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Abstract

In this paper, we propose a theoretical scheme for shape-programming of
thin hyperelastic shells through differential growth, which aims to determine
the growth tensor (or growth functions) that can produce the deformation
of a shell to the desired shape. First, a consistent finite-strain shell theory is
introduced. The shell equation system is established from the 3D governing
system through a series expansion and truncation approach. Based on the
shell theory, the problem of shape-programming is studied under the stress-
free assumption. For a special case in which the parametric coordinate curves
generate a net of curvature lines on the target surface, the sufficient condition
to ensure the vanishing of the stress components is analyzed, from which
the explicit expression of the growth tensor can be derived. In the general
case, we conduct the variable changes and derive the total growth tensor by
considering a two-step deformation of the shell. Based on these results, a
general theoretical scheme for shape-programming of thin hyperelastic shells
through differential growth is proposed. Several nature-inspired examples are
studied to demonstrate the feasibility and efficiency of the proposed scheme.
The predicted growth tensors in these examples have also been adopted in
the numerical simulations to verify their correctness and accuracy. It is found
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that the target shapes of the shell samples can be recovered completely in
the numerical simulations. The scheme for shape-programming proposed in
the current work is helpful in designing and manufacturing intelligent soft
devices.

Keywords: Hyperelastic shell, Differential growth, Shape-programming,
Theoretical scheme, Numerical simulations

1. Introduction

Growth of soft biological tissues and swelling (or expansion) of soft poly-
meric gels are commonly observed in nature (Ambrosi et al., 2011} |Liu et al.|
2015)). Due to the inhomogeneity or incompatibility of the growth fields, soft
material samples usually exhibit diverse geometrical shape changes and sur-
face pattern evolutions during the growing processes, which is referred to as
the ‘differential growth’ and has attracted extensive research interest in re-
cent years (Goriely and Ben Amar|, 2005; [Li et al., 2012; Kempaiah and Nie,
2014; [Huang et al., 2018)). To fulfill the requirements of engineering applica-
tions, it is usually desired that the configurations of soft material samples are
controllable during the growing processes, such that certain kinds of func-
tions are realized. This task can be accomplished through elaborate design
of compositions or architectures in the soft material samples. The technique
is known as ‘shape-programming’ (Liu et al., |2016; van Manen et al., [2018),
which has been utilized for manufacturing various intelligent soft devices, e.g.,
biomimetic 4D printing of flowers (Gladman et al., |2016), pressure-actuated
deforming plate (Siéfert et al., 2019), pasta with transient morphing effect
(Tao et al.| 2021)), and polymorphic metal-elastomer composite (Hwang et al.|
2022).

From the viewpoint of solid mechanics, soft materials can be treated as
certain kinds of hyperelastic materials. The growth field in a soft material
sample is usually modeled by incorporating a growth tensor. Due to the
residual stresses triggered by the incompatibility of the growth field, as well
as the external loads and boundary restrictions, the sample also undergoes
elastic deformations. Thus, the total deformation gradient tensor should be
decomposed into an elastic strain tensor and a growth tensor (Kondaurov and
Nikitin|, [1987; |Rodriguez et al., [1994; Ben Amar and Goriely, 2005). As the
elastic deformations of soft materials are generally isochoric, the constraint
equation of elastic incompressibility should also be adopted (Wex et al., [2015;



Kadapa et al.,2021)). Based on these constitutive and kinematic assumptions,
the growth behaviors of soft material samples can be studied by solving the
system of mechanical field equations. Because of the inherent nonlinearities
in the large growth-induced deformations, mechanical instabilities can also
be triggered in the soft material samples (Ben Amar and Goriely} [2005; Li
et al., 2011} (Goriely|, 2017} Pezzulla et al., [2018; Xu et al., 2020)).

Despite the numerous studies on the growth behaviors of soft material
samples, the majority of the modeling works focus on the direct problem,
i.e., determining the deformations of soft material samples when the growth
fields are specified. However, to achieve the goal of shape-programming for
engineering applications, one needs to study the inverse problem. That is,
how to distribute the growth fields in the soft material samples such that
any given 3D target shape can be achieved through differential growth? Re-
garding this inverse problem, some previous research works have also been
reported in the literature (cf. Dias et al., [2011; |Jones and Mahadevan, 2015;
Acharya;, 2019; |Wang et al., [2019a; Nojoomi et al., 2021; |Li et al., 2022}
Wang et al.| |[2022). In these works, the initial configurations of soft material
samples usually have a thin plate form. Although the shell form is more
common in nature and engineering fields, it is seldom chosen as the initial
configuration of the soft material samples due to the difficulties associated
with modelling shell structures.

