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Morphoelasticity of large bending deformations of cell sheets during development
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Deformations of cell sheets during morphogenesis are driven by developmental processes such as cell
division and cell shape changes. In morphoelastic shell theories of development, these processes appear as
variations of the intrinsic geometry of a thin elastic shell. However, morphogenesis often involves large bending
deformations that are outside the formal range of validity of these shell theories. Here, by asymptotic expansion
of three-dimensional incompressible morphoelasticity in the limit of a thin shell, we derive a shell theory for
large intrinsic bending deformations and emphasize the resulting geometric material anisotropy and the elastic
role of cell constriction. Taking the invagination of the green alga Volvox as a model developmental event, we
show how results for this theory differ from those for a classical shell theory that is not formally valid for these
large bending deformations and reveal how these geometric effects stabilize invagination.
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I. INTRODUCTION

Cell division, cell shape changes, and related processes
can drive deformations of cell sheets during animal and plant
development [1-6]. In elastic continuum theories of the de-
velopment of the green alga Volvox [7-10], of tissue folding
in Drosophila [11,12], or of more abstract active surfaces [13],
these driving processes appear as changes of the reference or
intrinsic geometry of thin elastic shells.

Just as classical thin shell theories arise from an asymp-
totic expansion of bulk elasticity in the small thickness of
the shell [14-16], these morphoelastic shell theories should
be asymptotic limits of a bulk theory. While there is now
a well-established framework of three-dimensional morphoe-
lasticity [17,18], based on a multiplicative decomposition of
the deformation gradient tensor into intrinsic and elastic de-
formations [19], studies of this asymptotic limit have mostly
been restricted to the case of flat morphoelastic plates. Ex-
tensions of the classical Foppl-von Karman equations [20,21]
have been derived and residual stresses in Kirchhoff plate
theories [22] have been studied in this case. A theory of
non-Euclidean plates [23] has been developed in parallel.
Apart from a general geometric theory of morphoelastic sur-
faces [24], studies of morphoelastic shells have remained
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more phenomenological, however: Some models [7,8,11-13]
simply replaced the elastic strains in classical shell theories
[15,25,26] with measures of the difference of the intrinsic and
deformed geometries. Other studies [9,10] took a more geo-
metric approach, mirroring geometric derivations of classical
shell theories [25] based on the so-called Kirchhoff “hypothe-
sis”. This is the asymptotic result [15] that the normals of the
midsurface of the undeformed shell remain, at leading order,
normal to the deformed midsurface.

There is, however, one more serious limitation of these
models: Tissues in development undergo large bending defor-
mations (Fig. 1) that are outside the formal range of validity
of the underlying thin shell theories, which assume that the
thickness of the shell is much smaller than all length scales
of the midsurface of the shell [15,25,26]. However, even if the
thickness of the cell sheet is much smaller than its undeformed
radius of curvature, this radius of curvature may become com-
parable, locally, to the thickness of the cell sheet as it deforms
(Fig. 1). This is associated with cells contracting at one cell
pole to splay and thereby bend the cell sheet [4].

Here, we derive a theory of thin incompressible mor-
phoelastic shells undergoing large bending deformations by
asymptotic expansion of three-dimensional elasticity. We re-
veal how, even in a constitutively isotropic material, this
biological scaling limit of large bending deformations in-
duces, in the thin shell limit, a geometric anisotropy absent
from classical shell theories: different deformation directions
exhibit different deformation responses. We stress how this
geometric effect is associated with the geometric singular-
ity of cell constriction, i.e., the limit of wedged triangular
cells [Fig. 1(b), inset] associated with these large bending
deformations. Specializing to the invagination of the green
alga Volvox [27,28], we then show how results for this
theory differ from those for a classical theory that is not
formally valid in this large bending limit and reveal how
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FIG. 1. Large bending deformations during morphogenesis:
Even if the thickness of the cell sheet is small compared to the
undeformed radius of curvature, the local radius of curvature need
not remain large compared to the cell sheet thickness as the sheet
deforms. (a) Cross section of ventral furrow formation in Drosophila,
reproduced from Ref. [29]. (b) Midsagittal cross section of invagina-
tion in the spherical alga Volvox globator, reproduced from Ref. [8].
Inset: Cartoon of constricted triangular cells in the bend region. Scale
bars: 20 pm.

invagination is stabilized by the geometry of large bending
deformations.

II. ELASTIC MODEL

In this section, we describe large bending deformations
of a thin incompressible morphoelastic shell, starting from
three-dimensional morphoelasticity. We shall have to distin-
guish between three configurations of the shell [Fig. 2(a)]:
(i) the undeformed configuration of the shell, (ii) the deformed
configuration of the shell, and (iii) the intrinsic configuration
of the shell that encodes the local, intrinsic deformations of
the shell, i.e., the cell shape changes or cell division in the
biological system. These intrinsic deformations are not in
general compatible with the global geometry of the shell: in
other words, this intrinsic configuration cannot, in general,
be embedded into three-dimensional Euclidean space [17].
Elasticity must therefore intervene to “glue” the intrinsically
deformed infinitesimal patches of cell sheet back together,
as illustrated in Fig. 2(a). Configurations (i) and (ii) are re-
lated by the geometric deformation gradient F. This tensor
decomposes multiplicatively into an intrinsic contribution F°
that relates configurations (i) and (iii), and an elastic contribu-
tion F = F(F®)~!. This is the multiplicative decomposition of
morphoelasticity [17,18].

In this section, we restrict to torsionless deformations of
an axisymmetric shell. The analysis can be extended to more
general deformations of the shell, and, for the sake of com-
pleteness, we do so in Appendix A, but the restriction to
axisymmetric deformations eschews the mire of tensorial no-
tation that arises in the general case.

FIG. 2. Morphoelasticity of an axisymmetric shell. (a) The unde-
formed (top), deformed (left), and intrinsic (right) configurations of
the shell are related by the three tensors E, F° and F = |~=(F°)*‘.
The geometric and intrinsic midsurface stretches are f;, fd, and

V. f§- (b) Undeformed configuration V of an axisymmetric shell
of thickness eh(s), described by coordinates r(s), z(s), where s is
arclength, with respect to the basis {u,, ug4, u;} of cylindrical po-
lars. (c) Cross section of the undeformed shell, defining a basis
B = {es,e4,n} and the transverse coordinate ¢. The surfaces
of the undeformed shell are at ¢ = +h*(s), where the tan-
gent vectors are e, ey, and the normal is n*. (d) Deformed
configuration V' of the shell: After a torsionless deformation,
the shell has thickness &h(s), arclength §, and is described
by coordinates 7(s),Z(s) with respect to cylindrical polars.
(e) Cross section of the deformed shell, defining a basis
B= {€s, &4, 71}. Normals to the midsurface rotate so that a point
at a distance £¢ from the undeformed midsurface S is at a dis-
tance £Z (s, ¢) from the deformed midsurface S and displaced by
a distance €Z(s, {) parallel to S. At the surfaces 7 = +h*(s) of
the deformed shell, the tangent vectors are é;k, sz, and the normal
is 7i*. (f) The intrinsic midsurface S°, on which ¢° = 0, embeds,
locally, into three-dimensional space to define an intrinsic basis
B’ = {E,,E4, N}.

The derivation of the shell theory for large bending de-
formations divides, like derivations of classical shell theories,
into two steps: First, in Sec. II A, we describe the kinematics
of the deformation and derive expressions for the geomet-
ric, intrinsic, and elastic deformations gradients. Second, in
Sec. II B, we analyze the mechanics of the shell and expand
the three-dimensional elastic energy and equilibrium condi-
tions asymptotically. At the end of this section, in Sec. IIC,
we discuss the limit of small bending deformations that gives
rise to classical shell theories.

022411-2



MORPHOELASTICITY OF LARGE BENDING ...

PHYSICAL REVIEW E 103, 022411 (2021)

A. Axisymmetric deformations of an elastic shell

We consider an elastic shell of undeformed thickness &h,
where ¢ < 1 is a small asymptotic parameter expressing the
thinness of the shell compared to other length scales associ-
ated with its midsurface. Large bending deformations will be
introduced in Sec. II B by allowing one of the intrinsic radii
of curvature of the shell to be of order O(e). We begin by
deriving an expression for the elastic deformation gradient F
for torsionless deformations of an axisymmetric shell.

1. Undeformed configuration of the shell

We will describe the undeformed configuration V of the
shell with reference to a midsurface S that we will choose
later. With respect to the basis {u,, ug, u;} of cylindrical coor-
dinates, we define the position vector of a point on S,

p(s, @) = r(s)u (@) + z(s)ug, 1
with s denoting arclength and ¢ being the azimuthal coordi-
nate [Fig. 2(b)]. The tangent angle v (s) of S is defined by

r'(s) =cosy(s), Z'(s)=siny(s), 2)

in which dashes denote differentiation with respect to s. The
vectors

es(s, @) = cos Y (Suy (@) +siny(s)u;, ey(d) =ug(P)

3)

thus constitute a basis of the tangent space of S [Fig. 2(c)],
which we extend to a (right-handed) orthonormal basis
B = {e,, eg, n} for V by adjoining the normal to S,

n(s, @) = cos Y (shu; — siny (s)ur(¢). “4)

In particular, n = e; x e4. We complete the description of S
by computing its curvatures,

sin ¥ (s)
r(s)

() = Y'(s),  p(s) = (5)

Now, the position of a point in V is

r(s, ¢, ) = p(s, @) + e¢n(s, ¢), (6)

where we have introduced the transverse coordinate ¢, which
is such that the shell surfaces are at { = +h*(s) [Fig. 2(c)].
Noting the derivatives 0n/ds = —e, and dn/d¢p = —z ey,
we obtain the tangent basis of V),

or or or

52(1—8%54')6’_;, %27'(1—8%(1,;)64), & =¢n,
(7

from which follows the expression for the Riemannian metric
of the undeformed configuration,

Xs ds® + xg d¢* + x7 d¢?, (8a)
with associated scale factors

xs=1—esx, xp=r(1—638), x.=¢  (8b)

and hence volume element

dV = xsxpxc dsde¢ dg
=e(l — e 0)(1 —exyt)rdsde de. (8¢)

The position vectors of the surfaces ¢ = +h*(s) of the
undeformed shell are

(s, ¢, ¢) = p(s, ¢) £ eh™(s)n(s, p), (9a)
0, using commata to denote partial differentiation,

art
as

The unit tangent vectors to the shell surfaces are e;t || art/ds
and ej = ey, in which the symbol || expresses parallelism and
hides a normalization factor for the unit vector on the left-hand
side. By definition, the unit normals n* to the undeformed
shell surfaces [Fig. 2(c)] obey n¥ || e;E X eqf. Now introducing
the normalization factor explicitly, we find

= (1 F es,h™)eg = eh’n. (9b)

+

)
1 F e h®’ (

n+vieg .
nt=—"1"S5 with vy=

J1+0vi

2. Deformed configuration of the shell

As the shell deforms into its deformed conﬁgu~rati0n V, the
midsurface S maps to the deformed midsurface S [Fig. 2(d)],
with position vector

p(s, @) = F()ur(¢) + 2(s)ug, Y

where, in particular, s is again the undeformed arclength.
Denoting by § the deformed arclength, we define the stretches

7(s)
= 12
fo(s) = o) (12)

which enable us to define the tangent angle ¥/ (s) of S by
F(s) = ficosr(s), Z(s) = fesindh(s),  (13)

where dashes still denote differentiation with respect to s.
Similarly to the analysis of the undeformed configuration, we
introduce the tangent vectors

&s(s, @) = cos Y ()uy(¢p) + sin ¥ (s)uy,

. 3
fv(s) - g,

e4(P) =uy(9),
(14)

and the normal vector

fi(s, ) = cos Y (s)u, — sin ¥ (s)u,(¢), (15)

SO it =& x &4. This defines a (right-handed) orthonormal

basis B = {2, €y, i} describing % [Fig. 2(e)]. The curvatures
of the deformed shell are
~ I (s _ sin ¥ (s)
Ks(s) = M, Ry(s) = ~1/f( . (16)
f5(s) F(s)

As the shell deforms, the normals to S need not remain normal
to S, and so a point in V at a distance £¢ from S will end up,
in V, at a distance ¢Z from S, and displaced by a distance
g parallel to S [Fig. 2(e)]. By definition of the midsurface,
¢ =& =0if ¢ = 0. The position of a point in V is thus

F(s, @, ) = (s, §) + €L (s, Oii(s, ) + £3(s, (s, ¢).
a7

Continuing to use commata to denote partial differentiation,
we find

— = [fi(1 — eR,0) + 6,518 + e(C s + fikt, )it

a5 (18a)
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and
or [ (1 ) or (~ - - ~)
r — &K + &C cos e , =& n -+ €5).
3 4>§ S l;b ¢ 3{' é‘,{ G.c€s

(18b)

Noting that 7 = f¢,r from definitions (12), the Riemannian
metric of V is therefore

{[fs(l - 8’2&'5) + 55,5]2 + 32(;& + fv’zsg‘)z}dsz
+[fpr(1—ekpl)+eZ cos Y12de? + &2[(Z.0)*+(Z )*1d¢?
+26{ [fi(1 — eRsC) + e, + o (s + fiksE)}ds de.

(19a)

From =& =0o0n¢ =0, 1tf0110wsthat§ ¢s=0on
¢ = 0. Hence the metric of S is simply

fds® + 7} rde’. (19b)

At the surfaces £ = +h*(s) of the deformed shell, the unit
tangent Vectors are e* and éqf = é4. They define the normals
a* || & x & [Fig. 2(6)]

3. Intrinsic configuration of the shell: Incompatibility

To specify the intrinsic conﬁguration VO of the shell, we
introduce the intrinsic stretches f2, f¢ and the intrinsic cur-
vatures /co /<¢ and the 1ntr1n51c normal displacement ¢°. We
assume that fo fO and K /<¢ are functions of s only, while
£0%s, o) is strlctly increasing in ¢, with ¢® = 0 on ¢ = 0. Fur-
ther, we assume that the analog of the displacement parallel to
the midsurface vanishes, go =0.

Although we have named these functions with reference to
similar quantities defined for the deformed configuration, they
lack a geometric meaning at this stage. In fact, the Riemannian
metric that we can write down by analogy with Eq. (19a),

(2201 = exe®) T + (6007 + [13(0 — exge”) P rPag?

+ 62(¢9)°de? + 2626900 ds e, (20)

is not in general compatible: Its Riemann curvature ten-
sor does not vanish in general, so it cannot, in general, be
embedded into three-dimensional Euclidean space [17]. Me-
chanically, this means that relieving all stresses in the shell
requires an infinite number of cuts [17]. This is not surprising
because, in the biological system, each cell undergoes inde-
pendent shape changes or division in general and, since cells
are infinitesimal in this continuum description, isolating these
infinitesimal building blocks requires infinitely many cuts.

We now define the intrinsic midsurface S° of the shell by
its Riemannian metric, which is, by analogy with Eq. (19b)
and consistently with Eq. (20a),

2 2

(fso) ds? + (fq?) rrdg?.
It follows from a local embedding theorem for Rieman-
nian metrics [30,31] that this two-dimensional metric can
be embedded, at least locally, into three-dimensional Eu-
clidean space. In particular, this means that there exists a local

(20b)

(right-handed) orthonormal intrinsic basis B = {E;, E4, N}
of three-dimensional space such that Eg, Eg = ug are tan-
gent to SY, and N is normal to it [Fig. 2(f)]. From this
basis, we compute the curvatures of S, »? = —E; - N ; and
%g = —E4 - N 4. The intrinsic curvatures «?, Kg are specified
independently from these as they do not enter the definition of
S° in Eq. (20b). In particular, k?, iy are in general different
from 3, 5. This expresses the incompatibility of metric
(20a). While Eq. (20b) assigns a geometric meaning to the
intrinsic stretches fso, fg, these intrinsic curvatures therefore
remain without the direct geometric realisation that would
result from an embedding into three-dimensional Euclidean
space, as does the intrinsic normal displacement ¢°.

We specify the latter by requiring the intrinsic deforma-
tions to conserve volume. This assumption is, for example,
appropriate for Volvox inversion [Fig. 1(b)]: the cell measure-
ments of Ref. [28] suggest that the cell shape changes driving
inversion preserve volume. For other developmental processes
that include cell division, the assumption of intrinsic volume
conservation would be replaced with a position-dependent
constraint that takes account of this growth. Since ¢°(s, ¢)
is increasing and can hence be inverted to yield ¢(s, ¢°),
Eq. (20a) becomes, on changing coordinates from {s, ¢, ¢} to

{s,9.¢°,
(x0)°ds® + (x9)"dg? + (x
with scale factors

1= fso(l — 8/(?4‘0),

S)'AER, @l

Xg:fgr(l—é‘l((g{o), X?():g'

(21b)
Its volume element is therefore
davl = XOX;))(?O dsd¢ dgo
=ef)fy(1 — () (1 — exg¢®) rdsdp dz®.  (21c)
Intrinsic volume conservation requires dV = dvl, so

Egs. (8c) and (21c) combine to yield a differential equation
for ¢% as a function of ¢, which we will eventually integrate
in Sec. II B under the scaling assumptions of our shell theory.

At this stage, S, S, and S are defined to be corresponding
surfaces within the shell. Indeed, it would it be possible to de-
velop a shell theory for any choice of surfaces that correspond
to each other in this way. We add that there is no obvious
correspondence between the shell theories that result from
different choices of the intrinsic midsurface S° belonging to
V0 since the latter cannot be embedded into three-dimensional
space.

