(n). The
leading orders of (61) and (62) are t1(&,go,n0) and
t2(&, go,mo). The vanishing of these two terms yields the
values of gy and ng that only depend on £. Next we seek
an asymptotic solution for g. and n. in the following form

ge =90+ g1+ gon” + -+,

ne =n""(no +nmin+nan’ +--), (63)
where g; and n; (i =0,1,2,3,---) are function of ¢ that
can be deduced from (54) and (55). These expressions
can only be solved semi-analytically and are listed in Ap-
pendix B.

Fig. 2 shows the normalized S1 solutions g./go and
nen/ng varying with n for fixed values of £ = 2,4, 8, 16,
showing the influence of the curvature. The results in
Fig. 2 demonstrate that both g./go and n.n/ny both in-
crease linearly with n when ¢ is small (< 8 in Fig. 2).
For larger £ values, when ¢ increase from O(1) to O(n~!)
(see e.g. £ =16 in Fig. 2), we see that the leading order
of g./go and ncn/ng gradually turns from 1 4+ O(n) to
14+ 0(n?) [13, 19].

Stiff film on soft substrate S3: ¢ = O(n™?)

For the flat case, k. is O(¢~Y3/h), and n. =
O(&~Y3/n). When & = O(n~3), n. is of order O(1).
In this situation, the assumption on large mode number
needed to apply the WKB method is not satisfied. In
this case, we need to solve (45-47). In order to obtain
the general solution of (45), we use the fact that 7 is
small to simplify af by taking the average value along
the film thickness as

I T _ (B—1)g
*1)—71/1 e = g -1

with g = 1+ ¢, where € is a small parameter. Expanding
o in € yields:

o

+O(é%). (65)

Substituting (65) into (45), the equation for U can now
be solved as a regular perturbation problem:

Ug=Uyp + €Uy + €2Uf2 + e, (66)
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FIG. 2. Normalized asymptotic results given by S1 for (a)
gc/go and (b) nen/no for various values of €.

and

Uf(01) _ r—l—n7 Uf(02) _ Tl—n’

B _ l4n Uf(gl) =l

o ="
U _ (n +2)r1=")(1 + 3n 4+ n? + 2n(1 + n) In(r))
f1=

Bn(1+n) ’
o0, U -0
(4) (n —2)rH (1 = 3n + n? 4+ 2n(n — 1) In(r))
Uy’ =— — )
Bn(n—1)

Following the same steps as before, from a linear combi-
nation of these solutions we build a matrix N from the
boundary conditions. The bifurcation condition is then
given by f(§,e,m,n) = det(N) = 0, and h({,e,n,n) =

% = 0. Expanding these two equations as series of €

and n yields

to + tin + tané + tan €% + [ta + tsn + (ten + t71°)¢
+(tsn® + ton®)E%] € + [tio + t1in + (t12n + t13n°)E
+(tuan® + t15773)f2]€2 +---=0, (67)
Qo + @11 + q2n€ + g0 € + [qa + g5 + (g6n + ¢
+(gsn® + Q9773)f2]€ + [q10 + quin + (q12n + qua3n’€
+(quan” + qusm°)E)€ 4 -+ =0, (68)

where t;,¢; (i = 1,2,3,--+) are polynomial functions of
n. Since, n = O(1), t; and ¢; are also of order O(1). The
leading-order terms of (67) are to, tané, tan*&?, tgn?€2e.
We balance the latter three terms to obtain that née =
O(1). With the assumption ¢ = O(n~3) in this section,
the order relation ¢ = O(n?) can be deduced. Then, &
can be written as lpn~3, and the asymptotic solution for
ge and n. are as follows

9o =1+ qu1° + 920 + gan’* + - - (69)
e = 1+ ng1 + g 4+ nan’ + -

where [y is a constant, and both ¢g; and n; (i = 1,2,---)
are to be determined. Substituting equation (69) into
(67, 68), the coefficients g; and n; can be deduced from
the coefficients of the leading-order =2 term. The first
non-trivial mode is n. = 2. With n, = 2, only Equation
(67) is needed and we have

1 3
+ =+

1 1+ 372603
46 8¢

18802 +O0(n%). (70)

gc:1+

Very stiff film on soft substrate S4: & > O(n~?)

Finally, we only keep the coefficient of £2 in (67). From
the leading-order terms, we deduce that e = 72, and g, is

e =1+g7° +920° + gsn" + -, (71)

where g; (i = 1,2,3,---) are constants to be determined.
Substituting (71) into the bifurcation condition (67) with
ne = 2, g. can be obtained as

1 11
=1+ -1+ —pt 5. 9
g 3t g +0(°) (72)

Summary

In summary, we have four asymptotic solutions de-
pending on the value of &:
(S1) When & = O(1),

ge=go+ g1+ gon® + -+,

_ (73)
ne=n"(no +nin+non’+---).