To achieve the goal of shape-programming, a prerequisite is to predict
the relations between the growth fields and the morphologies of soft mate-
rial samples. It is thus of significance to establish an efficient and accurate
mathematical model by taking configurations of samples, material properties,
boundary conditions and other factors into account. In terms of shell theo-
ries for growth deformations, the Kirchhoff shell theory has been adopted to
describe mechanical behavior in growing soft membranes (Vetter et al., [2013;
Rausch and Kuhl, 2014), which relies on ad hoc assumptions of the stress
components and deformation gradient. Another shell theory is proposed
based on the non-Euclidean geometry, where the deformation of samples is
determined by the intrinsic geometric properties attached to surfaces, such
as the first and second fundamental forms, and the applied growth fields
(Souhayl Sadik et al., [2016; Pezzulla et al., 2018). In |Song and Dai (2016),
a consistent finite-strain shell theory has been proposed within the frame-
work of nonlinear elasticity, where the shell equation is derived from the 3D
formulation through a series-expansion and truncation approach. To apply
this theory for growth-induced deformations, Yu et al. (2022) incorporated
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the growth effect through the decomposition of the deformation gradient and
derived the shell equation system for soft shell samples.

In the current paper, we aim to propose a general theoretical scheme for
shape-programming of thin hyperelastic shells through differential growth.
Following the shell theory proposed in [Yu et al. (2022)), the shell equation
system is established from the 3D governing system, where a series expan-
sion and truncation approach is adopted. To fulfill the purpose of shape-
programming, the shell equation system is tackled by assuming that all the
stress components vanish. Under this stress-free assumption, we first consider
a special case in which the parametric coordinate curves generate a net of
curvature lines on the target surface. By analyzing the sufficient condition to
ensure the vanishing of the stress components, the explicit expression of the
growth tensor is derived (i.e., the inverse problem is solved), which depends
on the intrinsic geometric properties of the target surface. In the general
case that the parametric coordinate curves cannot generate a net of curva-
ture lines on the target surface, we conduct the variable changes and derive
the total growth tensor by considering a two-step deformation of the shell
sample. Based on these results, a theoretical scheme for shape-programming
of thin hyperelastic shells through differential growth is formulated. The fea-
sibility and efficiency of this scheme are demonstrated by studying several
typical examples.

This paper is organized as follows. In section 2, the finite-strain shell
theory for modeling the growth behaviors of thin hyperelastic shells is intro-
duced. In section 3, the problem of shape programming is solved and the
theoretical scheme is proposed. In section 4, some typical examples are stud-
ied to show the efficiency of the theoretical scheme. Finally, some conclusions
are drawn. In the following notations, the Greek letters (v, 5,~...) run from
1 to 2, and the Latin letters (7, j, k...) run from 1 to 3. The repeated summa-
tion convention is employed and a comma preceding indices (-) represents
the differentiation.

2. The finite-strain shell theory

In this section, we first formulate the 3D governing system for modeling
the growth behavior of a thin hyperelastic shell. Then, through a series-
expansion and truncation approach, the finite-strain shell equation system of
growth will be established.



2.1. Kinematics and the 3D governing system

We consider a thin homogeneous hyperelastic shell locating in the three-
dimensional (3D) Euclidean space R3. Within an orthonormal frame {O; e, e,, €3},
the reference configuration of the shell occupies the region K, = S, x [0, 2h],
where the thickness parameter A is much smaller than the dimensions of the
base (bottom) surface S, and its local radius of curvature. The position
vector of a material point in the reference configuration X, is denoted by
X = X'e; (cf. Fig. [I[a)). The geometric description of a shell has been
systematically reported in the literature (cf. Ciarlet, |2005; |Steigmann| 2012;
Song and Dail, 2016)), which is simply introduced below.

First, a curvilinear coordinate system {0}, 2 is utilized to parametrize
the base surface S, of the shell in the reference configuration, which yields
the parametric equation as

S(ga) = {Xl(ea)aXQ(ea)vX?’(ea)} ) (ea)a=1,2 € Qr- (1)

This parametric equation represents a continuous map from the region €2, C
R? to the surface S, C R3. At a generic point on S,, the tangent vectors
along the coordinate curves are given by g, = s, = 0s/00%, which span the
tangent plane to the surface S, at that point. The two vectors {ga}a=1.2
are also referred to as the covariant basis of the tangent plane. Another two
vectors {g%}a—12 on the tangent plane can be determined unambiguously
through the relations g, - g = 42, which form the contravariant basis of
the tangent plane. Then, the unit normal vector of the surface S, should be
defined by n = (g; Ag2)/ |g1 A g2l (cf. Fig. [[b)). By denoting g3 = g* = n,
{gi}i=123 and {g'},—1 23 constitute two sets of right-handed orthogonal bases
on the base surface S,. The first and second fundamental forms of the surface
S, can be written into

I, = gopdd®do®, 11, = bypdd*do”, (2)

where ¢g,5 = 8. - 83 and b,s = S,p - n are the fundamental quantities.
Conventionally, the fundamental quantities are also denoted by

E, =g, F.=g2=09n, Gr=gon,

3
Lr:blla Mr:b12:b21a NT:b22' ( )

As shown in Fig[lj(a), the position vector X of a material point in the
reference configuration K, of the shell can be decomposed into

X = s(0°) + Zn(0°), 0< Z < 2h, (4)
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base surface S