We now make a particular choice of the surfaces S, S, and
89 that, as we shall see in the discussion at the end of Sec. II B,
justifies referring to these surfaces as midsurfaces. We do
so by imposing the following condition: the surfaces of the
shell, at { = h*(s)and = £h*(s)inV and V respectively,
correspond to ¢ = £h°(s)/2; the calculations in Sec. IIB
will show that this choice can be made. We stress that,
like ¢°, the intrinsic thickness h°(s) lacks a direct geometric
realization.

022411-4



MORPHOELASTICITY OF LARGE BENDING ...

PHYSICAL REVIEW E 103, 022411 (2021)

We close by noting that ¢%Gs, ¢) and hence h°(s) can also
be specified without reference to the incompatible metric
(20a), by imposing the condition det F® = 1. Indeed, with
the intrinsic deformation gradient F® defined as in Eq. (24)
below, this is easily seen to be equivalent with dV = dV°.

4. Calculation of the deformation gradient tensors

The geometric deformation gradient is F = Grad#[17], in
which the gradient with respect to the undeformed configura-
tion is [17]

Conversely, the condition det FO — 1 can be used to define the Grad = izi ® Q + %i ® ﬁ + izi ® ﬂ (22)
intrinsic volume element dV° without reference to Eq. (20a). Xgds 9s  x, 09 9 x;9¢  O¢
J
Combining Egs. (7), (8b), and (18), we thus obtain the geometric deformation gradient,
AU —ekd) +ee, i
1 0 54
— &ex¢ . _ .
E_ 0 Jo(1 — ekyl) + e cosy/r o l. (23)
B B 1— 8%¢é‘
e(s + fiksS) -
e 0 L
- 8%s§

expressed here with respect to the mixed basis B ® B. We now complete specifying the intrinsic configuration V° by writing
down an analogous expression for the intrinsic deformation gradient with respect to the mixed basis B’ ® B, viz.,

o0 — ek

1 —ex
Fo = 0
erd
1 —exn

The elastic deformation gradient is, therefore, with respect to the natural mixed basis B BY,

fil —eRsZ) + e(Z5+ &0

FO(1 — ex0¢0)
F=FF)'= 0

S(E,s + ﬁk.v§ - ;25,{0)

7o — ex029)

B. Thin shell theory for large bending deformations

In this subsection, we derive the effective elastic energy
for the shell by asymptotic expansion of three-dimensional
elasticity. We assume the simplest constitutive law, that the
shell is made of an incompressible neo-Hookean material
[17], so its elastic energy is

5:/]/ edv®,  with e:g(L—?a), (26)
0 2

wherein C > 0 is a material parameter, and Z; is the first in-
variant of the right Cauchy—Green tensor C = F'F [17]. The
integration of the strain energy density e is over the intrinsic
configuration V° of the shell, with volume element dV°. As
we have noted above, this can be defined from the condition
detF® =1, independently of the incompatible metric (20a).
The force on an area element dS with unit normal 7z of the
deformed configuration is Tin dS [17,32]. In this expression,
T is the Cauchy stress tensor, which, for this neo—-Hookean
material, is related to the deformation gradient by [21]

T =C(FF" —pl), (27)

0 0
f3( = exgc?) @
1— €%¢C
0 ¢l
0 [
Jo(l —ekyl)+ €S cosy/r 25)

fy (1 —exdc0)

0 ;;o

(

in which | is the identity and the Lagrange multiplier p
is proportional to pressure and imposes the incompress-
ibility condition detF = 1. To this area element of the
deformed configurations corresponds, in the undeformed
configuration, an area element dS with unit normal m. Nan-

sgn’s relation [17,32] states that i dS = jf:me dS, where
J = det F = det Fdet F® = 1. We introduce the tensor

P=TF ' =cQ with Q=FF) " —pF . (28

In particular, if FO— I, then P = TF T is the familiar (first)
Piola—Kirchhoff tensor [17]. By definition, Tz dS = Pm dS,
and hence, similarly to the derivation of the familiar Cauchy
equation of classical elasticity [17,32], the configuration of the
shell minimizing the energy (26) is determined by

DivQ" =0, (29a)

where the divergence (with respect to the undeformed con-
figuration of the shell) is defined by contracting the first and
last indices of the gradient in Eq. (22). Since B is independent
of ¢ by definition, and using the nabla operator to denote the
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gradient on S, this becomes, on separating the components
parallel and perpendicular to the midsurface,

(Qn)’g
&

+v.-Q'=0o. (29b)

1. Scaling assumptions

At this point, we break the complete generality of our
description by making scaling assumptions appropriate for a
shell theory of large intrinsic bending deformations.

First, we introduce large intrinsic bending deformations
explicitly by scaling the intrinsic curvatures so as to allow
small radii of curvature in the meridional direction, viz.,

)\'0

)= [0 f;;?f, kg =[5 1y, (30)

in which the scaled intrinsic curvatures A?, A3 are assumed to

be O(1) quantities. This scaling regime in which the merid-

ional intrinsic radius of curvature becomes comparable to the

thickness of the cell sheet is, as shown in Fig. 1(b), the one

relevant for Volvox invagination, which we shall analyze in

Sec. III. Appendix A treats the general case in which all
components of the curvature tensor are allowed to be large.

Second, we make the standard scaling assumptions of shell
theory, that the elastic strains are small, i.e., that the stretches
and curvatures in the deformed configuration do not differ
“too much” from the intrinsic stretches and curvatures. In
particular, while we have allowed the radius of curvature 1/x°
to become comparable to the shell thickness in Eqgs. (30), we
shall assume the deviations from this to remain small. More
formally, we introduce the shell strains Ey, E,4 by writing

fi=FA+eE),  fy =f)(1+¢E,y), 31)

and the curvature strains Ly, Ly by letting

0
k= f?fg(% + L) Ro = ffy(hg +1Ls). (B2

Finally, we introduce the scaled variables

=017 z=£7% S=£fz 63

While we will come back to discussing the factors f; f{
that arise in Egs. (30), (32), and (33), we note, for now and
from Eq. (20b), the following: the intrinsic midsurface S°
has surface element dS° = f? f rdrd¢ = f?f; dS, with dS
the surface element of the undeformed midsurface S. Hence
these rescalings by f? fg absorb the intrinsic stretching of the
midsurface. This will turn out to simplify expressions that
arise in subsequent calculations.

2. Boundary and incompressibility conditions

We solve the Cauchy equation (29b) subject to the in-
compressibility condition det F = 1 and force-free boundary
conditions. These boundary conditions, that there be no exter-
nal forces on the surfaces of the shell, are relevant for many
problems in developmental biology, where deformations are,
as discussed in the Introduction, driven by changes of the
intrinsic geometry only; including external forces does not
pose any additional difficulty though.

These force-free boundary conditions read Tt =0 [17],
where T¥ are the Cauchy tensors evaluated on the surfaces

¢ = =+h* of V. By the above, these are equivalent with
Ptpt = 0, where, from Eq. (28), P* = CQ¥ are evaluated
on the surfaces ¢ = £A* of V, the normal vectors nt of which
are given by Eqgs. (10). The latter yields the expansion

nf=n¥ ehﬁes + 0(&?). (34)

The incompressibility condition is det F = 1. Since the
bases B and B° are orthonormal, there gxist rotations, rep-
resented by proper orthogonal matrices R and R?, that map
the standard Cartesian basis X' onto B and B°, respectively.
Hence, if F denotes the matrix in Eq. (25) that represents F
with respect to the mixed basis B ® B, then ~F is represented
by RTFRO with respect to ¥ ® X. Since det R = det R = 1,
det F = det (RTFR?) = det F. The incompressibility condi-
tion can therefore be evaluated using the matrix in Eq. (25),
but it is important to recognize that incompressibility is a
tensorial condition. For the general, nonaxisymmetric defor-
mations discussed in Appendix A, we shall indeed have to
distinguish more carefully between tensors and the matrices
representing them with respect to mixed nonorthogonal bases,
which is why we have already introduced different notations,
based on Ogden’s [32], for matrices (sans serif font) and ten-
sors (bold sans serif font) that could be used interchangeably
here.

3. Intrinsic volume conservation

Before expanding the boundary and incompressibility con-
ditions asymptotically, we determine the dependence of ¢°
and hence Z° on ¢ that results from the condition dV = dV° of
intrinsic volume conservation. On recalling that k* = O(s™!),
the expressions for dV in Eq. (8c) and dV° in Eq. (21¢) yield,
at leading order, a differential equation for Z°(¢),

(10297 =1 = 2= (1 1= 220¢), 639)

where we have imposed Z° = 0 at ¢ = 0. Let H” = h°f) 7).
Since ¢ = £h%/2 &= Z° = £H"/2 at ¢ = +h* by defini-
tion, Eq. (35) implies

H° 29
Wt = 7(1 F Z‘H()) — h=ht+h =H" (36)
wherein 4 is again the undeformed thickness of the cell sheet
[Fig. 2(c)]. We note that Eq. (36) is a leading-order result only,
since we have ignored O(¢) corrections in Eq. (35).

4. Expansion of the boundary and incompressibility conditions

To expand the incompressibility and boundary conditions
in the small parameter &, we posit regular expansions

Z =Zoy + eZgy + O(e?), S =S80+ 0(e), (37)

for the scaled transverse and parallel displacements. Through-
out this paper, we shall use subscripts in parentheses in this
way to denote the different terms in asymptotic expansions in
¢. We further expand

Q=Qq +cQu)+ 0>, p=po+0@e). (38)
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(a) Expansionatorder O(1). Atleading order, Eq. (29b) yields (Qgyn) ; = 0, so Q(g)n = Q(s) is independent of ¢. It follows
that 0 = nT = n+0() = + O(¢) using Eq. . Thus 0 = Q = Qoyr = (¢4, 0, q(y)- EXpanding definition
hat 0 = @*n* = Qg n + O(e) = £Q + O(e) using Eq. (34). Thus 0 = Q = Qo)1 = (g, 0, ¢/}))). Expanding definition (28)
using Eqgs. (23)-(25), this yields [33]

22800 — (S22 1+ (1 = 22Z0))S(0),20Z(0),20

0=qly = f2fy(1 —292° , (39a)
©) ¢( ) (1 — A?Z(O))Z(O),Zo — 2950)S(0).20
1= 2Z0))[(Z0),20)* = Poy] = A S0)S0).20Z(0).20
0=4qo = fcofq(&)(l - )‘220)( )[Zo, ©2=027 (39b)

(1 = 22Z0))Z0).20 = XSS (0).20

where we have used (¢° )y = 131 =29Z%) + O(e), which follows from Eq. (35) on recalling the rescalings (33). Moreover,
on expanding the incompressibility condition using Eq. (25), we find
1= 1Z° — (1 = MZ0)Zioy20 + 1/S0)S0),20

| =detF=1—
¢ 1— 2020

+ O(e). (40)

Equations (39) and (40) define a system of three simultaneous linear algebraic equations for p(g), Z) z0, and Sy z0, with solution
(1= 2020
(1-20Z0)" + (:95)
Zoyz20 = (1 — AgZO)gl — A?Z(O))z ) (41b)

(1= 40Zo)" + (ASw)
S0 (1 — A7Z°)

pPo) = 7 (41a)

S(O),ZO = — 5 R (41C)
(1= 29Z))" + (ASw)
Equation (40) or Egs. (41b) and (41c) imply
—2Zy (1 — X2Z(0)) +21980)S (0.0 = —2(1 — 222°). (42a)
Integrating and using the fact that Z, = S() = 0 at Z° = 0 by definition of the midsurfaces, we obtain
(1= 20Z0)" + (M50)" = (1 = 22°)". (42b)
Equation (41a) now becomes p() = 1. Moreover, on substituting Eq. (42b) into Eq. (41b),
0Zoy 1—29Z, 1 — 297,
= s = ——% " — const., 43
070 1 — 2070 1 — 2070 (43)

which, using Z, = 0 at Z° = 0 again, yields Z¢, = Z°. Hence Sy = 0 from Eq. (42b). The last equality is the Kirchhoff
“hypothesis” [15]: normals to the intrinsic midsurface remain, at lowest order, normal to the deformed midsurface.
(b) Expansion at order O(¢). We now expand the incompressibility condition further, finding

32(1) LSZO + )\.?Z(l)
070 1-— )\.?ZO

0=detF—1= 8<Es +Ep— LyZ° + ) + O(e?). (44)

On solving the resulting differential equation for Z;, by imposing Z;, = 0 at Z° = 0, we obtain

Z6(Es + Ey) — 3Z°[Ls + Ly + A2(E, + Eg)] + 220Ly(Z°)?}
6(1 —102%)

Zgy = — . (45)

(c) Expansion at order O(¢?). It will turn out not to be necessary to expand the deformation gradient explicitly beyond order
O(¢). Indeed, it will suffice to consider a formal expansion,

1 +861(|)+82(1(2)+0(83) 0 SU(])+0(82)
F= 0 14+ 8b(1) + 82b(2) + 0(83) 0 P (46)
gw) + 0(82) 0 1+ ecay + 82C(2) + 0(83)

with the leading-order terms found from Eq. (25). This also yields, using Eq. (45),
6E, — 6[L; + AX(E; — Ey)]|Z° + 3A0[Ly — Ly + 22(Es — E»)|(Z°)* + 2(A2)2L¢(Z°)3
6(1 — 2020)°

agy = , bay=Es—2Ly.  (47)
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Expressions for ao), by, c(1y, €2), V(1), w(1) could similarly be obtained in terms of the expansions (37), but, as announced, will
turn out to be of no consequence. Using Eq. (46), the incompressibility condition becomes

I=detF = 1+ e(aq) + bay + cay) + 2 (@) + by + c@) + amba) + baeq) + conaay — vaywa) + O(?). (43)

Next, using Eq. (24), we introduce an analogous formal expansion for the intrinsic deformation gradient, viz.,

a?o) + O(e)
FO = 0
sw%) + 0(&?)

where c?o) = [f?fg(l — )\‘?ZO)]_l using Eq. (35), and the values of a?o), b(()o), w?l) are of no consequence. Hence, using Eq. (46),

3 ajy, + O(e)
F=FF" = 0

a(w?l) + a?o)w(l)) + 0(82)

and thus, since p = 1 + O(¢),

O() 0 e(ay+wa)/c, + O
a=| o o 0
O(e) 0 O(e).

In particular, Eq. (29b) at order O(1) is just (Qqyn), = 0.
Moreover 0 = Q*n® = ¢Qj,n + O(¢?), since Q) = O and
using Eq. (34). Similarly to above, this implies Q1yn = 0.
From this and from Eq. (48), we infer

way = —vwy, ¢y = —(aq) + by, (52a)

2 2
ce) = apy +amba) + by — ae) — bey + vaywa).  (52b)
|

0 0
by, + OC(e) 0 , (49)
0 ¢y + 0(e)
0 EC((J(])U(l) + 0(82)
b(()o) + O(¢) 0 , (50)
0 ¢y + O(e).

(v + way)/cqp
= Qu=0, Qun= 0 . (€28
o(1)

5. Asymptotic expansion of the constitutive relations
On computing the expansion of C = F'F from Eq. (46)
and hence that of Z; = tr C, and simplifying using Egs. (52),
we obtain

I, =3+ 8[2(61(1) + b(l) + C(l))] + 82[61(21) + b%l) + C(zl) + U(21) + w(zl) + 2(61(2) + b(z) + C(z))] + 0(83)

=3+ &[4(ag) + aayba) + b7,))] + 0.
Hence, from Eqgs. (47) and on introducing x = 1°Z°,
2

Ti=3+4—
L= T T

(53a)

{[1 + (1= xP°PE] +2[1 + (1 = x)’]EEy + (4 — 12x 4 18x” — 12" + 3xE;

1 2 3 2x 2 3 4
~ 50 2x(4 — 6x +4x” — x7")E;Ly — 2x(2 — x)Ey Ly — ?(6 — 12x + 11x" — 5x” +x")E Ly

2
- %(12 — 30x + 55x% — 36x° + 9x4)E¢L¢}

L]
(29)°

+ 0(e).

This determines the leading-order term in the asymptotic ex-
pansion of the energy density in Egs. (26). On defining, from
Eq. (46), the (symmetric) effective two-dimensional deforma-
tion gradient and associated two-dimensional strain,

14 0 EE—I
& €aq) 2 & -
F= < 0 1+ 8b(1)> + 0(8 )’ E= 2¢ ’

(54)

2 2 2
|:x2(2 — X)L} + %(6 — Ox 4 5x? — x*)L,Ly + %(36 — 126x + 1776 — 114x° + 28x4)L§]}

(53b)

(

wherein | is again the identity, we rewrite Eq. (53a) as
T, — 3 =2&%[(tr E)? + tr B?] + O(&%). (55)

This shows how, at leading order, the energy density depends
only on the two invariants of the effective two-dimensional
strain. In the asymptotic limit of a thin shell, the constitutive
relations have thus become effectively two-dimensional.
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6. Derivation of the thin shell theory

We are now set up to average out the transverse coordi-
nate and thus obtain the thin shell theory. We compute, from
Eq. (21c), the leading-order expansion for the volume element
in the intrinsic configuration:

dv? = e(1 —292°%) rdsdeg dz° + O(¢?)
1 —x

it

erdsdeg dx + O(e?). (56)

J

Moreover, we introduce n = A?h /2, so that the shell surfaces
¢ = £h%/2 correspond to x = #.