(S2) When £ = O(n™"),

=14 32/3 17 x 31/3 B 31/352/3 )
¢ 4€2/3 T 160473 12
32/3 )
22+ o), (74)
313 ¢ 11 31/3
¢ = — 22— om*?).
me= gy 3" qogy o TOUT

(S3) When & = O(n~3), we have n. = 2, and

1 L3y
IV TIRET:

(S4) When & > O(n~3?), we have n. = 2, and

1+ 372603

18E% +O0(1°). (75)

15, 11, 5
ge =1+ 70" + gen” +O0P). (76)
The first two solutions are obtained by assuming that n.
is large, so that the WKB method can be applied. In
contrast, the last two solutions are obtained under the
assumption that n. = O(1), and a regular perturbation
method is used.

RESULTS AND DISCUSSION

In order to validate the theoretical solutions obtained
in section , we compare the asymptotic solutions with nu-
merical solutions based on calculating the Evans function
via the compound matrix method, which can be easily
extended to the case of two connected domains [28, 29],
a Mathematica package implementation is available at
github.com/SPPearce/CompoundMatrixMethod . Here
we choose four values of n = 0.1,0.05,0.01,0.001 for our
simulations. Fig. 3 shows that the numerical results of g
and nen vary with 1/, In general, g. and n.n increase
with  and 1/£. However, since n. must be an integer, the
graph of n.n is discontinuous as shown in Fig. 3b. The
dashed lines in Fig. 3 represent the solution of the flat
case from the work of Goriely and Alawiye [30]. With de-
creasing 7, the cylindrical solutions are closer to the flat
case. The solid line of n = 0.001 is almost undistinguish-
able with the dashed line, indicating that the cylinder
can be treated as a flat solid when 7 < 0.001.

Comparisons between the asymptotic results and the
numerical results for g. and n.n are shown in Figs. 4 and
5, respectively. Taking the results of g. when n = 0.05 as
an example shown in Fig. 4a, the solid line denotes the
numerical results and the dashed line with four parts de-
notes the asymptotic results in the four regimes denoted
by S1, S2, S3, and S4. In Fig. 4a we see that the asymp-
totic results provide an excellent approximation to the
numerical results in their respective regimes. However, in
the regime where £ € (O(n72),0(n™1)), neither asymp-
totic results of S2 and S3 match the numerical curve.

The main reason is that n. is neither large enough so
that the WKB method can be applied, nor close enough
to O(1) for a regular perturbation method. However,
looking at S1 and S2 we see that the solution S1 is not
only a nearly perfect fit to the numerical results in the
region £ = O(1), it also covers the region of S2, where
it provides a better agreement. Similar conclusions can
be obtained in the case n = 0.01 in Fig. 4b. It is worth
mentioning that the gap between region of S2 and S3 is
reduced with decreasing 7.

The comparison of results for n.n between asymptotic
and numerical methods are shown in Fig. 5. Since n. = 2
when ¢ > O(n~3), the four cases can be reduced to three
cases with S4 merged into S3. Despite the fact that the
asymptotic results are continuous for n., they provide
good agreements as can be observed in Fig. 5. The S1
solution matches well with the numerical solution in a
larger region even covering S2.

Together, from Figs. 4 and 5, we conclude that the
asymptotic solutions match well with the numerical so-
lutions, except for a gap between the domains of validity
of S2 and S3. The solution of S2 can be substituted by
S1. However, S2 has the advantage of being fully analyt-
ical, and can be used more conveniently if only focusing
in region £ = O(n~1).

Next, we extend the region of 1/¢ to values larger than
1. Because of the large value of n. in this region partic-
ularly for smaller values of 7, this is numerically chal-
lenging, but we are able to solve this with the aid of the
compound matrix method. Fig. 6 shows the S1 estimates
for g. and n.n when n = 0.05, 0,01, and 0.001, compared
to the flat solution [30]. For small 5 (n = 0.001), S1 is a
very good fit for both g, and n.n that is very close to the
flat case. The critical growth parameter g. increases with
1/¢€ and 7 as shown in Fig. 6a. Fig. 6b shows that n.n
increases with 1/£ for a given value of 1. The two solid
curves with different 7 meet around 1/¢ = 1.14, when
the coefficient n;, changes sign. Hence, n.n increase with
1 before this inflection point and decreases afterwards.

For the flat case, critical solutions exist for 1/ <
1/&min = 1.895 after which, the Biot instability [31] is
the dominant wrinkling instability. This generic instabil-
ity occurs when an elastic half plane subject to uniaxial
compression becomes unstable with respect to zero wave-
length wrinkles [30].

For the curved surfaces considered here, for large
n, the eigenvalues tend towards a fixed asymp-
tote that is independent of &, given by ginf =
2.6043,2.1159, 1.8869, 1.8523 respectively for n =
0.1,0.05,0.01,0.001, corresponding to the Biot instabil-
ity becoming dominant. As shown in Figure 6b, for
n = 0.01,0.001, the critical value of n.n approaches this
value smoothly as 1/¢ is increased.
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FIG. 3. Numerical solutions: (a)g. and ncn (b) for various
values of 7.