Figure 1: Position vector in the reference configuration K,: (a) reference configuration
of the shell and decomposition of the position vector X; (b) the curvilinear coordinate
system and the local covariant basis on the base surface S, of the shell.

where Z is the coordinate of the point along the normal direction n. Accord-
ingly, the differential of X yields that

dX =ds+ Zdn +ndZ = g,df* + Zn ,d0* + ndZ. (5)

From the Weingarten equation(Chen, [2017)), we have

dn =n_,d0* = (n, ® g*) gpdd’ = —Kds, (6)
where K = —n, ® g% is the curvature tensor. The mean and Gaussian
curvatures of the surface S, are given by

1
H = §tr (K), K =Det(K). (7)

By substituting (6) into (7)), we obtain
dX = Uds + ndZ = g,df* + ndZ, (8)

where U = g,®g®—ZK and g, = Ug,. We further denote g* = U~Tg®, then
{80 }a=12 and {g*}o=1.2 form the covariant and contravariant base vectors at
an arbitrary point in the shell, which are also orthogonal to n. Notice that
the thickness of the shell is much smaller than the radius of curvature of S,;
thus, U should be an invertible tensor. From , the area element on the
base surface and the volume element in the shell can be written into

dA = |g1 A g2| d01d02 =1/ 911922 — g%Q d01d02, (9)

dV = Det(U)dAdZ = (1 — 2HZ + KZ?*) dAdZ.
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Regarding area element on the lateral surface da, the local differential follows

that
Nda = (Ut) x n dsdZ, (10)

where N is the outward normal unit vector of the lateral surface, and 7 is
the unit tangent vector along the edge curve S, of the base surface, and s is
the arc-length variable on the edge curve dS, of the base surface. The norm
of vector (UT) x n is denoted by /g, such that da = \/g-dsdZ.

Due to the growth effect and the external loads, the configuration of the
shell will deform from K, to the current configuration K; in R3. Within the
orthonormal frame {O; ey, ey, €3}, the position vector of a material point in
K; is denoted by x(0%, Z) = z'(0*, Z)e;. The deformation gradient tensor F
can then be calculated through

o Ox ., Ox
= a L = - 11
F=x,®¢g +aZ®n (Vx)U —|—8Z®n, (11)

where V is the in-plane 2-D gradient on the base surface S, (Vx = x,®g?).

Following the basic assumption of growth mechanics (Kondaurov and
Nikitinl, [1987; Rodriguez et al., [1994; Ben Amar and Goriely, 2005; (Groh)
2022; Dortdivanlioglu et al., [2017; Mehta et al 2021), the deformation gra-
dient tensor [F is decomposed into

F = AG, (12)

where A is the elastic strain tensor and G is the growth tensor. It is known
that the rate of growth is relatively slow compared with the elastic response
of the material, thus the distribution of the growth tensor G in the shell is
assumed to be given and does not change.

As the elastic deformations of soft materials (e.g., soft biological tissues,
polymeric gels) are generally isochoric, we adopt the following constraint
equation

R(F,G) = JgRo(A) = Jg (Det(A) — 1) =0, (13)
where Ji = Det(G). Furthermore, we suppose the material has an elastic
strain-energy function

o(F,G) = Jopo(A) = Japo(FG). (14)
Then, the nominal stress tensor S can be calculated through the constitutive
equation
96 OR ., (00y(A)  ORo(A)
=oF Por - 7t ( oA PToa ) (15)
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where p(6*, Z) is the Lagrange multiplier associated with the constraint (13)).
During the growing process, the hyperelastic shell satisfies the following
mechanical equilibrium equation

. row . (OS\' ,
DivS = (S,.)" g%+ 7 0, in S, x[0,2h]. (16)
We suppose that the bottom and top surfaces of the shell are subjected to

the applied traction q*, which yields the boundary conditions
S™nlz—0=—q~, S'n|zeon=4q", on S,. (17)

On the lateral surface 9S, x [0,2h] of the shell, we suppose the applied
traction is q(s, Z), where s is the arc-length variable of boundary curve 9S,.
So, we also have the boundary condition

STN =q(s,Z) on 08, x [0,2h]. (18)

Eqgs. ) and (| . together with the boundary conditions ((17]) and (| .
constitute the 3D governing system of the shell model, which contams the

unknowns {x, p}.

2.2. Shell equation system

Starting from the 3D governing system of the shell model, the shell equa-
tion system can be derived through a series-expansion and a truncation ap-
proach. This approach has been proposed in |Dai and Song (2014)); Song and
Dail (2016); Wang et al.| (2016 for developing the consistent finite-strain plate
and shell theories without the growth effect. In Wang et al.| (2018)); [Yu et al.
(2022)), the finite-strain plate and shell theories of growth have also been es-
tablished through this approach. For the sake of completeness of the current
paper, the key steps of this approach to derive the shell equation system are
introduced below (see Yu et al.| (2022) for a comprehensive introduction). It
should be noted that the derived shell equation system can attain the ac-
curacy of O(h?). However, to fulfill the requirements of shape-programming
in the following sections, we only need to present the shell equation to the
asymptotic order of O(h).