On substituting Egs. (53b) and (56) into Eqs. (26), integrat-
ing with respect to x, and using axisymmetry, we then obtain

5://érdsd¢>=2n/érds,
S C

with the first integration over the undeformed axisymmetric
midsurface S and the second over the curve C generating S.
The effective two-dimensional energy density & in Eq. (57a) is

(57a)

R C
e = F / E()C)(l — x)dx = 583{]’1[0535Ex2 + (Ols¢ + O(¢5)ESE¢ + Ol¢¢E$] + th[ﬂssEsLs + ,BsqusLd) + ﬁ¢5E¢LS 4+ ﬂ¢¢E¢L¢]
s J—N

+ 1YL + (g + Vs )LsLg + vapL2]} + O(eY),

wherein
4_2n*+2 2tanh!
55 — L L 42_ o na (583)
(I —n% n
1 tanh~!
Uy = Olgs = _ 1 (58b)
1= U
3nt—6n* +4
Upp = ————5— (58c)
(I=n%)
(2 —1n*)
By = -0 (58d)
2(1 —n?)
6 4 2 ~1
n°+4n* —11n +3 tanh 7
:3S¢ = 2 - B ) (586)
18n(1 — n?) 6
By = 1 + tanh™! p (580)
T -y R
39 =503 + 1
Bop = ————=5— (58¢)
o) 6(1 — 712)2 g
4 2 ~1
n*—2n“+2 tanh™ 7
Vss = 7 3 (581’1)
An*(1 —n?) 21
6 4 2 —1
n°—=2n"+n°+3 tanh "7 .
s — s = - s (581)
10n* — 219> + 12 i
= (58))
Yoo 36(1 — 7]2)2 ]
are functions of the large bending parameter
A0 K0 K0
1= h= g e =5 ) (59)

only. Moreover, from Eqgs. (31) and (32), the shell strains in
Eq. (57b) are

£ _ 0
)
IE

P 0
¢E, = f‘"TOf“l (60)
¢

(57b)
[
while the curvature strains are
Ry — 0 2n
L, = — = K; — —E; + O(e), (61a)
213 h
I?qy — Kg
Ly = fofq? =Ky + O(e), (61b)
where we have defined
F~ 20,0 Fike — £O0
PO L S L O L R

(1) £ £9)

Shell theories are expressed more naturally in terms of
the alternative curvature strains Kj, Ky. Indeed, K, Ky
vanish for pure stretching deformations, whereas L, Ly
do not: Consider a shell, the undeformed (and intrinsic)
configuration of which is a sphere of radius R, and
which deforms into a sphere of radius R = fR, for
example because of a pressure difference between the
inside and outside. F0£ thi§ deformation, f? = fg =1,
K0 = Kg =1/R, while f;=fs=f, ks =~Ky =1/fR, and
soLy=Ly=(1—f)/f?R#0for f#1,but K, = Ky = 0.
Reference [15] has also discussed this point, noting that Ly, Ly
and K, K, can be used interchangeably in classical shell
theories. However, Eq. (61a) shows that, in the large bending
limit considered here, L; — K; = O(1). Even at leading
order, the stretching deformations associated with changes in
curvature cannot therefore be neglected in this limit. In terms
of the alternative curvature strains Ky, Ky, Eq. (57b) becomes

C
o= 583{ h(aE] + (@ + @) EsEg + apgE, |
+ 2h2 [BssEsKs + BsqusKtﬁ + :3¢3E¢Ks + IB¢¢E¢K¢]

+ h3 [VssKSz + (Vs¢ + V¢S)Kqu> + y¢¢K£]} + 0(54)»
(63)
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where agg, Bos, B Vss» Vso = Vos» Voo are still given by
Egs. (58), while

gy = Oy — 477,3ss + 4n2yss = > (64&)
(1 —n?)’
@wp = o_[qu = Q59 — 277/3¢s = T (64b)
(11—

3 8 ) 1 n tanh~! 7 (640)
ss = Pss — «NVss = — , Y
s s Vss (1l — 7]2)2 772

. nQ2—n*)

Bsp = Bsp —2nVsp = —————5- (64d)
s¢ ¢ Vs¢ 3(1 — 772)2

This completes the derivation of the elastic energy (57a) of
a thin shell undergoing large axisymmetric bending defor-
mations. In Appendix B, we derive the associated governing
equations, using the expression (63) of the energy density in
terms of the alternative curvature strains defined in Egs. (62).

7. Discussion

Several features of the shell theory that we have obtained
here are worth discussing in some detail.

(a) Stretching, coupling, and bending energies. The terms
that appear in the elastic energy (63) separate into stretching,
coupling, and bending terms, viz.,

€ = yerch + écouple + @bend + 0(54)’ (65)
with

Ch
& [OE] + @ + B )EEy + o] (662)

Estretch =

écouple = Ch283 [BA‘SESKS‘ + BS¢ESK¢ + ﬂ¢SE¢KY + ﬂ¢¢E¢K¢]7

(66b)
. cn
@hend = 783[)/”1(3 + (Vsp + Vo KKy + vpsKj ). (66C)

AS (Osp + Ops)* — 4050pp= — 48(1 — n2)72 < 0 for |n|<1,
the stretching energy &gyeicr 1S positive semidefinite. Numeri-
cally, we also find that (Vs + ¥p5)* — 4¥ss¥ee < 0 for |n| <1,
and hence the bending energy épenq is positive semidefinite,
too. However, the coupling energy &couple can clearly be of
either sign, though é is of course positive semidefinite.

(b) Constriction limit: Divergence. All of the coefficient
functions in Egs. (58) and (64) diverge as n — 1. More
precisely, the coefficients diverge like (1 — |5|)~2, and so
Eq. (63) loses asymptoticity when 1 — |n| = O(/¢), and
hence the shell theory is not formally valid in this limit. This
is mirrored by a similar breakdown of asymptoticity at other
places in the analysis: for example, Eqs. (47) show that the
expansion of the deformation gradient in Eq. (46) also breaks
down when 1 — || = O(y/¢). However, this divergence, ab-
sent from theories not valid for large bending deformations,
is not surprising in the first place. Indeed, the limit n — %1
corresponds to constricted cells, i.e., wedge-shaped, triangular
cells [Fig. 1(b), inset] for which the intrinsic meridional radius
of curvature is half the intrinsic cell sheet thickness: one of the
surfaces of the shell has contracted to a point in the intrinsic
configuration, so is geometrically singular. As the intrinsic
configuration approaches this constricted limit somewhere,

deviations from the intrinsic configuration become more and
more expensive energetically there compared to other posi-
tions in the shell, unless the divergence of ¢ as n — =*1 is
suppressed. This happens if écouple & —(Estretch + €pena) < 0 0r
the divergence of each of égiech, couples €bend 1S SUppressed,
which is possible for special values of Ey, E4, K, Ky, as dis-
cussed in more detail below.

(c) Geometric anisotropy. Plots of the coefficient func-
tions in Eqs. (58) and (64), arbitrarily scaled with &, to
absorb their divergence as n — =1, are shown in Fig. 3. These
illustrate how the relative importance of different deforma-
tion modes depends on the amount of intrinsic bending. In
other words, large bending deformations break the material
isotropy, so that different directions of stretching have differ-
ent effective stretching moduli; similarly, different effective
bending moduli are associated with different directions of
bending. This anisotropy is therefore geometric. It is not per-
haps surprising since it mirrors the curvature anisotropy of the
intrinsic configuration but, as discussed below, this effect is

(a) LA

dss/d'ss =1

ds¢/@ss = azps/@ss

azﬁd)/@ss
. 401 %ss
20+
-1-05 0 05 1 n

21 -075 -05
(b)

4

025 0 025 05 075 1

1 2075 -05

_B.\‘s/d'ss
_ﬁ_s¢/6’ss
ﬁ¢s/&ss
B¢¢/&ss
© *
/ 508 1 \
0.06
004
Vss/@ss
0.02+ Vsl Ass=Ves/ss
'y¢¢/dxs

o

2025 0 025 05 075 1

| |

12075 -05

FIG. 3. Effective two-dimensional energy density. Plots of the
coefficients in Eq. (63), defined in Egs. (58) and (64), against
n. All coefficients are arbitrarily scaled with &, to absorb their
divergence in the constriction limit n — £1. (a) Plot of the
stretching coefficients &y, Qyp, Gy, Xpp. Inset: Unscaled plot of
@,, against 7, diverging as n — £1. (b) Plot of the mixed co-
efficients By, Bsp» Boss Byo- (¢) Plot of the bending coefficients
Vsss Vs> Yoo Voo
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absent from the classical theories not valid for large bending
deformations.

(d) Midsurfaces. The leading-order solution above shows
that ¢ = ¢° 4 O(e). This implies that A% = h°/2 + O(e),
and hence (AT —h~)/2=0(s). The middle surface
¢ = (ht —h™)/2 of the deformed configuration V' therefore
coincides with E =0, i.e., with the midsurface S at leading
order, which is the order to which the shell theory is valid.
However, (h" —h7)/2 = -2 0?/8 4+ O(¢) = O(1), from
Eq. (36), and so S, defined by ¢ = 0, is not the middle surface
¢ = (ht —h7)/2 of the undeformed configuration V. We
could have derived a shell theory with similar properties to the
one obtained here but in which the midsurfaces correspond
to the middle surface of V but not to that of V. Since the
middle surface of V is the one that is ultimately observed, our
choice is perhaps the more natural one, and we are justified in
referring to S, S, S0 as midsurfaces.

C. Limit of small bending deformations

We conclude our calculations by taking the limit n — 0, in
which the bending deformations become small compared to
the thickness of the shell. The energy density in Eq. (63) then
limits to the form familiar from classical shell theories [15],

h3
8 = 2Ce3[h(E3 +EEs+E;) + —

B (K7 + KKy + qu)},

(67)

up to corrections of order O(¢*). This is the energy density of
a thin Hookean shell [15,25,26] with Poisson’s ratiov = 1/2,
implying incompressibility, and elastic modulus E = 3C. In
particular, our analysis also provides a formal derivation of the
morphoelastic version of this classical shell theory. Again, the
energy density separates into stretching and bending terms,

€0 = &0 stretch + €0,bend> (68)

with

1
20 stretch = E(4Ch)e3[Ef +EE, +E,]. (69a)

R LICIN 500 2
€0,stretch = 5(7)8 [Kg + KKy + K¢;]7 (69b)
but there is no term that couples the strains and curvature
strains. Such coupling terms do arise in the expansion cor-
responding to Eq. (53b), but are odd functions of Z°, so
disappear on integration over [—H’, H°] and hence from
Eq. (67).

In this classical theory, the same stretching modulus
E(eh)/(1 — v?) = 4C(eh) and the same bending modulus
E(eh)?/[12(1 — v?)] = C(gh)*/3 are associated with all di-
rections of stretching or bending; to pick up on a point made
earlier, it is this isotropy resulting from the constitutively as-
sumed isotropy of the material that is broken by the geometry
of large bending deformations.

Of course, Eq. (67) could be derived directly by imposing
different scalings, of small intrinsic bending, replacing those
for large bending deformations in Egs. (30); these scalings
would considerably simplify the solutions of Egs. (39), (40),
and (44). Indeed, the structure of these calculations would be

broadly similar to the earlier asymptotic derivation of the clas-
sical shell theories in Ref. [16]. We emphasize that, in either
derivation, the terms at order O(&?) in the expansion (46) of
the deformation gradient need not be computed explicitly.

1. Stretching and bending energies for small and large bending

We compare the stretching and bending energies in the
small and large bending limits by observing that
2 2 2
1 ( nz)(ZEs +E¢)2’
(I—n?

2 2
n-(3 —2n°)
D27 ) 3k, + Ky ) k(K + Ky),
36(1—772)2( + Ky)(k(n)K; + Ky)

(70a)

€stretch = €0,stretch +

bend = €0,bend +

(70b)
where we have used Egs. (58) and (64) and defined

n(n° — 115" + 109> — 6) + 6(1 — n*)’ tanh '

k) = G- 21)

(71)

This shows that the classical theory underestimates
the stretching energy of large bending deformations:
Estretch = €0.stretch from Eq. (70a). Moreover, égyerch diverges as
[n| — 1 unless the deformations are such that £, = —2E;.

The classical theory may, however, overestimate the bend-
ing energy of large bending deformations. Indeed, numeri-
cally, we find 13/5 = k(0) < k(n) < k(£1) = 3 for |n| < 1,
and hence, from Eq. (70b), €pend < €0.bend if and only if
KKy < 0 and k(n)|K,| < |Kg| < 3|K;|. Also from Eq. (70b),
@pena diverges as || — 1 unless Ky = —3K,.

In particular, &gyrech and @peng are both bounded as
[n| — 1 if and only if Ey = —2E, and Ky = —3K;. In this
case, Eq. (66b) shows that coyple is also bounded as |n|— 1.
The conditions Ey = —2E;, K; = —3K; thus define the spe-
cial deformations that allow the stretching, bending, and
coupling energies to remain bounded as || — 1 that we men-
tioned earlier.

2. Other elastic shell theories

The energy density in Eq. (67) has the same structure
as the elastic energy densities used in the models refer-
enced in the Introduction, but the morphoelastic definitions
of the shell and curvature strains in Egs. (60) and (62) differ
from those in these previous models: In models not based
on morphoelasticity and its multiplicative decomposition of
the deformation gradient [7,8,11—13], the shell and curvature
strains are simply differences of stretches or curvatures, miss-
ing the scaling factors of f°, f(z? that appear in Egs. (60) and
(62). We also note that the expressions for the curvature strains
in Egs. (62) differ by a factor of ¢ = ff7, from those in
Refs. [9,10], which, as discussed in the Introduction, used a
geometric approach to derive a morphoelastic shell theory.
Earlier, we noted that this factor corresponds to the stretching
of the intrinsic midsurface. Moreover, since i*=h"/24+0(e)
as noted above, the deformed cell sheet has thickness
h=ht+h" =h’+ O(e). Equation (36) therefore yields
h/h = h/h® 4+ O(¢) = &° + O(¢). The fact that the curva-
ture strains in Eqs. (62) decrease as g° increases therefore
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expresses the fact that the shell becomes easier to bend as
it thins as a result of this stretching of the midsurface, with
&bend> €0.bend X gy > This geometric role of the factor g° has
been noticed previously in the context of uniform growth of
an elastic shell [34].

The geometric approach in Refs. [9,10] also leads to addi-
tional terms in the energy density. The present analysis proves
that these terms are not leading-order terms in the thin shell
limit. However, there is no reason to expect this geometric
approach to yield all terms at next order in the asymptotics. A
complete expansion could in principle be obtained by con-
tinuing the asymptotic analysis presented here. Taking the
analysis to higher orders in this way would in particular an-
swer the question: at what order does the Kirchhoff hypothesis
break down, i.e., at what order do the normals to the deformed
midsurface diverge from those to the undeformed midsurface?
This would permit asymptotic justification of the so-called
shear deformation theories [35] in which the normals to the
undeformed midsurface need not remain normals in the de-
formed configuration, but we do not pursue this further here.

III. INVAGINATION IN VOLVOX

A. Biological background

The green algal genus Volvox [36] has become a model
for the study of the evolution of multicellularity [37,38], for
biological fluid dynamics [39], and for problems in devel-
opmental biology [40,41]. Adult Volvox colonies [Fig. 4(a)]
are spheroidal, consisting of several thousand biflagellated
somatic cells that enclose a small number of germ cells [36].
Each germ cell undergoes several rounds of cell division to
form a spherical embryonic cell sheet [Figs. 4(b) and 4(e)], at
which stage those cell poles whence will emanate the flagella
point into the sphere [36]. To acquire motility, the embryo
turns itself inside out in a process called inversion [27,42].

In some species of Volvox [27,28], inversion starts with
the formation of a circular invagination [Figs. 4(c) and 4(f)],
reminiscent of the cell sheet folds associated with processes
such as gastrulation or neurulation in higher organisms. At the
cell level, this invagination results from two types of cell shape
changes [7,28]: (1) cells near the equator become wedge-
shaped [Fig. 4(d)], while the cytoplasmic bridges (cell-cell
connections resulting from incomplete division) rearrange to
connect the cells at their thin wedge ends, and (2) cells in
the posterior hemisphere narrow in the meridional direction.
These cell shape changes arise simultaneously, with (1) splay-
ing the cells and thereby bending the cell sheet [Fig. 4(d)]
and (2) contracting the posterior hemisphere to facilitate the
subsequent inversion of the posterior hemisphere inside the as
yet uninverted anterior hemisphere.

At later stages of inversion, other cell shape changes arise
in different parts of the cell sheet [9,28] to ease the peeling of
the anterior hemisphere over the inverted posterior and thus
complete inversion. In particular, the anterior hemisphere of
the cell sheet thins as cells there stretch anisotropically [9,28].

B. Results

Following our earlier work [7-10], we model Volvox in-
version by considering the deformations of an incompressible
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FIG. 4. Invagination in Volvox. (a) Volvox colony, with somatic
cells and one embryo labeled. (b) Light-sheet microscopy image of a
spherical Volvox embryo before inversion. (c) Corresponding image
at an early stage of inversion, when a circular invagination (I) has
formed. (d) Splaying of cells and bending of the cell sheet result
from the formation of wedge-shaped cells and the rearrangement of
the cytoplasmic bridges (CBs); red lines indicate position of CBs.
(e) Midsagittal cross section of a Volvox embryo before inversion.
(f) Corresponding cross section during invagination, with the regions
where wedge-shaped cells (W) and contracted spindle-shaped cells
(C) have formed labeled. (g) Plot of the intrinsic curvature Kf against
arclength s, defined in the inset. The plot defines the model param-
eters Kp, Kb, Ka, So, and w. Regions of cell shape changes (W, C)
as in (f) are also indicated. (h) Corresponding plot of the intrinsic
stretches ff’, fd?, defining additional model parameters f;,, f;. Panels
(a)—(f) include microscopy images by Stephanie Hohn and have been
redrawn from Ref. [8]. Scale bars: (a) 50 um; (e), (f) 20 wm.

elastic spherical shell under quasistatic axisymmetric vari-
ations of its intrinsic stretches and curvatures representing
the cell shape changes driving inversion. The slow speed of
inversion—it takes about an hour for a Volvox embryo to
turn itself inside out [27,28]—justifies this quasistatic approx-
imation. In more detail, Figs. 4(g) and 4(h) show functional
forms of the intrinsic stretches and curvatures encoding the
cell shape changes driving invagination and define the model
parameters Kp, Kb, Ka, fp, fa» S0, and w that encode the intrinsic
curvatures and intrinsic stretches of different regions of the
cell sheet and the extent of these regions. In numerical calcu-
lations, we regularize the step discontinuities in the definitions
of the intrinsic stretches and curvatures in Figs. 4(g) and 4(h),
we nondimensionalize all lengths with the preinversion radius
R of the embryo, and we take ¢h = 0.15, appropriate for
Volvox globator [7,9].