CONCLUSION

We studied the circumferential wrinkling of a growing
cylinder tissues composed of a thin film on a cylindrical
substrate. To bridge the gap between the classical pla-
nar case and the cylindrical case, we considered a cylinder
with small ratio between the film thickness and the cylin-
der radius, that is n < O(1). Under this assumption, we
studied four regimes on the basis of the order relation
between ¢ and 7. For each regime, we obtained asymp-
totic solutions for the critical growth g. and wrinkling
mode number n.. Comparing these asymptotic solutions
with numerical solutions, we showed that the asymptotic
solutions provide a very good approximation in the cor-
responding regime. From this, we conclude that there
is a systematic effect due to curvature: curvature delays
the wrinkling instability. This implies that on a curved
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FIG. 4. Comparison between asymptotic and numerical so-
lution of g. for n = 0.05 (a) and n = 0.01 (b). The solid
line denotes the numerical results. The dashed lined is di-
vided into four parts, S1, S2, S3, S4, representing the four
sasymptotic regimes.

surface with non-constant curvature, we expect to see
a wrinkling pattern first forming first on those regions
with the lowest curvature. Finally, while there is also a
perturbation on the mode number due to the curvature,
this effect is rather small and the mode number predicted
by the theory of wrinkling on a flat substrate provides a
good approximation for the problem.

The delay due to curvature is observed in simple mod-
els of brain morphogenesis consisting in the growth of a
thin cortex over a growing ellipsoidal tissue representing
white matter. In recent simulations of this growth
process the wrinkle pattern first appear on regions with
lower curvature [8, 32]. This effect is believed to be
important in shaping the final gyral brain pattern based
on the initial shape of the brain as originally proposed
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by Todd [33]. It is likely that the same interaction
between geometry and pattern formation occurs in other
problems of morphogenesis.
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APPENDIX A

The matrix M can be expressed as

G (b) 0 0
He(b) 0 0
E,Giy(a) Gsi(a) Gs2(a)
Fifula)  Halo)  Hal) | (A1)
E, —uMa) -2 (a)
U.Y(a) —U:(a



TABLE 1. ¢g; and n; varying with &

go 1o g1 ni g2 n2

3

2. 1.37062 0.740338 0.723767 0.486206 -0.287175 0.292942
4. 1.22646 0.679204 0.360783 0.430743 -0.237694 0.0525033
6. 1.16985 0.633439 0.246533 0.384075 -0.27418 -0.330524
8. 1.13867 0.597837 0.190279 0.351907 -0.329063 -0.776405
-1.25895
12. 1.1044 0.545474 0.134014 0.309761 -0.448778 -1.76607

10. 1.11858 0.569193 0.15658 0.328198 -0.38857

14. 1.09379 0.525376 0.117774 0.294856 -0.508344 -2.291

16. 1.08549 0.508032 0.105483 0.282454 -0.566788 -2.82954
0.49284 0.0958289 0.271905 -0.623954 -3.37889
20. 1.07327 0.47937 0.0880259 0.262773 -0.679825 -3.93704
22. 1.06861 0.467305 0.0815751 0.254758 -0.734439 -4.50253
24. 1.06462 0.456405 0.0761434 0.247639 -0.787859 -5.07425
0.0715 0.241256 -0.840152 -5.65134

18. 1.0788

26. 1.06117 0.446485

28. 1.05813 0.437399 0.0674796 0.235484 -0.89139 -6.2331

30. 1.05545 0.429031 0.0639606 0.230229 -0.941638 -6.81898

32. 1.05305 0.421286 0.0608515 0.225414 -0.99096 -7.40852
34. 1.0509 0.414086 0.0580822 0.220979 -1.03941 -8.00133
36. 1.04895 0.407368 0.0555977 0.216874 -1.08705 -8.59709
38. 1.04717 0.401076 0.0533546 0.213059 -1.13391 -9.19553
40. 1.04555 0.395166 0.0513181 0.209499 -1.18005 -9.79641

with
b
E; =exp (/ Sf(l)(r)dr> ,
1
Gyi(r) § [1 —n? - rgsf(i)?’ + 2T2Sf( )2(1 + afz)

— 27~2Sf(i)/ + 204?(—1 +n? - TQSf(i)/) — rgSf(i)”
+ rSf(i)(l +2on? — 2af2 + nzag1 + 3r25’f(i)/)],

Hfi(T) = af (n2 —1- TSf(i) + Tzsf(iﬂ B Tzsf(i)l),

ir?
G (r) = 2n(n* —n —2)r" 2,
Ge(r) = 2(n — 1)n?r"1,
Hg(r) = —2n(1 +n)r" 1,
Hy(r) = —2n(n — 1)r" 73,

APPENDIX B

Here we give some semi-analytical results for the case
S1 under the given value of £ (see table I). Fig. 7 shows
go, 91 and g varying with . In the region & € [2,40],
g1 decreases dramatically with £ represents that the cur-
vature has less effects on g. with large £. Since ¢g; and
n1 are positive, it means that the curvature increases g.
and k. in this region.
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FIG. 7. ¢; (i =0,1,2) varying with &.
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