To eliminate the thickness variable Z from the 3D governing system, we
first conduct the series expansions of the unknowns as follows

2

x (1)
x(ea,Z):ZWZ"+o(z3) p(0 Z—Z"+o 9,
n=0



where (1) = 9"(-)/ dZ"|,_,. According to (19), the deformation gradient
tensor IF, the elastic strain tensor A and the nominal stress tensor S can also

be expanded as
F=TFO0 + ZFY + O(Z?),

A=A+ ZAD L O(2?), (20)
S =8 4+ zsW 4 0(Z?).
Furthermore, we denote
G =G + zGW + 0(7%),
G =G94+ 2ZGY + 0(Z?), (21)
JoG ™t =GO + zGW + 0(Z?).
Once the growth tensor G is given, G™ and G™ (n =0,1) can be calculated
directly.

By using the kinematic relations and , the concrete expressions
of F™ and A™ (n = 0,1) in terms of x™ (n = 0,1,2) can be derived.
Further from the constitutive equation ((15)), we obtain
SO — GO (A(O) _ p(O)R(O)) ’

s — GO (A(l) AL — pORM L AM p(l)R(O)) + GO (A(O) _ p(O)R(O)) 7
(22

~—

where AM™ = 9" g /OA™ |, _, 0 and RM™ = 0" Ry /OA™ !, _,0 (n
0,1).

We substitute and into the constraint equation and the
mechanical equilibrium equation ((16). The coefficients of Z" (n = 0,1) in
these equations should be zero, which yield that

Det (AQ) —1=0, R®:AW =0, (23)

and .
V-SO 4 (sW) n=o,

V-SW 4 (S?) n+K'g SO = 0.

Further substituting and into the boundary conditions , another
two equations can be obtained

(8)'n=—q",
(SO + 218" +2125@) " n = q*

(24)

(25)
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Egs. 2 and 1 constitute a linear system for x®® and p™. By solving
these two equations, we obtain (Yu et al., [2022)

(1)_y-]D_1f—T

@ _ 1 (p0Dy —
x® =D (pVy —f), » YDy

, (26)

where
_ T _ T
(Bl =De(GO) (A7~ pORV),, (69 ), (69 ),
y =ROTGO
£ = [ (AD = pORDY : [FOGO + (xV @ V +x© g K) GO ]TG(O)Tn

+ (A — p(0>R<o>)T GO+ V.S
T =Det(GOR® : [(xV @ V + x ® VK) G + FOGW].

The expressions of x™") and p(® in terms of x(°) can be obtained by solving
the equations 1 and 1. However, as these two equations are non-
linear, the explicit expressions of x(!) and p(®) can only be presented when a
concrete form of the strain-energy function ¢g(A) is given.

To incorporate the effect of curvature of the shell, the factor Det(U)|z—on =
1 — 4hH + 4h*K is multiplied onto (25)2 (Song and Dail [2016). In the re-
mainder of this paper, we assume H < O(1) and K < O(1), to ensure
1 > |4hH| > |4h?K]| such that the terms consisting h?H and h*K can be
dropped reasonably when the required order of equation is set as O(h). By
subtracting 1 from 2 and dividing it by 2h, the following equation is
obtained (where the terms of order higher than O(h) have been dropped)

1—4hH)q" +q
2h 7

By virtue of the relations given in , can be rewritten into 2D vector
shell equation

nsS,. (27

(1 —4hH) (S) n+h (S®) n = (

1—4hH)q* -
(1—4hH)V-SO4h (V-SO + KTg® . S0) = ! Q;Lq uk E
(28)
which contains the unknown x(©(#). In fact, x(©(#%) provides the para-
metric equation for the base surface S in the current configuration of the

shell.
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To establish a complete shell equation system, the boundary conditions
on the edge 98, should also be proposed. Based on the boundary condition
in the 3D governing system, the following edge boundary conditions can
be proposed

(S + hS<1>)T N = / " a(s, Z)dZ/(2h) = q,
/a ) /0 (STN) A (x(s, Z) — x(s, h)) V/FrdZds (29)
_ /88 /0 als, 2) A (x(s, Z) — x(s, b)) \/GrdZds = m,

where q and m are the average traction and the bending moment (about the
middle surface Z = h) applied on the lateral surface of the shell. Eqgs. (28)
and constitute the shell equation system.

3. Shape-programming of the thin hyperelastic shell

The shell equation system — can be applied to study the growth-
induced deformations of the thin hyperelastic shell. For any given growth
tensor G and boundary conditions, once the shell equation system is solved,
the obtained solution x(® (%) represents the base surface S of the shell in
the current configuration ;.

The objective of the current work is to solve an inverse problem. That is,
to ensure the shape of the base surface changes from S, to a certain target
shape S, how to arrange the growth tensor (or growth functions) in the shell?
This problem is referred to as ‘shape-programming’ of thin hyperelastic shells
(Liu et al., 2016)). For simplicity, we only consider the case that the surfaces
of the shell are traction-free, i.e., q* = q(s, Z) = 0 in and .