We solve the governing equations derived in Appendix B
numerically using the boundary value problem solver bvp4c
of MATLAB (The MathWorks, Inc.) and the continuation soft-
ware AUTO [43].

022411-12



MORPHOELASTICITY OF LARGE BENDING ...

PHYSICAL REVIEW E 103, 022411 (2021)

()

In1=1

k=—xp

(b) (e)
0.1 0.1F
0 N 0+
3
0.1 Eq.(63) 01T
% S — Ed.(67) -0.24
(©) K ®
5 5+
0 s 0P — 45 0 # # # # # # # #
1 2 3 1 2 3 1 2 3 4 5 6 7 8

FIG. 5. Comparison of the elastic model for large bending deformations and the classical model. Solid lines: Large bending model with
energy density given by Eq. (63); dashed lines: classical model with energy density given by Eq. (67). (a) Early invagination stage: the two
models yield very similar shapes. Thick lines: Midline of the cell sheet. Thin lines and shaded area: Transverse extent of the shell, illustrating
the thickness variations resulting from the cell shape changes. Dotted line: midline of the undeformed spherical shell. Parameter values:
kp=ka=1,kp=-2, f, =08, fu =1, 50 =15, w=0.2. (b) Corresponding plot of the meridional shell strain E,. The grey shaded area
marks the bend region s) — w < s < s¢. (c) Corresponding plot of the meridional curvature strain K. (d) Later invagination stage: As the cells
in the bend region approach the constriction limit, the shapes resulting from the two models differ increasingly. Parameter values are as in
(a), except kp, = —8.5, w = 0.5. (e) Corresponding plot of the meridional shell strain E;. (f) Corresponding plot of the meridional curvature
strain K. (g) Bifurcation diagram, for different values of w, in (k, d) space, where k = —«;, and d is the posterior displacement defined in the
axis inset. Different lines correspond to parameter values w = 0.3, 0.5, 0.6, 0.7, 0.8, 0.9. Other parameter values are as in (a). The vertical line
[n] = 1 corresponding to the constriction limit is also shown. For w > w* (in the large bending model) or w > wyg (in the classical model),
discontinuous jumps in d, denoted by vertical arrows, arise as k is increased. The thick lines correspond to w = 0.6 and show that w* > wg.

During the invagination stage, the radius of curvature in
the bend region of wedge-shaped cells [Fig. 4(f)] becomes
comparable to the thickness of the cell sheet: This is the
scaling limit of large bending deformations studied in Sec. II.
We therefore compare the resulting elastic model, with en-
ergy density (63), to the classical theory, in which the energy
density is given by Eq. (67). For weakly invaginated stages
of Volvox inversion (corresponding to small values of 7 in
the large bending theory), the two models yield, unsurpris-
ingly, very similar shapes [Fig. 5(a)], mirrored by very similar
profiles of meridional shell strain [Fig. 5(b)] and meridional
curvature strain [Fig. 5(c)]. The contraction of the poste-
rior hemisphere leads to thickening of the cell sheet there
[Fig. 5(a)]. However, the more the intrinsic configuration
of the cell sheet approaches the limit of cell constriction,
the more the shapes resulting from the two models dif-
fer [Fig. 5(d)]. Correspondingly, the meridional shell strain
[Fig. 5(e)] and meridional curvature strain [Fig. 5(f)] in the
two models differ increasingly. It may seem counterintuitive
that these strains are larger in the bend region of nearly con-
stricted cells for the large-bending model than for the classical
model [Figs. 5(e) and 5(f)], since the stretching and bending
cost of these larger strains is much higher in the large-bending
model than in the classical model. Indeed, on computing the
stretching and bending energies (not shown) of the shapes
in Fig. 5(d), we find them to be much larger in the large-
bending model than in the classical model. However, these
large energies are balanced by a correspondingly large and
negative coupling energy: for example, E; < 0 and K; > 0 in
the bend region [Figs. 5(e) and 5(f)], while n < 0 = B, > 0
[Fig. 3(b)], and so By E K, < 0. This negative coupling energy

therefore explains the large strains in the bend region that arise
in the large-bending model.

The largest curvature strains [Fig. 5(f)] arise, however, in
the anterior fold, i.e., in the second bend region that arises
as a passive mechanical consequence of the wedge-shaped
cells in the bend region just next to it [7,9]. As a result of
the contraction of the posterior hemisphere, the cell sheet is
thinner in the anterior [Fig. 5(d)], and hence is easier to bend
there, as discussed earlier. In fact, around the invagination
stage in Fig. 5(d), cells in the anterior fold begin to stretch
in the meridional direction [9,28], leading to further thinning
and increased bendability of the cell sheet there.

The examples in Figs. 5(a) and 5(d) indicate that the results
of the two models differ at a quantitative, if not at a quali-
tative level. We extend this observation by plotting, for both
models, k = —ky, against the displacement d of the posterior
pole [Fig. 5(g), inset] for different values of the width w of
the bend region in Fig. 5(g). Again, the solution curves show
similar behavior in the two models, but differ at a quantitative
level. They confirm what one observes in Fig. 5(d), that the
cell sheet is more invaginated, at the same parameter values
and for sufficiently large k, in the classical model than in the
large-bending model. Nonetheless, the cell sheet invaginates
completely even in the large-bending model as w increases
[Fig. 5(g)], i.e., as more cells become wedge-shaped and the
bend region widens, as observed during Volvox inversion [28].
Moreover, one can argue that invagination is actually more
stable in the large-bending model: There is a critical bend
region width, w, in the large-bending model and w in the
classical model, such that the solution curves in the (k, d)
diagram are single-valued for w < w, or w < wg, but become
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multivalued for w > w, or w > wy, respectively, leading to
discontinuous jumps in d as k is varied. Where multiple so-
lutions exist for a given value of k, the one with the lowest
value of d has the lowest energy (not shown). For the classical
theory, we have discussed this bifurcation behavior in Ref. [8],
and rationalized it by constructing an effective energy that
estimates different elastic contributions. It is therefore not
surprising that, here, we find qualitatively identical bifurca-
tion behavior in the two models, but that again, there are
quantitative differences in the bifurcation behavior. However,
Fig. 5(g) shows that w, > w{. In other words, continuous
invagination is possible in a larger region of parameter space
in the large bending theory than in the classical theory: in
this sense, invagination is stabilized in the large-bending
theory.

This discussion shows how the geometry of large bending
deformations modifies the mechanical picture of invagina-
tion suggested by the classical theory. When we introduced
the problem of large bending deformations, we argued that
classical shell theories cannot describe these deformations
because of the assumption of large radii of curvature inherent
in them. At this stage, we must therefore ask: can the large-
bending theory derived here provide a complete description
of the mechanics of invagination? This is first a question of
self-consistency: Is the intrinsic configuration not too incom-
patible? In other words, are the deformations resulting from
the imposed intrinsic stretches and curvatures consistent with
the scalings (31) and (32) assumed in the derivation of the
shell theory? Even for the late invagination stage in Fig. 5(d),
the meridional shell strain remains small [Fig. 5(e)], although
the meridional curvature strain reaches values of order O(1/¢)
[Fig. 5(f)]. Of course, the invagination stage in Fig. 5(d) does
not satisfy the restriction 1 — || >> /¢ of our shell theory
discussed earlier. This kind of condition is particularly re-
strictive for biological tissues in which ¢ is not “that small”
(Fig. 1). While results remain qualitatively unchanged for
somewhat smaller values of |n| within that range of validity,
this hints that understanding the elasticity of the constric-
tion limit || — 1 remains a key open problem for future
work.

IV. CONCLUSION

In this paper, we have derived a morphoelastic shell theory
valid for the large bending deformations that are commonly
observed in developmental biology (Fig. 1), and have shown
how this scaling limit of large bending deformations induces
a purely geometric effective material anisotropy absent from
classical shell theories. Taking the invagination of the green
alga Volvox as an example, we have compared this large-
bending theory to a simpler, classical theory not formally
valid for large bending deformations. Since the classical the-
ory does not account for the geometric material anisotropy
or the singularity of cell constriction, it differs, for strongly
invaginated shapes as in Figs. 1(b), 4(c), and 4(f), from the
theory for large bending deformation at a quantitative, if not
at a qualitative level. In particular, we have argued that these
geometric effects stabilize Volvox invagination.

This and the growing interest in quantitative rather than
merely qualitative analyses of morphogenesis [44,45] empha-

size the importance of this scaling limit of large bending
deformations for studies of the mechanics of developmental
biology. The theory we have derived here is not, however,
the most general theory of these large bending deformations.
Indeed, when writing down the expression for the intrinsic
deformation gradient in Eq. (24), we assumed that there is
no intrinsic displacement parallel to the midsurface, ¢* = 0.
The nonlinear differential equations extending Eqgs. (39) and
(40) that arise in the expansions of the boundary and in-
compressibility conditions for ¢® # 0 still admit a trivial
solution p) = 1, Z) = Z°, S9) = $°, where $° = £ f7s°.
We were, however, unable to extend our calculations in
Sec. II to prove that this solution is unique; a similar is-
sues arises when extending the calculations of this paper to
more general constitutive relations, as discussed below and
in Appendix C. It therefore remains unclear what form the
extension of the Kirchhoff “hypothesis” [15] to this case
takes.

In this paper, we assumed the simplest, incompressible
neo-Hookean constitutive relations when deriving our shell
theory for large bending deformations. The restriction to in-
compressible elastic materials is justified by the biological
context of our analysis, in which the models derived here
describe sheets of fluid-filled cells that are therefore indeed
incompressible to a first approximation. However, the bulk
elastic response of biological materials such as brain tissue
is not linear [46—48]. The restriction to linear neo-Hookean
relations may therefore appear to be a limitation of the anal-
ysis, but that turns out not to be the case: in the thin shell
limit, general hyperelastic constitutive relations reduce to neo-
Hookean relations. This result has been established previously
for thin plates [20,49], and, in Appendix C, we (partially)
extend it to the large bending deformations of thin shells
considered here. In the context of shell theories, the problem
of specifying the nonlinear constitutive relations of biological
tissues does not therefore arise. However, we have recently
shown that the continuum limit of a class of discrete models
of cell sheets involves not only nonlinear elastic, but also non-
local, nonelastic terms [50]. Moreover, adding the geometric
singularity of apical constriction (corresponding to triangular
cells in the underlying discrete model) as a constraint to the
variational problem that arises in this continuum limit remains
an important open problem [50]. Solving this may provide a
regularization of the singularity that breaks asymptoticity as
|n] — 1 in the theory derived here, and hence a yet more
complete mechanical picture of the bend region of wedge-
shaped cells in Volvox invagination [Fig. 4(d)]. Meanwhile,
all of this suggests that the journey toward understanding the
continuum mechanics of biological materials, on which we
have taken another step with the present analysis of large
bending deformations of thin elastic shells, will continue to
abound with new problems in nonlinear mechanics.
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APPENDIX A: THIN-SHELL THEORY FOR LARGE
BENDING DEFORMATIONS OF AN ELASTIC SHELL

In this Appendix, we extend the calculations for axisym-
metric deformations of an elastic shell in Sec. II to general
deformations.

1. Deformations of an elastic shell

As in Sec. II, we begin by deriving expressions for the de-
formation gradient tensors of an elastic shell of thickness ¢#,
where ¢ is, again, a small asymptotic parameter that expresses
the thinness of the shell.

a. Undeformed configuration of the shell

We parameterize the undeformed midsurface S of the shell
in terms of generalized, not necessarily orthogonal coordi-
nates; we shall use Greek letters to denote these coordinates.
Thus, if p is the position of a point on S, the tangent vectors
there are e, = dp/dc. The metric g of the midsurface thus has
components g,p = € - €g, and we set g = det g.

Next, we define a basis B for the shell by adjoining the
unit normal vector n to this tangent basis. This obeys the
Weingarten equation [51]

n,= _%aﬁeﬂv (A)

in which commata denote partial differentiation and the (sym-
metric) curvature (ensor is g = —ey - N g.

The position of a point in the undeformed configuration
V of the shell is r = p + e¢n, where ¢ denotes the trans-
verse coordinate, as defined for axisymmetric deformations
in Fig. 2(c). Hence

ro= (8" —et.)eg, r.=en, (A2)

wherein we have used the Weingarten equation (Al), and
where § is the Kronecker delta. The metric G of the unde-
formed configuration therefore has components

Gee =€, Gor = Grg =0, (A3a)

and

Gap = 8ay (875 — €038 §)(8°5 — 605 p), (A3b)

where we have used the symmetry of the curvature tensor. In
particular, its inverse has components
G =¢2 G¥=G*=0, G*. (A4)

The position vectors of the surfaces ¢ = h* of the un-
deformed shell are r* = p + eh®n, and hence the tangent
vectors to these surfaces are
e; =1, = (8." Feh™ s, )eg £ ch™ on. (A3)

o

We now order 5 = {ey, e, n} as a right-handed basis by ex-
changing n <> —n if required. Expanding in components, this

implies that e; x e; = ,/gn, and hence e; x n = —ez/f,
e xn=el/ /& Continuing to expand in components and
after some calculations, we infer

ef x & = [1 F2eh™H + *(h™)*K1,/gn

B
Feh® o [(1 & eh*H)6%y e%ﬁ“hi]%g, (A6)

wherein we have identified H = %%a‘" and K = det »,” as

the mean and Gaussian curvatures [51] of S. On normalizing
these vectors, we obtain the normals to the shell surfaces,

+ Lo
i nFv.e
"= — (A7a)
v/ 1 + Uilgviﬂ
with
h* 4[(1 £ eh*H)SP,, Lt
b = Bl £ eh™H)8" F e3,"h™] (A7b)

gll F 2eh*H + e2(h*)’K]

b. Deformed configuration of the shell

We take the same generalized coordinates to parameterize
the deformed midsurface S of the shell. The tangent vectors at
a point p on S are thus &, = dp/da. The metric § of the mid-
surface has components g, = &, - €g, and we let g = det .
We extend the tangent basis of S to a basis B for the deformed
shell by adding the unit normal 7z, and introduce the (sym-
metric) curvature tensor K5 = —&, - it g. The Weingarten and
Gaul3 equations [51]

ity =k, Eup=FRupii +T,¢, (A8)

express the derivatives of the normal and tangent vectors in
terms of the curvature tensor and Christoffel symbols associ-
ated with the deformed midsurface metric [S1]. The position
of a point in the deformed configuration V of the shell is

F=p+eCi+ "), (A9)
where ¢ and &% are the transverse and parallel displacements
of this point relative to the midsurface, defined for axisymmet-
ric deformations in Fig. 2(e). In particular, the displacement

parallel to the midsurface is now no longer a scalar. Using the
Weingarten and Gaul} equations (A8), we find

Fo=[8." +e(2P, — Tk")]ep + e(Co + EPRup)it, (Al0a)
Fo=e(lclt+3% c8), (A10b)

in which &%, =¢f , + Fayﬂgy is a covariant derivative. It

follows that the metric G of V has components
Gee = €°[(0c)" 4 &% ¢ Zucls
Guor = Gro = 6%a + &[0 (Lo + EPRup)
+ 2587 — TR,")]. (Allb)
Gup = By 957+ (36” ~207)|[35" +6(6" 5= E85")]
+8% (G + 7 RayCp + S Rps). (Allc)

(Alla)

¢. Intrinsic configuration of the shell: Incompatibility

We define the intrinsic configuration of the shell by
specifying the symmetric positive-definite intrinsic metric
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components goaﬂ, the symmetric intrinsic curvatures Koalg,
and the intrinsic transverse displacement ¢°, which is an in-
creasing function of ¢. It follows from a local embedding
theorem for Riemannian metrics [30,31] that the surface S°
with metric components goaﬂ can be embedded into three-
dimensional Euclidean space, and we denote by B° the
corresponding intrinsic basis containing the tangent vectors
E, and the normal N such that goa g = E, -Eg.

The components of the curvature tensor »°5 = —E, - N g
associated with S° are in general different from the intrinsic
curvatures k%4, since the latter are specified independently
from the definition of S°. This expresses the incompatibility
of the intrinsic metric G° of the intrinsic configuration V° of
the shell. This metric has components

G =22(c",),
and
Goaﬂ _ gow (8)/8 _ 8§0K0y5)(85ﬂ _ EgoKoﬁs) + 8250’0({0,,9’

(A12b)

Glur = GOy = 622° ,%,, (Al2a)

that we write down by analogy with Egs. (All), assuming,
as we did in Sec. II, that there is no intrinsic displacement
parallel to the midsurface, ¢°% = 0. We emphasize again that,
in contrast with the intrinsic metric components goaﬂ, the
intrinsic curvatures k4 and the intrinsic transverse displace-
ment ¢° remain without a direct geometric realization.

As in Sec. II, we specify ¢° by imposing intrinsic volume
conservation. The condition of intrinsic volume conservation
reads +/det G® = +/det G, or, as we argue in what follows
and equivalently, det Fo— 1, where the intrinsic deformation
gradient FOis given by Eq. (A17b) below. We shall integrate
the differential equation resulting from this condition under
the scaling assumptions of shell theory later, and we shall
again choose the midsurfaces S, S, and S° in such a way
that the shell surfaces { = +h* and = +h* correspond to
¢% = 4h"/2. We recall that the intrinsic thickness 4° also
lacks a direct geometric realization.

d. Calculation of the deformation gradient tensors

The geometric deformation gradient is F = Grad 7, where,
by definition, Grad¥# =%, Qr®+¥, ®r¢. Now, from
Egs. (A4),

re =G"(g,p —e¢yp)ef, rt=ce"'n. (A13)

Using Eqgs. (A10), it follows that
F= (8%, — elk™) + €%, )G’ (gs5 — €L 05p)80 ® €F
+ E(Z—’a + Eaege)gaéGay(gyﬁ - ngyﬂ)ﬁ ® eﬂ

+&% 8 @n+iiQn, (Al4a)
or, in block matrix notation [52],
N AH |, 5
F=\——71= (B ® B, (A14b)
bTgH | ¢,

in which the asterisk denotes a dual basis, and where we have
introduced

H% = G"g,sA’s with A% =8% — el (Al5)

and where we have also let

A%y =8% —elkp + 2%, b = +r%EP).

(Al6)

By analogy with Egs. (A14), the intrinsic deformation gradi-
ent tensor is

FO= (‘Say - €§O’<0ay)Gy6(38ﬁ —elrnsp)Ey ® ef
4620980 .G (g5 — L35, )N @ P +° N@n,

(Al7a)
or, in block matrix notation,
F° AH | O B° ® B*] (A17b)
- bOTgoH | ;0,5 :

Here we have again assumed that there is no intrinsic dis-
placement parallel to the midsurface, go"‘ =0, and we have
introduced
A% =08 — el %, DO =20 (A18)
At this stage, we interrupt the computation of the deforma-
tion gradient tensors and we discuss the condition of intrinsic
volume conservation. From Eq. (A3b) and definition (A15),
Gup = go,yAV(gA‘Sﬁ. Now det MN = det Mdet N for matrices
M, N, so, from Egs. (A3a),

det G = e?g(det A)?, (A19a)

where we recall the definition g = detg. Similarly, on intro-
ducing g° = detg® and on evaluating the determinant of a
block matrix [53], Egs. (A12) yield

det G% = 7(¢% . )?¢" (det A°). (A19b)

Above, we have claimed that the intrinsic volume conser-
vation condition v det G® = +/det G is equivalent with the
tensorial condition det F® = 1. Since Eq. (A17b) expresses
the intrinsic deformation gradient with respect to a mixed
non-orthogonal basis, we shall need the following observation
to evaluate the determinant and hence prove our claim:

Proposition 1. Let {e,} and {Eg} be right-handed bases
with corresponding metrics g, = ey - eg, and Gog = E - Eg,
and let M = M%ge, ® E B be a tensor represented by the ma-
trix M = (M) with respect to {e,} ® {EB}. Let g = det gop
and G = det G,g. Then

detM = \/EdetM.
G

Proof. Let {X;} be the standard Cartesian basis, and write
ey = ¢4 Xi, Eqy = EyiX;. Let e =dete,;, E =detE,;. By
assumption, e, E > 0. By definition, gop = €y - €g = eqi€p;
as X;-Xj =34;;. Since detes; = dete;g, €* = g. Similarly,
E? = G. Now

M = e,;M* 3GV E, ;X; ® X,

which implies, since det G™! = G, det M = e(det M)G™'E.
This completes the proof [54]. |
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Since the normal vectors n in B and N in B° are, by
definition, unit vectors perpendicular to the remaining basis
vectors, Proposition 1 and Eq. (A17b) yield

0 0
detF® = [& detF = [5¢0 detA%detH.  (A20a)
g g

Now definition (A15) implies, since G,g = ga,,AV(gA‘S g that

detH = [g(det A)*]'gdet A = (A20b)

1
detA’
Since we assume ;0,5 > 0, Egs. (A19) and (A20) show that
Vdet GO = v/det G <= det F® = 1, as claimed. Because we
have written down Eqgs. (A12) and (A17) defining the incom-
patible metric of V° and the intrinsic deformation gradient
F° by analogy with the corresponding results for the defor-
mation configuration V, but have not derived them from an
embedding of V°, it is not a priori clear that these expressions
are consistent. This is why we needed to show, as we did in
Sec. II, that the expression for GP is consistent with that for
FO as far the only use of the former (i.e., intrinsic volume
conservation or the definition of the intrinsic volume element)
is concerned. Equivalently, intrinsic volume conservation can
be imposed without reference to the incompatible metric G°;
consequently, as also noted in Sec. I, the volume element dvo
of V° can be also be defined with reference to F° only.

We now return to the computation of the elastic defor-
mation gradient F = F(F®)~!. On inverting the block-lower
triangular matrix in Eq. (A17b), we find

H'AY! | 0

FO" =] b2'goA%! | 1 [B® (B°)"].
¢ ¢
(A21)
From this and from Eq. (A14b), we obtain
(A—20b® gAY | 2y
_ ’ ’ 4 0\ *
F= BTa — 7 ..b° q@)(AO)-! | £ [B® B
( g— b g )( ) Cro
(A22)

2. Thin shell theory for large bending deformations

As in Sec. II, we assume that the shell is made of an
incompressible neo-Hookean material, with energy given by
Egs. (26). Equation (28) still provides an expression for the
stress tensor Q, now with respect to B ® (B°)*, and with the
deformation gradients F, F° F now given by Eqgs. (Al14b),
(A17b), and (A22), respectlvely Moreover, Eq. (29b) still
holds.

a. Scaling assumptions

Again as in Sec. II, we rescale the intrinsic and deformed
curvature tensors, k® = k*%4E, ® Ef and k = %38, ® &, to
introduce large bending deformations explicitly and absorb
the intrinsic stretching of the midsurface by writing

o_ gO)\O . gOX
K= [>——, k= [>—,
8 ¢ 8 €

(A23)

In what follows, we shall need explicit representations of
these tensors, AO — WEy ® E# and A = 3¢, ® &8, and
shall denote by A\° and X the correspondmg matrices of
components.

Next, we make the standard scaling assumptions of shell
theory, that the elastic strains remain small. To this end, we
introduce the deformation gradient restricted to the midsur-

face,
f=¢,QE”* (A24)

First, we require that the shell strains be small: accordingly,

we define the shell strain tensor E by
26E=f"f—1. (A25)

Now f'=E® ®&,, so f f=g,4E* ® Ef=g"*"5,,E, ® EF.
Hence, if we set E=E“gE, ® E#, then

@ 'g—1,

in equivalent matrix notation. In the calculations that follow,
we shall need a consequence of this definition,

2eE% =g g,5 — 8% or 26E = (A26a)

§=g°(I + 2¢E). (A26b)

Second, we require that the curvature strains remain small:
we therefore introduce two different (scaled) curvature strain
tensors,

eL=Ff"Af —A0, oK =f"af—2C (A27)

Since f! = E, ® &*, f'Af = X“4E, ® E?, and hence, on
writing L = L*4E, ® E?, we find [55]

el =% — 2% or eL=X-2° (A28)
Similarly, f'A = g°75,54%sE, ® EP, whence, on letting
K = K*3E, ® E® and from Eqgs. (A26a) and (A28),

K% =L +2E“,1°7 5 + O(¢) or K=L+2E\N’ + 0Oe).
(A29)

These scalings and definitions are consistent with the scal-
ings (30) and the definitions (31) and (32) of the shell and
curvature strains for the axisymmetric deformations analysed
in Sec. II. Indeed, for these axisymmetric deformations,

o=(o »)o=(b ) 9—<(f§) @sf)’

(A30)

from Egs. (8), (19b), and (20b). In particular, \/¢°/¢ = ff3.
Moreover, Eq. (A26b) yields

= 01+ 26E5 = fO(1 + eE%,) + O(e?),  (A3la)

fo = fi/1+26E9, = f)(1 4+ €E%4) + O(%), (A31b)
while E%y = E?; = 0. Thus, identifying

E,=E’,,

Ey = E%, (A31c)

we conclude that Egs. (31) are consistent with Eq. (A26b) at
leading order, i.e. at the order to which the shell theory will be
valid.
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Direct computation relates the components of A to the prin-
cipal curvatures of S defined in Egs. (16), viz.

v Ks 26

Ky
N = 50 9 ¢ = T80 9
ef0fy 1

while %y = A?; = 0. Hence Eqgs. (30) and (32) are consistent
with Egs. (A23) and (A28) if we identify

)\g:)\osm LSZLSSs

(A32a)

ey =107, Ls=L%;, (A32b)

with the off-diagonal components vanishing. However, com-
paring Egs. (61) and (A29) shows that the alternative
curvature strains defined here are different from those defined
in Egs. (62):

K*y =Ly +2EA0 + O(¢) # Ly + EAY + O(e) = K,
(A320)

using Eq. (5§9). We are not aware of a tensorial representation
of the alternative curvature strains introduced in Eqs. (62) and
that vanish for pure stretching deformations.

As in the axisymmetric calculations in Sec. II, it will turn
out to be convenient to scale the displacements parallel and
perpendicular to the midsurfaces by absorbing the intrinsic
stretching of the midsurface. We therefore introduce scaled
variables

0 0 0
A \/%go, Z= \/%2, S = \/%a. (A33)

b. Boundary and incompressibility conditions

Asin Sec. II, we solve the Cauchy equation (29b) subject to
the incompressibility condition det F = 1 and subject to force-
free boundary conditions.

Again as in Sec. II, these boundary conditions on the
shell surfaces read Q*nt = 0, where Q* are evaluated on
the surfaces ¢ = h* of V. The normal vectors n* to these
undeformed shell surfaces are given by Eqs. (A7), which yield
the expansion

hi
ntf=n¥x a?ae"‘ + 0(H). (A34)

The deformation gradient is given in Eq. (A22) with re-
spect to the mixed basis B ® (B°)*. In what follows, we shall
therefore use Proposition 1 to evaluate the tensorial incom-
pressibility condition det F = 1.

c. Intrinsic volume conservation

We now impose volume conservation of the intrinsic
configuration of the shell compared to the undeformed con-
figuration. We need one preliminary result:

Lemma 1. Let M be a 2x?2 matrix, and x be a scalar. Then

det (I +xM) = 1 4 x tr M + x? det M.

Proof. By direct computation,

1 4+ xMy, xMi;
det( 1+xM22)

XM21
=1+ x(My + M) + x*(My 1My — M12Msy),

which proves the claim. |

Volume conservation between the undeformed and intrin-
sic configurations of the shell requires equality of the volume

elements, v/det G = +/det G°. Now, from definition (A15),
A%g = 8%g + O(¢), and so Eq. (A19a) yields

VdetG = e /g + O(e?).

Moreover, from Egs. (A18) and (A19b) with the scalings
introduced above and invoking Lemma 1, we find

Vdet GO = e(\/%ﬁ;) (V&1 —2H°Z° + K°z° 1)

(A35b)

(A35a)

+ 0(e?),

wherein #° = 11%* and K° = det1%?, which we think
of as (scaled) intrinsic mean and Gaussian curvatures [51].
Since these are not associated with an embedding of S° into
three-dimensional Euclidean space, we must establish their
properties from first principles, based on the assumed sym-
metry of the intrinsic metric and the intrinsic curvature tensor.
The following results are undoubtedly folklore:

Proposition 2. If M is a symmetric matrix and N is a
positive-definite symmetric matrix, then MN has real eigen-
values.

Proof. Since N is positive-definite and symmetric, it has a
symmetric square root N!/2 [56]. Now

MN = (N1/2)71(N1/2MN1/2)N1/2’

so MN is similar to and hence has the same eigen-
values [56] as N'/2MN!/2, Since M and N'/? are symmetric,
so is N'/2MN!/2, which therefore has real eigenvalues [56].
Hence MN has real eigenvalues, too, as claimed. [ |
Corollary 1. If M is a symmetric 2x2 matrix and N is a
positive-definite symmetric 2 x2 matrix, then

[tr (MN)]? > 4 det (MN).

Proof. By Proposition 2, the 2x2 matrix MN has real
eigenvalues 1, . Hence

[tr (MN)]*—4 det (MN)
= (1 +H2) —dpipa = (1 —p2)* >0,

which completes the proof. ]
Now 1%,f = 1%, 7%, Since % is symmetric, so is its
rescaling A°,4. As g”, 4 is symmetric and positive definite, so
is its inverse g’*#. Hence the conditions of Corollary 1 are
satisfied; it implies the inequality (#°)> > K°.
Next, integrating the differential equation for Z°(¢) result-
ing from Eqs. (A35) and imposing Z° = 0 at £ = 0, we find

0
Z° —H 2% + %(20)3 =. (A36)
Since Egs. (A35) neglect O(e?) corrections, this result holds
at leading order only.

We recall that, by definition, the shell surfaces are at
¢% = +£h%/2 in the intrinsic configuration, and at ¢ = +h*
in the undeformed configuration, so that At +h~ =h is
the undeformed thickness of the cell sheet. On defining
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FIG. 6. Intrinsic volume conservation. (a) Plot of ¢(Z°) defined
in Eq. (A36) for the cases K° >0, H’ <0; K° >0, H° > 0;
K° < 0. The positions of the turning points at Z° = Z0 are in-
dicated, and ¢(Z°) must increase monotonically for |Z°| < H%/2.
This condition excludes the dotted parts of the graphs. (b) Intrinsic
volume conservation in (K°h?, H°h) space: conservation of intrin-
sic volume is only possible within the region of parameter space
enclosed by the solid curve, in which —16/9 < h’K° < w = 64/9
and h|H°) < /o = 8/3. The dashed lines delimit the regions of
parameter space excluded by the inequality (H°)?> > K° and the
condition that Eq. (A37b) have a positive real solution.

H® = 1%,/g%/g, so that the shell surfaces are at Z° = +H?/2
in the intrinsic configuration, Eq. (A36) yields

HO HO K0
W= —|13F —H"+ —(H"?]|, A37
2[ ¥ + 12( ) (A37a)
whence
/CO
h=ht+h =H"+ E(H°)3, (A37b)

which is a depressed cubic equation for H(h) that can be
solved in closed form. In particular, Eq. (A37b) has a unique
positive real solution if X° > 0, but has no positive real so-
lution if 2K° < —16/9.If 0 > 2K > —16/9, two positive
real solutions exist; by continuity, the smaller must be chosen.

More generally, we require that ¢ increase with Z°, for
1Z% < HY/2. As (H%)?> > K, the cubic in Eq. (A36) has
two turning points [Fig. 6(a)], at Z° = Z0, where explicit
expressions for VARES Z?r in terms of XY, H° can be found by
solving a quadratic equation. The requirement that ¢ increase
with Z° translates to inequalities Z) = H(h)/2 depending on
the signs of K, H° [Fig. 6(a)]. These inequalities involving
h, H°, K° only depend on H°h and K°h?, since the curvatures
can be nondimensionalized with 4. The inequalities can then
be solved numerically to determine the region in (X°h?, HOh)
parameter space for which intrinsic volume conservation is
possible [Fig. 6(b)]. In particular, Fig. 6(b) shows that in-
trinsic volume conservation requires —16/9 < K°h? < wand
|HOh| < /®, where w is a numerical constant. An expression
for the boundary of this region can also be determined in

closed form using MATHEMATICA (Wolfram, Inc.); this can be
used to show that w = 64/9.

For the axisymmetric deformations considered in Sec. II,
KO = AOSXAO% = O(e) from Egs. (A32b). For K° = 0, the
condition derived here is |#H°| < 1. But, using Eqgs. (A32b)
again, hH® = hA%/2 + O(e) = n + O(e) on recalling defini-
tion (59), and so this condition is equivalent, as expected, to
the condition |n| < 1 found in Sec. II.

d. Expansion of the boundary and incompressibility conditions

To avoid drowning in a bath of indices, we shall use the
block matrix notation for tensors [52] introduced above in the
expansions that follow below. This means, however, that some
care needs to be taken over distinguishing between tensor
and matrix transposes and, in particular, over the bases with
respect to which transposes of block matrices represent tensor
transposes [52]. We shall use the following results repeatedly:

Proposition 3. Let B and B’ be bases of three-dimensional
space with corresponding metrics g, G. A tensor M is repre-
sented by the matrix M with respect to B ® (53')*. Then M" is
represented by G~'M"g with respect to B’ ® B*.