It should be pointed out that we do not aim to control the whole 3D con-
figuration of the shell. As the shell equation system — is established
on the base surface (Z = 0) of the shell, we also focus on the base surface
in solving the problem of shape-programming. The initial and current con-
figurations of the base surface have the following parametric equations (as

shown in Fig:

S, s(0%) = {X1(6%), X?(0%), X*(6%)}, (6%) € Q, (30)
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S, 91

Figure 2: Hlustration of the growth process and the mapping from parametric plane: (a)

the variables region (2,. on the parametric plane §16?; (b) initial base surface S,; (c) target
base surface S.
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and

S x0(9%) = {2(6%),2*(6%), 2*(0)}, (6°) € Q. (31)

Eqgs. and can be viewed as two continuous mappings from the 2D
region €2, to S, and S, respectively. By fixing one of the variables 6 or
0%, variation of the the other variable can generate the coordinate curves
on the surfaces. All of these curves constitute the parametric curves net on
S, and S. It has been introduced that on the initial configuration S,, the
tangent vectors along the coordinate curves are s, = g, = 0s/00% and unit
normal vector is n = (g1 A g2)/ |81 A g2|. Similarly, on base surface S in
the current configuration, the tangent vectors along the coordinate curves

are x,(S) = 0x(© /96>, and the unit normal vector is denoted by n, = (Xff) A

xfg)) / ‘xflo) A x(o)‘ (cf. Fig. . If S, and S are regular surfaces, we always

)

have g1 A go # 0 and xff) A ng) # 0. Thus, the normal vector fields are
well-defined on S, and S.

To facilitate the following derivations, we assume that the parametric
curves net generated by {#*} is an orthogonal net of curvature lines on S,.
This assumption means that the tangent vectors g; and gs are perpendicular
to each other (i.e., g1 - g2 = 0) and they direct along the two principal
directions at any point on S,. It is known that on a regular surface, such an
orthogonal net always exists in the neighbour region of a non-umbilic point
(Chen|, 2017, [Toponogov}, [2006). Due to this assumption, some geometrical
quantities defined in section [2.1| can be simplified into

Frzgu:gzl:(), M, = by = by =0,

K=-n,2g"=rng @g'+ rg ®g’
1 (32)
H = 5(%14‘%2), K:/ill'iz,

U=IL—-Z2K=(1-r2)g®g + (1 —rZ)g g’

where k1 and ks are called the principal curvatures.

With the above preparations, we begin to solve the problem of shape-
programming of the thin hyperelastic shell. The major task is to reveal the
relations between the growth tensor (or growth functions) and the geomet-
rical properties of the target surface S. Generally, the solution of shape-
programming through differential growth may not be unique, i.e., the same
target shape of the shell may be generated from different growth fields (Wang
et al., 2019b). In this section, we focus on the case that the shell attains the
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stress-free state in the current configuration Xy, i.e., all the components in
S© and SM are zero. It is clear that in the stress-free condition, the shell
equation system and is satisfied automatically.

3.1. Growth tensor in a special case

To analyze the relations between the growth tensor (or growth functions)
and the geometrical properties of the target surface S, we first assume that
the coordinate curves of {0} also generate a net of curvature lines on the
base surface S in the current configuration. In this special case, the following
specific form of the growth tensor will be adopted

G =G + ZzGW,

o A LAY )

GY = ®g + ®g +n®n,
)\51) )\g)

G = \/—F& ®g'+ \/G_g2 ® g7,

where )\50), )\go), )\gl) and )\gl) are the growth functions to be determined. By
substituting and into the kinematic relations and , the

following expression of the elastic strain tensor A = FG~! can be obtained

VE;, ! VG,

ox

A= X1Q®g + X72®g2+—®n,

(1 -k Z)(A? + ZAM) (1= k. Z) (A + 220y 0Z

(34)
The right Cauchy-Green strain tensor C = ATA is then given by
X1-X1 A1 o Al X2 X2 A2 A2
C= — g Rg + ) g
(1= k1 22\ + 2212 (1= k22)?(Ay + 22572

X1 X9
+ ) )
(1= k1 2)(1 = k5 Z) A + 22D AP 4 Z2A0)
X1'Xz A1 A1
+ - < nRKeg +g n
(1= 2)A? + 2y ( )
X2X7z

+
(1= rZ) A + 220

(g'wg’+g° g

meg’+g°®n) + (xz-xz)n@n,

(35)
where g' = /E,g! and g?> = \/G,g? are two unit vectors. By substituting
(19); into and conducting the series expansion of C with respect to Z,
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we have the following coefficients of Z° and Z*!