Proof. Let B=l{e,}, B'={E,}, so that M=M%ze,QFE?”.
By definition, M" = M?,E* ® eg = G** M, gssE®eP, as
claimed. |

Corollary 2. Let B = {eq} U {n} and B’ = {E,} U {N} be
bases of three-dimensional space, where r, N are the respec-
tive unit normals to the planes spanned by {e4}, {E,}. Let the
metrics g, G have components g5 = € - €, Gy = E - E.
If M is a tensor such that

Alb I

then

MT _< G !ATg | Glc

b'lg | d ) 5o Bl

Proof. Proposition 3 implies that M is represented, with
respect to B’ ® B*, by

G|O\ '/ A|lb\'/ g]oO
o |1 ¢’ | d 0" |1
_( G'ATg|Gc
- b'g d ’
which completes the proof. |

To expand the boundary and incompressibility conditions,
we posit, analogously to Egs. (37),

Z=2Zo +eZay+0(*), S=Sp+0() (A38)
(i) Expansion at order O(1). On inserting the rescalings

(A33) into Eqgs. (A16) and (A18), we obtain

AP=1-27° A=Aq +0(), withAg=I—Z)\°,
(A39a)
and
b = 0(e), b =2r%S() + O(e), (A39b)
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and thence, from Eq. (A22),

B |v
Fz( W e >+0(8),

where, with dashes now denoting differentiation with respect
to Z0,

B=A A%, v=S5),

(A40)

w = (A% Tg°S), ¢ =27,

(A41)
since § = g%+ O(e) from Eq. (A26b). Recalling the def-
initions g = det g, gO = det g0 introduced earlier, this also
implies g/g° = 1 + O(e). Using Proposition 1 and on com-
puting the determinant of the block matrix [53] in Eq. (A40),
the incompressibility condition thus becomes

1 =detF = (detB)(c —w'B™'v) + O(e). (A42)

Next, on substituting the first of Egs. (A39b) into Eq. (A21)
and using Corollary 2,

_ o) | 0O
FO)~ T = ( — )
T o [0
Moreover, Egs. (Al5) yield H =14 O(e) using Egs. (A3),

so, on substituting Eqs. (A39) into Eq. (A14b), and using
definitions (A41),

: BA® | ¢%,v o)

= + O(¢).
WA | ¢0 ¢

Hence, using further properties of block matrices [53] and,

again, § = g° + O(e) and Corollary 2,

e (oM |
o) ‘ (¢°
+ O(e). (A44b)

We now write, as we have done previously in Egs. (38),

Q= Q(o) + 80(1) + 0(82), P =po + O(e). (A45)

Inserting Eqgs. (A40), (A43), and (A44b) into definition (28),
we obtain

(A43)

(Adda)

’{)_1 (@) "'B~Tw(c—w'B"'v)""
.t)_l(c

—w'B vy

V4 poy (@) 'B T Tw(e

- wTBlv)l)

c— p(o)(c — WTB_IV)71

Qo = (" )" (

(A46)
Now, as in Sec. II, the governing equation (29b) of three-
dimensional elasticity is, at leading order, (Q(o)n),g =0,
and hence Qyn is independent of ¢. The boundary con-
ditions therefore become 0 = Q¥n* = Qyn + O(¢), where
we have used Eq. (A34). It follows that Q@yr =0 as in
Sec. II.
From Egs. (A41), w'B™! =S Dwith D = (\%)" OA(O',
so B~Tw = D"Sp). Equations (A42) and (A46) then yield
the leading-order incompressibility and boundary conditions,

Zy, — S{p)DS/g, = (detB) ™", (A47a)

and hence

S{o)+P0)(det B)(@®)'D"S()=0,  Z{y,— p((det B)=0.

(A47Db)

In particular, noting that S{j)D"So) =
expression is a scalar,

S(O)QOS(O) = p(o)(det B)S(O)DTS(O)
= —p(o)(det B)S(O) (0)
= —p)(det B)[Z(;, — (detB) '] = po)—

S0)DS/o, since this

(Z(o)).
(A48)

Moreover, from Egs. (A39) and definitions (A41) and using
Lemma 1, we obtain

det A(O) . 1— ZHOZ(()) + ICO(Z(()))Z
det A0 1 —2H0Z0 4+ K0(Z0)2 °
Substituting in the second of Eqgs. (A47b) and integrating,
K°Z ) — H° o, K0z — 30

=P tanh — + t,
/(HO)Z _ ]C() © /(HO)z _ ’CO

(A50)

detB =

(A49)

tanh™!

in which ¢ is a constant of integration; the singular cases
K°=0,K%=H"=0,or K° = (#H°)? can be dealt with sim-
ilarly, but we will not discuss these in detail.

Next, by definition, on the midsurface Z% =0, we have
Zoy = 0 and S(g) = 0. Thus det B = 1 on Z° = 0, and hence,
successively from Egs. (A47), Z(,,=0, S{(,=0 on 7°=0, and
hence p(y) = 1 (which is constant). Then takng =Zop =0
in Eq. (A50) gives t = 0; the same equation then 1mmed1ately
yields Z ) = Z°. Flnally, Eq. (A48) yields S(O)g S0 =0,s0
S(o) = Osince g° s positive definite. Now S(g) = 0 on Z° =0,
so this implies that Sy = 0, which proves the Kirchhoff
“hypothesis” [15] for general large bending deformations.

For axisymmetric deformations, this argument provides
an alternative to the direct integration of the leading-order
equations in Sec. II.

(ii) Expansion at order O(g). We now expand further. In
particular, extending Eqs. (A39a), we find

A =A% — e(Z°L 4+ Z;)\%) + 0(c?). (AS1)

The leading-order solution also shows that b, E), ¢ are all at
the most of order O(e), whence

(70 0y AO\—1
Folte 7 L+ Zop@h™ | o) +0(&?),
) | 2

(A52)
from Eq. (A22). Using Lemma 1 and Eq. (A26b), we also find

% = (1+2etr E+4e>det E)'/2

2
—l+ewE+ %[4det E— (tr E)Y] + O(%). (AS3)

Accordingly, from Proposition 1 and using Lemma 1 again,
—tr [(Z°L + Za\O)(A%) 1)
(A54)

detF=1+¢{Z +tr E
+0(?).

The incompressibility condition det F = 1 thus yields, at or-
der O(¢), an ordinary differential equation for Z;). To make
further progress, we shall need the following result:
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Lemma 2. Let M be a 2x2 matrix, and x be a scalar. Then

|+ xadj M
T 14 xtr M4+ x2detM’

(+xM)~ =

Proof. By definition of the adjugate matrix,

adj (I + xM)

. adj (I +xM)
I M)y~ ! = = ,
(I+xM) 14+xtr M+x2detM

~det(I4+xM)

using Lemma 1. But, by direct computation,

. _(1+xMn  —Mp
adj (1 +xM) = ( —M>, 1+XM1|>
_ 1 0 My —Mi> _ .
= (0 l>+x<—M21 My, ) =1+4xadj M.
The result follows. |

On multiplying this result by a general 2x2 matrix N and
taking the trace on both sides, we obtain

e

Integrating and imposing Z, = 0 at Z° = 0, we obtain

J

Zay=—

Corollary 3. Let M, N be 2x2 matrices, and let x be a
scalar. The following equality holds:
tr N+ xtr (N adj M)
1 +xtr M+x2detM’

We shall also need the following observation:
Lemma 3. Let M, N be 2x2 matrices. Then

tr (Nadj M)=tr Mtr N—tr (MN) and tr (M adj M)=2 det M.
Proof. Notice that M 4+ adj M = (tr M)l since

My M My M 0
<M21 Mzz) + <—M21 My, ) (M1 +M22)( 1>'
Hence NM + N adj M = (tr M)N on multiplication by N.
Taking the trace gives the first result. The second result fol-
lows from the definition of the adjugate, M adj M = (det M),
by taking the trace and noting that tr | = 2. |

Combining Corollary 3 and Lemma 3, and recalling the
definitions tr A% = 249, det \° = K°, we find the differential
equation for Z;) resulting from Eq. (A54) to be

tr [IN(IL+xM)~!] =

(iii) Expansion at order O(g?). From Eq. (A52), we may write

where, in particular and using Lemma 2,

—2HO 4+ 2K°0Z° Z0tr L — (Z922H tr L — tr (LA
A+ 2K Zoy 4w E— 2= yRATwL —w D _ (A55)
— 2HOZ0 + K0(Z0)2 1 — 2HOZ0 + K0(Z0)2
[2° = HOZ"P + 1K0Z°P e E = L2 L+ 2(Z°P[2H  tr L — tr (LAO)]
. (A56)
1 — ZHOZO + /CO(ZO)Z
|+6‘B(1)+6‘ZB(2) + 0(83) | vy + 0(82)
F— (A57)
W]y, + O(e?) | 14+eca) +eca) + O
ZOL + Z\O) (I — Z° adj \°
B<1)=—( +Z)»)( adj )’ 458)

1 —2H0Z0 +

K0(Z20)2

in which Z, is given by Eq. (A56). Explicit expressions for the terms B), V(1), W(1), ¢(1), ¢(2) of the formal expansion (A57)
could be obtained in terms of the expansions defined in Egs. (A38), but will turn out not to be required.
From the general expression for the determinant of block matrices [53] and Eq. (A57),

detF = (1 + ec) + e%c) det [| + eBy) + °Bee) —

Expanding this using Lemma 1, and using Proposition 1 and Eq. (A53), we deduce that

Next we introduce a formal expansion of the intrinsic deformation gradient,

(ew()) (evr))] + Oe™). (A59a)
detF=1+¢e(tr By +tr E4+cqy) + Ez[tr By + c) + caytr By + det By — WE)V(U
+ (tr Ba1) + ¢y tr E+2det E — 1(ir E)*] + O(e?). (A59b)
By, + 0(e) | 0
T (A60a)
sWO + 0(e?) | b, + OCe)

|

from Eq. (A17b) and usmg the ﬁrst of Egs. (A39b). In this expansion, c(o) =0 ¢» which is positive by assumption. The values
of the expansion terms B(O) and W(1) will turn out to be of no consequence. In particular, using Corollary 2,

0\—T (go)il(B?O))iT
(F)™'=

g+ 0(Ge)

_ -T
—8(9 ) ( (O)) W(1)+0(82)
(0) . (A60Db)

OT

—— 1+ 0(¢)
(0)
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Moreover, from Egs. (A57) and (A60a),

B%, + O(e) | ecfoyvar) + O(e?)
(A6la)

E_
( e(W(y,Bf, + W) + 0(e?) ‘ cloy + O0(e)

so that, using the general expression for the inverse of a block matrix [53] and, once again, Corollary 2 and § = g° + O(e),

_ RN -
@) Tg+oe) | gco [war) + (B%)~ wlh] + 0
F = © 1 : (A61b)
0(e) ‘ — +0(e)

€0
On substituting Eqs. (A57), (A60b), and (A61b) into definition (28) and recalling that p = 1 4+ O(e), we obtain

v + (%) 'wq
Q- 0@)8—L7%——J+m&)7 A2
O(e) | O(e)
and hence
vy + (@) 'wg,
Qo =0, Qun= <) : (A62b)

o)

Asin Sec. II, the fact that Q) = O implies that, at leading order, Eq. (29b) is (Q¢1)n), . =0, with boundary conditions Q?i)n=E =0,
which, as above, leads to Q1) = 0. This and the incompressibility condition det F = 1 yield, from Egs. (A59b) and (A62b),

cy=—-trBay—trE, wy) = —gOV(1), (A63a)

and hence
Ccpoy = —1r B(g) + (tr B(1) +trE) tr B(1) — det B(1) —2detE + %(tl' E)2 — V(T1)QOV(1). (A63Db)

e. Asymptotic expansion of the constitutive relations

To expand the constitutive relations and hence obtain the asymptotic expansion of the three-dimensional energy density, we
need one more result:

Lemma 4. Let M, N be 2x2 matrices. Then

() tr (M?) = (tr M)> — 2det M,

@) tr (M?N) = tr M tr (MN) — det Mtr N.

Proof. The Cayley—Hamilton theorem [53] for a 2x2 matrix states that M> = (tr M)M — (det M)I. Taking the trace on both
sides of this relation and noting that tr | = 2, we obtain (i). Multiplying the Cayley—Hamilton relation by N and taking the trace
yields (ii). |

We start by computing the expansion of the (left) Cauchy—Green tensor C = F'F. From Eq. (A57), we obtain

T _ ( |+ £[2E + (§°)7'B/;,8°] + £2[2(g°) "B} )a°E + (§°)"'B5,9°] + O(e?) | £(@%)"'wpy + O(e?) ) (Ach
ev(y,9° + O(e?) | 1+ ecqy + 2oy + 03 )
using Corollary 2 and Eq. (A26b), and hence
|+ &[2E + By, + (@7 'B;,0°] + £?{2[EB) + (¢©)"'B;,g°E] o)
C=| +Ba + (@) 'By8° + (@) 'B/;,a°Bi) + (@) 'wa,w/;, | + 0(e?)
O(e) | 14 26c)+ 2 (2co)+ &)+ V,8Va)) + O)
(A65)

We recall general properties of the trace operator: for matrices M, N, tr MT = tr M and tr MN = tr NM. Since Eq. (A65)
represents C with respect to B° ® (13°)*, it follows that

Iy =3+4¢[2(tr By +tr E+cayl+ 82{2(tf Be) +ce) + (va)g"vm + Wa)(90)71W(1)) + C(ZU +tr ((90)7152;)908(1))
+2[tr (EBn)) +tr (E(@®)'B;,8°)]} + 0(e?)
=3 +¢&{2(tr E+tr By +2tr E* + tr By, + tr ((9°)7'B(;,9°B(1)) + 2 [tr (EB1)) + tr (E(@®)'B/;,8°) ]} + O(e?),
(A66a)
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using Egs. (A63) and Lemma 4. Recasting this result into a more symmetric form,
T) -3 =2[(r ) + w B + O(¢?),  where E =E+ {[Bu)+(0°)'Bj,0°]. (A66b)

so E is the effective two-dimensional strain. Thus Eq. (A66b) determines the leading-order term in the expansion of the three-
dimensional energy density e defined in Eqgs. (26), analogously to Eq. (55). This completes its asymptotic expansion in the limit
of a thin shell that undergoes general large bending deformations.

We are left to express the leading-order expansion of e in terms of tensorial invariants of the midsurface, thereby emphasizing
the tensorial nature of the shell theory. We substitute Eq. (A29) into Eq. (A58) to find

ZOK — 2Z°EX° + 710 — (Z2°)°K adj A° 4 2K°(Z°)’E — Z1,Z2°K°I
1 — 2HOZ0 + K0(2°)2

Bi)=— + O(e). (A67a)

By assumption and definitions (A25) and (A27), tensors )\0, E, K are symmetric. We note that the curvature strain L is, from its

definition in Eq. (A27), not necessarily symmetric. Our choice to switch to a different measure of curvature strain at this stage is

therefore motivated by symmetry, and not geometric interpretation as in Sec. II. Now, using Proposition 3, it follows that

Z°K — 2Z\OE + Z)\° — (2°)*(adj \O)K + 2K°(Z°)’E — Z1,Z°K°I
1 —2HOZ0 + K0(Z9)?

Moreover, on substituting Eq. (A29) into Eq. (A56), and using Lemma 4, we find

@) 'Bie° =— +0(e). (A67b)

ZO[1 = HOZ° — IK%Z°P ] tr E — $(Z°)*(1 — $HZ%) tr K+ (Z°) r EX® — $(Z°)° r KX®
1 —2H0Z0 + K0(Z0)2

We introduce the anticommutator (M, N) of two matrices M, N by setting (M, N) = (MN + NM)/2. With this notation,
substituting Eq. (A68) into Egs. (A67) and the result into the definition of E in Eq. (A66b) yields

[1—2HZ% — K%Z°)*1E — Z°K + 2Z°(E, %) + (Z°)*(K, adj \°)
1 — 2HOZ0 + K0(Z0)2
Z[1-HZ" = 1K%Z%) ] r E — 2(Z°)*(1 — $H°Z%) tr K+ (Z°)? r (E, A°) — 1(Z°)° tr (K, \0)
+ [1 —2HOZ0 + KO(Z9)2)2

Zay = — + 0(e). (A68)

E=

A =K°Z%1) + O(e).
(A69a)

For the axisymmetric deformations in Sec. II, using the identifications (A31c) and (A32b) of the axisymmetric shell and
curvature strains in terms of the components of the general shell and curvature strain tensors used here and Eq. (A29) to
switch between curvature strains, we find that £¥; = a(jy and E®4 = b, where a(1), b(1) are defined in Eqgs. (47). Comparing
Eqgs. (A66b) and (55) then shows that the general result derived here is consistent with the result for axisymmetric deformations
obtained in Sec. II.

The next step in the derivation is to substitute Eq. (A69a), finally, into Eq. (A66b) and hence Egs. (26). To express the resulting
expansion of the energy density e in terms of the first- and second-order invariants that can be constructed from A%, E, K only,
we need to make two more general observations:

Lemma 5. Let U, V, W be 2x2 matrices. Then

2tr (U, VW) =tr (U, V) tr W+ tr (V, W) tr U+ tr (W, UDtrV—trUtr Vir W.

Proof. The proof proceeds by direct calculation. We write
Un Un Viin Vi Wi Wi
U= , V= , W=
<U21 U22> <V21 sz) <W21 sz)

2tr (U, VW) =20 Vi1 Wiy + Un ViaWiy + UpVai Wi + Un VitWip + U VaiWia + UV Wip + Ua Vs Wia + Ui Vi Way
+ UnViaWar + UnVi2War + Un2VaaWar + U1 ViaWaz + Ur2Vai Wag + 2U Vs War
= (UnVi1 + U Via + U2Var + Un2Vao)(Wiy + Wao) + (Vi Wi + Vai Wi + ViaWay + Vo War)(Ury + Uno)
+ UnuWi + Ui Wi + UiaWar + U W2 )(Vin + Vo) — (Uit + Ua2)(Vin + Va2 ) (Wi + Waz)
=tr (UV)trW +tr VW) trU +tr UW)tr V —tr Utr Vtr W.

and compute

By the symmetry of trace, this completes the proof. ]
Corollary 4. Let U, V, W be 2x2 matrices. Then

tr (UV, WV)) = tr (U, V) tr (V, W)) —det V [tr (U, W)) — tr Utr W].
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Proof. Using Lemmata 4 and 5, we find
tr ((UV, WV)) = 2tr [((U, V))WV] — tr [VZ(UW)]

= {tr (UV) tr WV)+tr [UWV)] tr V+tr VIWV)]tr U—tr Utr Vtr (WV)}—{tr V tr [V(UW)]—det V tr (UW)}
=tr (UV)tr WV) + [tr Vir (VW)—detVitr W]tr U —tr Utr Vtr (WV) + detVtr (UW)

= tr (UV) tr (WV) + det V[tr (UW) — tr U tr W],

which, again by the symmetry of trace, finishes the proof.