92 (1)
c® 5 ) X(l) 1k — 2L x(?) X(i)) gl ®g1
/\(0) (0)
1 1
© ) M\ 0 o] a2 o s ) @

(0)2 Xo X + | k2 — ©) 2 X5 |8 ®E +(2X() x())n®n
2 2
( ) (D) 0) )

X1 +X1 * X9

[ . < (D) 0. x@ O x® MW\ ]
Xy oxV +xy X Xy X A A1 1
+ | = : + — K1 — —oy g ¥n+nxg
_ )\(0) )\50) ( )\50) | ( )
[« () 0) (2 0) (1) MW\ T
Xy - +Xx, X Xy *X A R )
+ o + =5 (nz — —fo)) (8’ ®n+n®g?),
i Ag A2 2 /|

(37)
For isotropic incompressible hyperelastic material, it is known that the elastic
strain-energy function only depends on the two invariants I; and I of C, i.e.,
¢o(A) = ¢o(I41, I). Based on this constitutive form of ¢y, the nominal stress
tensor S given in ((15)) can be rewritten into

— 8¢0 all a¢0 812 _
= W22 7772 pATE
5= Jeb {8[1 YN T TN } )
_ 8(250 el _
_ 1 T _ T 1
— JoG { S AT 257 (- C) AT — ph } ,

where the relations 9I; /0A = 2AT and dI,/0A = 2(I,T — C)AT have been
used. We denote

A= A 4 ZAW 4 022,
C=C" 4 2zcW +0(2%), L =1"+zI" +0(2%,

O¢o
oI,

(39)

=d” + zd" + 0(Z%), ?)(Z) =dy + zdy + 0(Z%),
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Then, the following expressions of S(°) and S can be derived from (38))
SO — GO {2 [d@ + ( 191 @<o>)} (AT — p© A(m} 7
SO — ¢ [ <11<0>]1 _ <c<°>)} (Au))T}

{ " + (1“’)11 c®) +df’ (1"1- )] (a@)"}
©) (—pOAD _ HHAO).

(40)
To ensure S and SM to be zero tensors, one sufficient condition is that

cO =1, V=0, p=2(d”+2d"), p=2(aV+24").
(41)
From (41); and (41)),, the growth functions {)\&0)} and {)\8)} can be easily
determined. In fact, by substituting into 1, we obtain

N =VE, A =Va, (42)

where E/ = Xf?) -xff) and G = ng) -ng) are two of the first fundamental

quantities of surface S. As we assume the coordinate curves of {6} generate
a net of curvature lines on S, another first fundamental quantity F' = x’(f)

xfg ) = 0. Further from the relation (A1), we have

X,(lo) x(M =, ng) xW =0, xM.x® =1,
0) A (0
xy Ax 43
xS0 (43)

‘X’(? ) A X,(g )‘
By substituting and into (37), then from (41)), we obtain

A = ( - g) VE, )= ( - g) VG, (44)

(0)

where L = —xflo ) ‘ng; and N = —x," -1 5 are two of the second fundamental

quantities of surface §. Another second fundamental quantity M = —xf? ).

n,, = —xg ) ‘1,1 = 0 due to the net of curvature lines on S. To ensure all the
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components of CY) to be zero, we also need to set x?) = 0. By substituting

(42) and (44) into (33), we obtain
L E
=1+Z (k- =)/ = !
G |: + (/fl E)] Erg1®g
N G
+ {1+Z<I‘f2—a)} \/G—Tg2®g2+n®n7

which is just the growth tensor that can result in the shape change of the
base surface of the shell from S, to S; in the special case (i.e., the coordinate
curves of {#*} generate a net of curvature lines on S).

The growth functions )\(10) and )\go) given in have the same expres-
sions as those obtained from the plate model (where the incompressible Neo-

(45)

Hookean material is taken into account) (Wang et all) 2022). In fact, >\§°)
and )\go) just represent the extension or shrinkage of the material along the
coordinate curves of {#*} on S,. The growth functions /\gl) and )\gl) given in
involve the principal curvatures x, and ks of S,., which are different from
the results of the plate model (Wang et al., 2022). It should be noted that the
growth functions given in and are independent of the strain-energy
function ¢q, which should be valid for different kinds of hyperelastic shells.
If the shell is made of incompressible Neo-Hookean material, the results
and can be derived through another approach, which is introduced in

Append Al

3.2. Growth tensor in general cases

The formulas and are derived based on the assumption that the
coordinate curves of variables {6} constitute an orthogonal net of curvature
lines in the current configuration of the base surface §. Generally, this as-
sumption cannot be satisfied by the parametric equation X(O)(Ga). To tackle
the problem in general cases, some further manipulations are required.

First, to generate a net of curvature lines on the surface S, we consider
the following change of variables

0' =06 (nla 772) ) 0° = 6 (7717772) ) (46>

where 0! (p',n?) and 6% (n',n?) are supposed to be sufficient smooth and the
Jacobi determinant 9(0',6%)/0(n',n*) > 0. The transformation defines
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(a) 49° (b) 47

Mappingto §

Sr:s(6%,6%) Sits(m'n?) §:x0(0 (", n?), 02(n",n*))

Figure 3: Bijection between the region 2, and (2}, and the decomposition of the growth
process: (a) the original region , on the parametric plane #16%; (b) the new region Q
on the parametric plane n'n?; (c) the base surface S, in the referential configuration KC,;
(d) the base surface S; on the intermediate configuration K;; (e) the target base surface
S in the current configuration ;.
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a bijection between the planar parametric region €, in the #'6?-plane and
the planar parametric region 2 in the n'n?-plane (cf. Fig. |3)).