To simplify expressions in subsequent calculations, it will be convenient to rewrite the expression for the effective strain E in

Eq. (A69a) as

E = eiE 4+ exK + e3(E, N + e4(K, adj 2°) + EQ\° — K°Z°1) + O(e),

(A69b)

in which ey, e, es, e4 are functions of Z° and H°, K° only, and E additionally depends on tr E, tr K, tr(E, )\0), tr(K, )\o). Explicit
expressions for ey, e;, e3, e4 are easily extracted from Eq. (A69a). It follows that

rE=e rE4 ertr K+ e3tr (E, A% + eqtr (K, adj A°) + 2E(H® — K°Z°) + O(e),

(A70a)

B> = tr B2 4 e3tr K2 + &3 tr (E, \0)2 + €2 tr (K, adj A%)% + E2[tr \°)% — 4HOKZ° + 2(K°Z°)] + 2ejex tr (E, K)
+2erestr (E, (E,\%) + 2ejeqtr (E, (K, adj \%) 4 2¢1 E(tr (E, 2°%) — K°Z% tr E) + 2e5e5 tr (K, (E, %)
+2ese4tr (K, (K, adj \2) + 2e,E(tr (K, \%) — K°Z% tr K) + 2e3e4 tr (E, A0), (K, adj A%))

+2e3E(tr (\°, (E,\%) — K°Z%tr (E, \%)) 4 2e4E (tr (A0, (K, adj A%) — K°Z° tr (K, adj %)) + O(e).

(A70b)

Expressing Eqgs. (A66b) and hence (26) in terms of first- and second-order invariants only requires simplifying the different
traces of higher-order expressions appearing in Eqgs. (A70). We do so by applying Lemmata 3, 4, 5, and Corollary 4 repeatedly

to find
tr (K, adj A% = 21  tr K — tr (K, %),
tr (E, (E,A\%) = tr Etr (E, %) + H°[tr E? — (tr E)?],

and

tr (B %2 = (O tr B2 + Htr Etr (E,2%) — [(H)? + 1K°](tr E)* + 4[tr (E. 2012,
tr (K, adj A%)? = (H°)? tr K — 3H tr Kitr (K, A%) + [3(H*)? — 1K°](tr K)? + Ltr (K, 2%) P2,
tr (E, (K, adj \%) = H(tr (E, K) + tr Etr K) — 2(tr (E,\%) tr K+ tr (K, \0) tr E),
tr (K, (E, %)) = HO(tr (E, K) — tr Etr K) + 3(tr (E,2%) tr K+ tr (K, 2%) tr E),

tr \0)% = 4(H")? — 2K°,
tr (K, (K, adj A%) = HO[tr K + (tr K)?] — tr K tr (K, %),
tr A%, (E, A% = 2% (E, 2% — K% tr E, tr (A0, (K, adj %)) = K tr K,

(A71a)
(A71b)
(A71c)

(A71d)
(A71e)
(A71f)
(A7lg)

tr ((E,2%), (K, adj \%) = [(H*)* + Kl tr (E, K) — [(H*)* + K] tr Etr K+ JH (tr (B, 2% tr K + tr (K, A0) tr E)

0 0
— 1t (E, 2% tr (K, A9).

(A71h)

Inserting Egs. (A71) into Egs. (A70), and the result into Eqgs. (A66b) and (26) as announced, we finally obtain
e =Ce*{(o1 r E? + ap(tr E)> + a3 tr Etr (E, A%) + au[tr (E, A% %) + (B tr (E, K) + Bo tr Etr K + B3 tr E tr (K, A?)
+ By tr Ktr (E, A% + Bs tr (E, A% tr (K, A%)) + (31 tr K + 15 (tr K)? + 3 tr Ktr (K, A%) + y4[tr (K, A%) %)} + O(e?),

in which the stretching coefficients o, oy, @3, o4, the cou-
pling coefficients B, B2, B3, Ba, Bs, and the bending coeffi-
cients yy, ¥2, V3, Y4 are rational functions of Z°% and H°, KO,
so depend on the intrinsic configuration only. Explicitly,

1 — K0z 2

N T 2HOZ KOO0 | (A73a)
7200 —H1°z% 7?

n= [1 —2HZ0 + ICO(Z°)2:| (A73b)

(A72)

(

The much more complicated explicit expressions for the
remaining coefficients in Eq. (A72) are not edifying, and
therefore not presented here.

We have been able to use tensor traces rather than
matrix traces in this expressions since A0 E. K represent
A% E, K with respect to B° ® (B°)*. This stresses the ten-
sorial invariance of the theory. The anticommutators in
Eq. (A72) could of course be simplified using the symme-
try of trace, but we have not done so to emphasize their
symmetry.
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[ Averaging over the transverse coordinate

The volume element in the intrinsic configuration V° is,
by definition and using intrinsic volume conservation and
Eq. (A35b),

det GO
v’ =/ dv
det G

()

=¢[1 4+ 2H°Z° + K°Zz°)?1dS dZ° + 0(&?), (A74)

where dV is the volume element of the undeformed config-
uration V and dS is the surface element of the undeformed
midsurface S. From Eq. (26), the elastic energy of the shell is

therefore
£ = // eds, (A75a)
S
in which, at leading order,
H°/2
e=¢ / e(ZO[1 +21°2° + £°2°)*1dZ°  (A75Db)
—HO2

is the effective two-dimensional energy density. In the integral
limits, H® is determined in terms of the undeformed thickness
h of the shell by Eq. (A37b).

Since  the coefficient  functions oy, 0, 003, Oy,
Bi, B2, B3, Ba, Bs, and y1, 2, 3, ys that appear in Eq. (A72)
are rational functions of Z°, the integral with respect to Z° in
Eq. (A75b) can be performed in closed form. However, even
the integrals of the “simple” coefficients given in Egs. (A73)
are extremely cumbersome, so the closed-form expression
of Eq. (A75b) is not given here. For this reason, the theory
for large bending deformations is likely to be most useful
for deformations with some additional symmetry, such as the
axisymmetric deformations discussed in Sec. II.

3. Limit of small bending deformations

We conclude our calculations by discussing the limit of
small bending deformations. In this limit, A% — 0, and hence
HO, K° — 0, and the effective strain in Eq. (A69a) reduces to
the rather simpler form

E=E - 2K+ 0(),
and so Egs. (A66b) and (26) yield
e =Ce*{[tr E*> + (tr E)’]1 = 2Z°(tr (E, K) + tr E tr K)
+ (@20 K + (r K)!]} + O(e?), (AT7)

(A76)

where we have again replaced matrix traces with the corre-
sponding tensor traces. Moreover, Eq. (A37b) shows that, in
this limit, H® = A, and so Eq. (A75b) becomes

h/2
6= e/ PIVA L VA
—h/2

3
= 53{Ch[tr E2+(tr E)*]+ %[u K>+ (tr K)2]} +0(eh),
(A78)

which recovers the tensorial form of the incompressible limit
of Koiter’s shell theory [57].

APPENDIX B: DERIVATION OF THE GOVERNING
EQUATIONS FOR AXISYMMETRIC DEFORMATIONS

In this Appendix, we derive the governing equations for ax-
isymmetric deformations by varying the elastic energy (57a).
Similar derivations are given in our previous work [9,10] for
the elastic theories considered there, but here, we will keep the
explicit asymptotic scalings in the derivation. From Eq. (63)
and considering leading-order terms only,

8¢ = e(ngSEs + ng 6Ey) + ms 5K + mg 5Ky, (B1)
wherein the shell stresses and shell moments are
ny = Ce*hl@yEs + asp By + h(BssK, + BiyKy)]l,  (B2a)

ny = CehlaysEy + appEs + h(BssKs + BssKy)], (B2b)
mg = C83h2 [BXSES + IB¢SE¢ + h(yssKs + ys¢K¢ )]v (BQC)
my = Ce W [BsyEs + BpoEy + h(VgsKs + vppKyp)l, (B2d)

since &gy = g, Vs¢p = Vos- NOW, from the definitions of the
shell and curvature strains in Egs. (60) and (62),

b 87 + fitan i 89 1 (67
8ES=secw 7+ fetanyy W’ 8E¢=—0(—r>, (B3a)
Sfyo 8f¢ r
and
sy’ 1
5K, = 1”2 . 0K, = . (Cow&p). (B3b)
() 1y )N T
Hence, on letting
ng ng
s = =, N¢ = =, (B4a)
f¢fs‘0 fvf
= My=—¢ . (B4b)
Fo (£ 1Y FR(£))
we obtain, from Eq. (57a) and using Egs. (12),
3& - -
o [FN; sec ¥ 8F + FM 8]
T

- / [<3<7MS) — FfiNytan ¢ — fiMy cos 1ﬁ>81/7}ds
I ds

—/C[(%(mseog&)—ﬁm)af}ds,

from which we read off the governing equations and boundary
conditions.

As in standard shell theories [26], the apparent singular-
ity in the resulting equations is removed by introducing the
transverse shear tension, T = —N, tan @5, and we obtain, using
Egs. (13) and (16),

(BS)

13

dN; Ny — N; -
= S< ¢ — cos Y + IZST), (B6a)
ds 7
dM; < My — M -
=fil ———=cosy —T ). (B6b)
ds 7
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Moreover, by differentiating the definition of 7 and using
Eq. (B6a), we find

dT cos
Pl =—fi (KSN +kyNy +T 1”) (B6c¢)
Together with the relations
. - Ay L
— = ficos¥,  —— = fik; (B7)
ds ds

from Eqs. (13) and (16), Eqs. (B6) determine the deformed
configuration of the shell. Having solved these equations, in-
tegrating the otherwise redundant shape equation 7’ = f; sin ¥
from Eqgs. (13) determines the shape of the shell completely.

Numerical solution of Eqs. (B6)

We conclude the derivation of the governing equations for
axisymmetric deformations with two remarks on the numeri-
cal solution of Egs. (B6).

First, we note that Eqgs. (B6) are singular where 7 = 0.
At such a point, geometric continuity implies 1 = 0. Hence
T =0 there by definition, and Ny = N, for regularity in
Eq. (B6a). Moreover, by applying I’Hopital’s rule to the
definitions in Eqs. (12) and (16), fi = f¢, Ry = k4. Hence
Egs. (B6) are replaced with

N, _ o du dr

=Y, :()1 = T JsKsiVs, B8
ds ds ds fK (B8)

of which the first two follow by reflection across the axis of
symmetry, and the last follows by applying I’Hopital’s rule to
Eq. (B6c) and using the previous observations and Eqgs. (B7).

Second, as discussed in Refs. [9,10], too, at each stage of
the numerical solution, fy, f¢, Ky, ky must be determined from

7, ¥, My, N,. To begin with, f4, &, and hence E,, K, are com-
puted directly from 7, 1// using their definitions (60) and (62).
We can then compute f;, &, by noting that, once f¢, Eg, Ky
are known, the definitions of N;, M, in Egs. (B2a), (B2c), and
(B4) define a system of linear equations for Ej, K. Its solution
and definitions (60) and (62) yield f; and finally ;. We can
then compute Ny, My using Egs. (B2b), (B2d), and (B4), and
thus continue the numerical integration. Moreover, if 7 = 0,
we similarly obtain two linear equations for f = f; = f¢ and
k = fik; = fyiy, from the solution of which the numerical
integration can be continued.

Varying the energy with respect to geometric variables, as
we have done above, obviates the problem of elastic com-
patibility. This is the question—independent of the problem
of incompatibility of the intrinsic configuration [17] that we
have discussed when setting up the geometry of the intrinsic
configuration—whether a deformation exists that produces a
given set of strains and that provides one of the Foppl-von

J

Karman equations of plate theory [15]. In this context, this
discussion of the numerical approach to solving Eqs. (B6)
shows explicitly how they give rise to a compatible config-
uration and therefore how they avoid the problem of elastic
compatibility.

APPENDIX C: NEO-HOOKEAN RELATIONS AS THE THIN
SHELL LIMIT OF GENERAL CONSTITUTIVE RELATIONS

In this final Appendix, we show that the effective two-
dimensional constitutive relations resulting from Eq. (A66b),

e =Ce’[(trE) + tr E?]1 + 0(Y), (C1)

are general and therefore do not only apply to the incompress-
ible neo-Hookean three-dimensional constitutive relations
assumed in Egs. (26). To prove this, we consider, following
Ref. [21], incompressible isotropic energy densities express-
ible as a general power series

1 o0 o0 m n
e=32 Y Cu@=3"G=3" ()

m=0 n=0

where Z; = tr C and Z, = (Z? — tr C*)/2 are the first two
invariants of the Cauchy—Green tensor C = F'F. We may set
Coo = 0 without loss of generality. The requirement thate > 0
for small, linearly elastic deformations [32] then leads to
Cio 4+ Co1 = 0. For Cy9 + Cy; = 0, the material has no linear
elastic response (i.e. zero bulk modulus); we do not consider
that case, and therefore assume that Cjg + Cy; > O.

Using a result of Ref. [21] and the notation of Appendix A,

the Cauchy stress tensor for this material is
T =2[e,F+er,(IF—FC)F" —PI, (C3a)

and hence the morphoelastic Piola—Kirchhoff tensor intro-
duced in Eq. (28) is

P=TE ' =2[sF+es(ZF—FC)IF) T - PE
(C3b)

In Eqs. (C3), F, F°, and F=F(F% ! are given by

Egs. (Al4b), (Al17b), and (A22), respectively, and

P =P+ O(e) is pressure. (We now use an uppercase letter
to denote pressure to emphasize that it is scaled differently to
Appendix A; in the notation used there, P = Cp.)

(i) Expansion and partial solution at order O(1). From
the leading-order expansion of F in Eq. (A40) and using
Corollary 2 and § = g° + O(e) from Eq. (A26b), we compute

er_ (@B | @) 'w
B vig® | c

) + O(¢), (C4)

in which B, v, w, ¢ are given by Egs. (A41), and thence

O—IBT OB 0y—1 T O—IBT 0 0y—1
o ((9O7B'g°B+ @) ww | @) 'BTgo +c(@®)'w o, ©s)
vig’B +cw’ vIgov + ¢?
In particular,
7 =tr (@) 'BTg°B) + W (@®)'w + v gl + ¢* + O(e). (C6)

Since the incompressibility condition is independent of the constitutive relations, its leading-order expansion (A42) still holds
true. Using this and the leading-order expansions (A43) and (A44b) and writing e 7, = E| 4+ O(¢), e ., = E» + O(¢), Eq. (C3b)
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yields
2{E + Eo[tr ((@°)'BTg°B) + wT(g%)'w]}v

— 2E,[B(g°)'BT g% + ¢B(g°)'W] + Po(det B)Y(@*) "B W | 4 o(e). (C7)
o) ‘ 2¢c[Ey + Extr ((@°)7'BTg°B)| — 2E;w T (g%)'BT gV — P det B

o(l) ‘

1
¢

Writing P = P g) + ¢P(1) + O(&?), the leading-order boundary condition is P(gyn = 0, similary to Appendix A. Hence, from
Egs. (A42) and (C7), the leading-order problem is

c—wW'B7'v = (detB)™!, (C8a)
2{E+E[tr ((°)'BTg°B)+w (g% 'w]jv—2E,(B(g%) !B g®v+cB(g®) ' W) +Pp(det B)(@®) B~ Tw=0,  (C8b)
2¢[Ei + Extr ((9°)7'BTg°B)] — 2E;w ' (g°) 'BTg%v — Py det B = 0. (C8c)

These equations have a trivial solution
Zoy=2", S0 =0, Pg =Cio+2C0. (C9)

analogous to the leading-order solution found in Appendix A and for which, from Egs. (A41), B=1,v=w =0, ¢ =1, and
hence C =14 O(¢), so Z; =7, = 3+ O(¢) and thus E; = Cyo/2, E; = Cp; /2 from Eq. (C2). We were not, however, able to
show that this is the only solution of the nonlinear first-order differential equations for Z), S(o, as functions of Z° provided
by Egs. (C8) that satisfies the conditions Zg, = 0, S(o) = 0 on the midsurface Z° = 0. In this respect, our solution of the
leading-order problem remains partial.

Our failure to solve Egs. (C8) emphasizes once again that what distinguishes these problems of large bending deformations
from classical problems in elastic shell theories is the fact that the leading-order problem for large bending deformations is not
trivial. In fact, were a second solution of Eqgs. (C8) to exist, global energy considerations would select the solution; this would
open a new can of worms in the analysis.