Through the change of variables, the surface S has a new parametric
equation x*(n',n?) = x© (6* (n*,n?), 6% (n',n?)). The first-order derivatives
of x*(n',n?) are given by

881 062 )
X = X@la i ’*928_771 =A (Xj‘gl cos &1 + Xge sin 51) ,
391 8(92 (47)
X = Xela 5 +X928 5 = A (Xj‘el cos &g + Xg2 sin{z) ,
where
90m\*  [862\° 100" 1 062
A \/<%) #(an) - 6= g5 6= a0 .

p 00m\? L (o ? 6 = L o0t 6 = L 96?
= — — |, cosé=——, siné=-——.
2 on? o> T Ay o2 T Ay o2
To ensure that the new coordinate curves (i.e., the n'- and n*-curves on
S) constitute an orthogonal net of curvature lines, X1 and x7, should be

aligned with the principal directions at any point on S , which }equires that
the following equation is satisfied (Chen, |2017; Toponogov, |2006)

(LF — ME)cos*¢ + (LG — NE)cos€siné + (MG — NF)sin*¢ =0, (49)

where {E, F, G} and {L, M, N} are the first and second fundamental quanti-
ties of the surface S calculated from the original parametric equation x(® ().
On the other hand, as the Jacobi determinant (6%, 6%)/d(n', n*) > 0, we have
the inverse Jacobi matrix

o' o o6t o0t \ 7!

o0r a0t | _ [ o o

o o | = | e o2 | - (50)
002 062 ot o2

By virtue of , the differential forms dn' and dn? can be written into

dn' = gzl o' + %d@Q A7 (sin&d6" — cos £,4d6?) -
51
di? = gzl 9" + %cw? Aj (cos &d6? — sin £,d6")
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where

1 . 1
~ Aj(cos& siné, —siné cos&y)’ Az = Ay (cos& sinéy —siné; cos &)
(52)
To obtain the explicit expressions of the transformation between {6',6?} and
{n*,n?}, one needs to find the integrating factors A} and Aj such that the
differential forms dn' and dn? given in are integrable. To our knowl-
edge, there are still no universal formulas that can be used to determine the
integrating factors for any differential forms (Chen) 2017). In some specific
cases, the integrating factors can be derived by adopting suitable techniques.
Once the integrating factors are obtained, the first integrals of the differential
forms just provide the explicit expressions of n'(6',6?) and n?(6',6?).
Accordingly, the expressions of 81 (n*,n?) and 6?(n', n?) are also obtained.
On the parametric variable region Q* in the n'n*-plane, we define a new
surface S; in R?, which has the following parametric equation

Sioos(n®) = {X ("), X*(n*), X*(n™)}, (") € Q. (53)

Notice that §; and S, have the same parametric equation, but they are
defined on the different parametric variable regions. In fact, S; and S, should
be the different subregions contained in a larger surface. According to the
assumption on the parametric equation s(n®), the coordinate curves of {n®}
constitute a net of curvature lines on §;. By virtue of the variable change
n*(6',6%) and n*(A',6%), another parametric equation of surface S; can be
obtained as follow

Ay

Si: S*(Qa) = S(n1(01792>7n2(91a92))’ (ea) €, (54)

which is defined on the parametric variable region €2, in the §'6%-plane. We
choose §; as the shape of the base surface of the shell in an intermediate
configuration IC;. The position vector X* of a material point in K; is set to

be (cf. Eq. ()

X* =s"(0%) + Zn*(0%),
—s( (6%), 1P(60%) + Zn(y (%), 17(6%)), (6) €0y, 0< Z < .
55
Based on the above results, we can write out the growth tensor that
produces the shape change of the base surface of the shell from S, to S. As
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shown in Fig. [} the whole deformation process is divided into two steps.
In the first step, we consider the deformation of the shell from the reference
configuration /C, to the intermediate configuration KC; (i.e., the shape change

of the base surface from S, to S; ). Based on and , it is known that
the corresponding deformation gradient tensor should be given by

*

X
Fo =(VX*)U ' + 0

a7 ©on
ont 1 — k1 ZOnt
=B () O (0% + o) 0 g2(0")
1 — ko Z On? on?
222 g, (n") @ 8'(6%) + —=ga(n*) @ g2(6%) + n(n*) @ n(6%),

1= 5, Z 00122 002

(56)
In Eq. (50), the covariant base {g1, g2, n} is evaluated at the position s(n®)
on S; and the contravariant base {g', g n} is evaluated at the position s(6%)
on §,. In the second step, we consider the deformation of the shell from the
intermediate configuration KC; to the current configuration ; (i.e., the shape
change of the base surface from S; to &;). As shown in Fig. 7 S; and S
possess the same parametric variable region 2% in the n'n*plane. Besides
that, the coordinate curves of {n®} constitute the net of curvature lines on
these two surfaces. Thus, the formulas and obtained in section
should be applicable in this case. The growth tensor that can induce the

shape change from §; to S; is then given by

G, = {1 7 ( _ g)] \/ggma) g (r°)

+ [1 +7 <n§ — g)] \/ggz(n“) ® g*(1*) + n(n®) @ n(n®).