(ii) Expansion at order O(e). At this stage, we take Egs. (C9) as the solution of the leading-order problem (C8) and proceed
thence. In particular, the deformation gradient still has an expansion of the form in Eq. (A57). Hence Eq. (A64) still holds true,
and we compute

I+ &[2E+B1)+(@°)'Bf,8°] | e[vi)+(@)'wq,
c:( [ ) 59 | el @] o) C10m)
S[V;q)go =+ WII)] | 1+ 286‘(1)
| 4+ 2¢[2E 4+ B, + (g°)~'B/,g° 0(¢)
c? = [ o+ @B | + 0@, (C10b)
0(e) | 1+ 4ecq)
whence
T, =3+ ¢e[2(tr E + tr By + c1y)] + O(e?), (Cl1a)
T, =3 + e[4(tr E +tr By + cay)] + O(2). (C11b)

The incompressibility condition being independent of the constitutive relations, Eq. (A59b) and hence the first of Eqs. (A63a)
still hold. The latter implies Z; = Z, = 3 + O(&?). Thus

e = 1[Cio(Zy — 3) + Co1 (o — 3)] + O(eh), (C12)
and, in particular, e 7, = Ci9/2 + 0(&?), ez, =Co1/2+ 0(&2). In this way, the constitutive relations have reduced, up to smaller

corrections, to those of a Mooney—Rivlin solid [17]. Moreover, Eq. (A60a) and hence Eqs. (A60b) and (A61b) still hold. Since
P = Cip + 2Cy1 + O(e), it follows that

Cio + Coi Cio + Cos 0y—1
0(e) | e———=[Vva1) + (@) "Wy ] + O(e?) ——[vay + @) w)]
P= C?o) [ ] - P(o) =0, P(1)n = C?O)
o) | O(e) o(1)

(C13)

Similarly to Appendix. A, the boundary conditions now imply P, = 0, so, noting that c‘()o) > 0 and Cyjp + Cy; > 0, the second
of Egs. (A63a) also still holds.

(iii) Expansion at order O(&?). Since the expansion (A59b) of the incompressibility condition still holds, Eqs. (A63a) still
imply Eq. (A63b) and hence Eq. (A66a). Meanwhile, Eqs. (A63a) and (C10a) show that the off-diagonal terms in Eq. (A65) are
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in fact of order O(g?), so it follows from Eq. (A65) that

trC? = tr {1 +£(2E + By, + (g9 'B;,°) + £[2(EB1) + (@) 'B;,9°E) + Bz + (g9 'B,0° + (¢)'B{;,9°B)

_ 2 2
+ (g% 'wayw, [+0(e)) —i—[l—}-286(1)—}-82(2c(2)+c?1)+v(T1)g°V(1))+0(83)] +0(sh)

=3 +4e(cq) +tr E+tr Buy) + 26 [2tr B> + 4tr (EB(1)) + 4 tr (E(Q°)'B,0°) + tr By, + 21tr (B1)(9®)'Bf,0°)

+2tr By +W(5,(@) " 'Wa) + 3¢fy, + 2c) + V5,8%V) ] + 0)

= 3+4e?{2(tr E+tr By’ +2tr E>+tr By, +tr ((@°)7'B,0°B)) + 2[tr (EBq)) + tr (E(@®)'B;,9%)]} + 0(?),

(C14)

using Egs. (A63) and Lemma 4, similarly to the calculations leading up to Eq. (A66a).
Finally, if we write Z; = 3 + £2I5) + O(¢>) using Eq. (A66a), then Eq. (C14) shows that tr C* = 3 + 4&2I5) + O(?). These
expansions imply that 7, = 3 + &Iy, + O(¢?). Equivalently, 7, — 3 = Z; — 3 + O(¢?). Hence, from Eq. (C12),

c
e= E(L —3)+0(%), with C=Cy+Cy > 0.

(C15)

Up to smaller corrections, these are the neo-Hookean constitutive relations assumed in Eqgs. (26) and throughout Sec. II and
Appendix A, and which, as shown there, indeed reduce at order 0(£?) to the effective two-dimensional constitutive relations in
Eq. (C1). Assuming that the trivial solution (C9) of the leading-order problem defined by Eqs. (C8) is unique, this proves our
claim in Sec. IV, that these effective two-dimensional constitutive relations are general.

[1] R. Keller, L. A. Davidson, and D. R. Shook, How we are
shaped: The biomechanics of gastrulation, Differentiation 71,
171 (2003).

[2] M. Leptin, Gastrulation movements: The logic and the nuts and
bolts, Dev. Cell 8, 305 (2005).

[3] T. Lecuit and P.-F. Lenne, Cell surface mechanics and the con-
trol of cell shape, tissue patterns and morphogenesis, Nat. Rev.
Mol. Cell Biol. 8, 633 (2007).

[4] R. Keller and D. Shook, The bending of cell sheets—From
folding to rolling, BMC Biol. 9, 90 (2011).

[5] T. Lecuit, P-F. Lenne, and E. Munro, Force generation, trans-
mission, and integration during cell and tissue morphogenesis,
Annu. Rev. Cell Dev. Biol. 27, 157 (2011).

[6] M. Tada and C.-P. Heisenberg, Convergent extension: Using
collective cell migration and cell intercalation to shape em-
bryos, Development 139, 3897 (2012).

[7] S. Hohn, A. R. Honerkamp-Smith, P. A. Haas, P. Khuc Trong,
and R. E. Goldstein, Dynamics of a Volvox Embryo Turning
Itself Inside Out, Phys. Rev. Lett. 114, 178101 (2015).

[8] P. A. Haas and R. E. Goldstein, Elasticity and glocality: Initia-
tion of embryonic inversion in Volvox, J. R. Soc. Interface 12,
20150671 (2015).

[9]1 P. A. Haas, S. S. M. H. Hohn, A. R. Honerkamp-Smith,
J. B. Kirkegaard, and R. E. Goldstein, The noisy basis of
morphogenesis: Mechanisms and mechanics of cell sheet fold-
ing inferred from developmental variability, PLoS Biol. 16,
€2005536 (2018).

[10] P. A. Haas and R. E. Goldstein, Embryonic inversion in Volvox
carteri: The flipping and peeling of elastic lips, Phys. Rev. E 98,
052415 (2018).

[11] N. C. Heer, P. W. Miller, S. Chanet, N. Stoop, J. Dunkel,
and A. C. Martin, Actomyosin-based tissue folding requires
a multicellular myosin gradient, Development 144, 1876
(2017).

[12] H. G. Yevick, P. W. Miller, J. Dunkel, and A. C. Martin, Struc-
tural redundancy in supracellular actomyosin networks enables
robust tissue folding, Dev. Cell 50, 586 (2019).

[13] P. W. Miller, N. Stoop, and J. Dunkel, Geometry of Wave
Propagation on Active Deformable Surfaces, Phys. Rev. Lett.
120, 268001 (2018).

[14] P. G. Ciarlet, An introduction to differential geometry
with applications to elasticity, J. Elasticity 78, 1
(2005).

[15] B. Audoly and Y. Pomeau, in Elasticity and Geometry (Oxford
University Press, Oxford, UK, 2010), Chap. 6, pp. 159-213;
Chap. 12, pp. 35-453; and App. D, pp. 571-581.

[16] D. J. Steigmann, Koiter’s shell theory from the perspective
of three-dimensional nonlinear elasticity, J. Elasticity 111, 91
(2013).

[17] A. Goriely, in The Mathematics and Mechanics of Biological
Growth (Springer, Berlin, Germany, 2017), Chap. 11, pp. 261-
344 and Chap. 12, pp. 345-373.

[18] D. Ambrosi, M. Ben Amar, C. J. Cyron, A. De Simone, A.
Goriely, J. D. Humphrey, and E. Kuhl, Growth and remodelling
of living tissues: Perspectives, challenges and opportunities,
J. R. Soc. Interface 16, 20190233 (2019).

[19] E. K. Rodriguez, A. Hoger, and A. D. McCulloch, Stress-
dependent finite growth in soft elastic tissues, J. Biomech. 27,
455 (1994).

[20] J. Dervaux and M. Ben Amar, Morphogenesis of Growing Soft
Tissues, Phys. Rev. Lett. 101, 068101 (2008).

[21] J. Dervaux, P. Ciarletta, and M. Ben Amar, Morphogenesis
of thin hyperelastic plates: A constitutive theory of biological
growth in the Foppl-von Kdrman limit, J. Mech. Phys. Solids
57, 458 (2009).

[22] J. McMahon, A. Goriely, and M. Tabor, Nonlinear morphoelas-
tic plates I: Genesis of residual stress, Math. Mech. Solids 16,
812 (2011).

022411-28


https://doi.org/10.1046/j.1432-0436.2003.710301.x
https://doi.org/10.1016/j.devcel.2005.02.007
https://doi.org/10.1038/nrm2222
https://doi.org/10.1186/1741-7007-9-90
https://doi.org/10.1146/annurev-cellbio-100109-104027
https://doi.org/10.1242/dev.073007
https://doi.org/10.1103/PhysRevLett.114.178101
https://doi.org/10.1098/rsif.2015.0671
https://doi.org/10.1371/journal.pbio.2005536
https://doi.org/10.1103/PhysRevE.98.052415
https://doi.org/10.1242/dev.146761
https://doi.org/10.1016/j.devcel.2019.06.015
https://doi.org/10.1103/PhysRevLett.120.268001
https://doi.org/10.1007/s10659-005-4738-8
https://doi.org/10.1007/s10659-012-9393-2
https://doi.org/10.1098/rsif.2019.0233
https://doi.org/10.1016/0021-9290(94)90021-3
https://doi.org/10.1103/PhysRevLett.101.068101
https://doi.org/10.1016/j.jmps.2008.11.011
https://doi.org/10.1177/1081286510387233

MORPHOELASTICITY OF LARGE BENDING ...

PHYSICAL REVIEW E 103, 022411 (2021)

[23] E. Efrati, E. Sharon, and R. Kupferman, Elastic theory of un-
constrained non-Euclidean plates, J. Mech. Phys. Solids 57, 762
(2009).

[24] S. Sadik, A. Angoshtari, A. Goriely, and A. Yavari, A geometric
theory of nonlinear morphoelastic shells, J. Nonlinear Sci. 26,
929 (2016).

[25] E. Ventsel and T. Krauthammer, in Thin Plates and Shells:
Theory, Analysis, and Applications (Marcel Dekker, New York,
NY, 2001), Chap. 12, pp. 325-347.

[26] A. Libai and J. G. Simmonds, in The Nonlinear Theory of Elas-
tic Shells, 2nd ed. (Cambridge University Press, Cambridge,
UK, 2005), Chap. V, pp. 159-342.

[27] A. Hallmann, Morphogenesis in the family Volvocaceae: Dif-
ferent tactics for turning an embryo right-side out, Protist 157,
445 (2006).

[28] S. Hohn and A. Hallmann, There is more than one way to
turn a spherical cellular monolayer inside out: Type B embryo
inversion in Volvox globator, BMC Biol. 9, 89 (2011).

[29] V. Conte, E. Ulrich, B. Baum, J. Mufoz, J. Veldhuis, W.
Brodland, and M. Miodownik, A biomechanical analysis of
ventral furrow formation in the Drosophila melanogaster em-
bryo, PLoS ONE 7, 34473 (2012).

[30] M. Janet, Sur la possibilité de plonger un espace riemannien
donné dans un espace euclidien, Ann. Soc. Pol. Math. 5, 38
(1926).

[31] E. Cartan, Sur la possibilité de plonger un espace riemannien
donné dans un espace euclidien, Ann. Soc. Pol. Math. 6, 1
(1927).

[32] R. W. Ogden, in Non-linear Elastic Deformations (Dover,
Mineola, NY, 1997), Chap. 1, pp. 1-72; Chap. 2.2, pp. 83-121;
Chap. 3.4, pp. 152—-155; and Chap. 6.1, pp. 328-351.

[33] Expansions were carried out using MATHEMATICA (Wolfram,
Inc.) to assist with manipulating the complicated algebraic ex-
pressions that arise in these calculations.

[34] M. Pezzulla, N. Stoop, X. Jiang, and D. P. Holmes, Curvature-
driven morphing of non-Euclidean shells, Proc. R. Soc. A 473,
20170087 (2017).

[35] J. N. Reddy, in Theory and Analysis of Elastic Plates and
Shells, 2nd ed. (CRC Press, Boca Raton, FL, 2007), Chap. 10,
pp. 359-402.

[36] D. L. Kirk, Volvox: Molecular-Genetic Origins of Multicellular-
ity and Cellular Differentiation (Cambridge University Press,
Cambridge, UK, 1998).

[37] D. L. Kirk, A twelve-step program for evolving multicellularity
and a division of labor, BioEssays 27, 299 (2005).

[38] M. D. Herron, Origins of multicellular complexity: Volvox and
the volvocine algae, Mol. Ecol. 25, 1213 (2016).

[39] R. E. Goldstein, Green algae as model organisms for bi-
ological fluid dynamics, Annu. Rev. Fluid Mech. 47, 343
(2015).

[40] D. L. Kirk and I. Nishii, Volvox carteri as a model for study-
ing the genetic and cytological control of morphogenesis,
Dev. Growth Differ. 43, 621 (2001).

[41] G. Matt and J. Umen, Volvox: A simple algal model for embryo-
genesis, morphogenesis and cellular differentiation, Dev. Biol.
419, 99 (2016).

[42] A. G. Desnitskiy, Comparative analysis of embryonic inversion
in algae of the genus Volvox (Volvocales, Chlorophyta), Russ. J.
Deyv. Biol. 49, 129 (2018).

[43] E. J. Doedel, B. E. Oldman, A. R. Champneys, F. Dercole,
T. Fairgrieve, Y. Kuznetsov, R. Paffenroth, B. Sandstede, X.
Wang, and C. Zhang, Auto-07p: Continuation and Bifurca-
tion Software for Ordinary Differential Equations, Tech. Rep.,
Concordia University, Montreal, Canada (2012).

[44] W. J. Cooper and R. C. Albertson, Quantification and variation
in experimental studies of morphogenesis, Dev. Biol. 321, 295
(2008).

[45] A. C. Oates, N. Gorfinkel, M. Gonzalez-Gaitan, and C.-P.
Heisenberg, Quantitative approaches in developmental biology,
Nat. Rev. Gen. 10, 517 (2009).

[46] L. A. Mihai, L. Chin, P. A. Janmey, and A. Goriely, A compar-
ison of hyperelastic constitutive models applicable to brain and
fat tissues, J. R. Soc. Interface 12, 20150486 (2015).

[47] L. A. Mihai, S. Budday, G. A. Holzapfel, E. Kuhl, and A.
Goriely, A family of hyperelastic models for human brain tis-
sue, J. Mech. Phys. Solids 106, 60 (2017).

[48] S.Budday, G. Sommer, C. Birkl, C. Langkammer, J. Haybaeck,
J. Kohnert, M. Bauer, F. Paulsen, P. Steinmann, E. Kuhl, and
G. A. Holzapfel, Mechanical characterization of human brain
tissue, Acta Biomater. 48, 319 (2017).

[49] H. A. Erbay, On the asymptotic membrane theory of thin hy-
perelastic plates, Int. J. Eng. Sci. 35, 151 (1997).

[50] P. A. Haas and R. E. Goldstein, Nonlinear and nonlocal elas-
ticity in coarse-grained differential-tension models of epithelia,
Phys. Rev. E 99, 022411 (2019).

[51] E. Kreyszig, in Introduction to Differential Geometry and Rie-
mannian Geometry (University of Toronto Press, Toronto, ON,
1968), Chap. 4, pp. 78-99 and Chap. 6, pp. 125-136.

[52] Block matrices will represent tensors with respect to tensor
products of a left tangent basis and right dual basis, so can
be multiplied without incurring metric factors and traces can
be computed without raising or lowering indices. In fact, the
indices of the entries of these block matrices (and also of the
matrices that appear as their components) will never be raised
or lowered. In particular, transposes are understood to be matrix
transposes, so do not change the covariant or contravariant
nature of indices.

[53] D. S. Bernstein, in Matrix Mathematics: Theory, Facts, and
Formulas, 2nd ed. (Princeton University Press, Princeton, NJ,
2009), Chap. 2.8, pp. 115-119 and Chap. 4.4, pp. 261-267.

[54] This result is doubtless known in the solid mechanical literature:
e.g., it appears without proof as Eq. (5.8) of A. Yavari and
A. Goriely, Riemann—Cartan geometry of nonlinear dislocation
mechanics, Arch. Ration. Mech. Anal. 205, 59 (2012).

[55] The indices in Eq. (A28) are raised or lowered with different
metrics, § and g°, which are asymptotically close to each other
by Eq. (A26b). Hence taking tensor transposes explicitly by
multiplying matrices by the appropriate metrics enables us to
impose the asymptotic scaling (A26b) during the asymptotic
expansion. This is the reason why transposes in our block
matrix notation [52] are matrix transposes rather than tensor
transposes.

[56] R. A. Horn and C. R. Johnson, in Matrix Analysis (Cambridge
University Press, Cambridge, UK, 1985), Chap. 1.3, pp. 44-57;
Chap. 4.1, pp. 169-176; and Chap. 7.2, pp. 402-411.

[57] A. L. Gregory, J. Lasenby, and A. Agarwal, The elastic theory
of shells using geometric algebra, R. Soc. Open Sci. 4, 170065
(2017).

022411-29


https://doi.org/10.1016/j.jmps.2008.12.004
https://doi.org/10.1007/s00332-016-9294-9
https://doi.org/10.1016/j.protis.2006.05.010
https://doi.org/10.1186/1741-7007-9-89
https://doi.org/10.1371/journal.pone.0034473
https://doi.org/10.1098/rspa.2017.0087
https://doi.org/10.1002/bies.20197
https://doi.org/10.1111/mec.13551
https://doi.org/10.1146/annurev-fluid-010313-141426
https://doi.org/10.1046/j.1440-169X.2001.00612.x
https://doi.org/10.1016/j.ydbio.2016.07.014
https://doi.org/10.1134/S1062360418030025
https://doi.org/10.1016/j.ydbio.2008.06.025
https://doi.org/10.1038/nrg2548
https://doi.org/10.1098/rsif.2015.0486
https://doi.org/10.1016/j.jmps.2017.05.015
https://doi.org/10.1016/j.actbio.2016.10.036
https://doi.org/10.1016/S0020-7225(96)00068-7
https://doi.org/10.1103/PhysRevE.99.022411
https://doi.org/10.1007/s00205-012-0500-0
https://doi.org/10.1098/rsos.170065