In Eq. (57), {E,G,L,N} are the fundamental quantities of surface S cal-
culated with the parametric equation x*(n®). {E*,G*} and {x7, 3} are the
fundamental quantities and principal curvatures, respectively, of surface S;
calculated with the parametric equation s(n®). It can be directly verified
that

(57)

GlFO - @G, (58)

where Q is the rotation tensor
Q=g (") ®g'(0°) + &) ®g*(0*) +n(n*) @n(6%),  (59)
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and

G= [1 ( g)} g1(9”)®g (6%)
+ 1+Z( 1—%)} 5 G:Zi) gz:g1(9“)®g2(9“)
+l1+2 </<a2 - g)} \/GEG:Zi) gZigz(Ga)@@gl(H“)

N G on?
+ 1+ Z </<c§ — E)} @a—gzgg(ea) ® g*(0%) +n(6*) @ n(0*).

Tensor G given in (60)) is just the growth tensor that can result in the shape
change of the base surface of the shell from S, to S in the general case, which
is consistent with the growth tensor obtained in for the special case.

3.3. A theoretical scheme for shape-programming

Based on the above preparations, we propose a theoretical scheme for
shape-programming of a thin hyperelastic shell through differential growth.
The flowchart of this scheme is shown in Fig. [ which contains the following
steps:

e With the given reference configuration /C, of the shell, we need to iden-
tify the parametric equation s(6) for the initial shape of the base
surface S,, which is defined on the region Q, of the §'6?-plane. By us-
ing s(#*), the fundamental quantities { ., G,., L., N, } and the principal
curvatures {1, ko} of surface S, can be calculated.

e We choose the target shape of the base surface S, which has the para-
metric equation x(?(6%) defined on (.

e The fundamental quantities {F, F, G} and {L, M, N} of surface S are
calculated by using the parametric equation x(? (). In the case F' = 0
and M = 0, it is known that the parametric curves net of {0} is already

an orthogonal net of curvature lines (Chen, 2017)). Then, the growth
tensor G can be obtained from Eq. (45]).

e If both F' and M are not equal to zero, we need to conduct the vari-
able change from {6} to {n“}, which yields a bijection from §2, to a
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\
Identify the reference configuration of base

surface S, with the parametric equation s(8%)
J

¢

r ~
Choose the target shape of the base surface §

with the parametric equation x() (6%)

J

y

's N
Calculate the fundamental quantities {E, F, G}
and {L, M, N} of S by using (9 (8%)

J

Yes
Check F =0and M =07?

Conduct variable change {8%} — {n“} and
identify the new parametric variable region ;.
v

'

Derive the parametric equation x*(n%) and
| generate orthogonal curvature curves neton§ |

!

Construct the intermediate shape of the base
\ surface §; with the parametric equation s(n%) )

!

's A
Calculate the growth tensor G according to the

result given in Eq. (60)

!

Verify the accuracy of the growth tensor

Figure 4: Flowchart of the theoretical scheme for shape-programming of a thin hyperelastic
shell through differential growth.
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new region 2% in the n'n*-plane. The explicit expressions of the vari-
able change should be calculated from the differential forms given in
(51), where the integrating factors Aj and Aj need to be determined
in advance.

e After the variable change, the surface S has a new parametric equation
x*(n®) defined on QF. The coordinate curves of {n®} constitute an
orthogonal net of curvature lines on S.

e By virtue of the variable change, an intermediate shape of the base
surface S; can be constructed, which has the parametric equation s(6%)
defined on 2, and the parametric equation s*(n®) defined on Q*. The
associated geometrical quantities of S; are also calculated.

e Based on the above results, the growth tensor G is calculated from Eq.
(60)), which results in the shape change of the base surface of the shell
from S, to S.

e Finally, to check the correctness and accuracy of this scheme, the ob-
tained growth tensor (or growth functions) is incorporated in a finite
element analysis (we use Abaqus), and the growth-induced deformation
of the shell is simulated.

4. Examples

We demonstrate the feasibility and efficiency of the analytical framework
for shape-programming of thin hyperelastic shells through differential growth
proposed in Section [3| using some typical examples inspired by soft biological
tissues in nature.

For the purpose of illustration, the reference configuration K, of the shell
is selected to be a cylindrical shell, which occupies the region [Ry, Ry + 2h] x
[0, 0] x [0, 1] within a cylindrical coordinate system in R3. The base face S,
of the shell has the following parametric equation

s(0',60%) = {Rycos(0'), Rysin(0'),0%}, 0<0'<Op, 0<6* <1, (61)

where 6! and 6% are the parametric variables. It is clear that the coordinate
curves of 8 and 6% constitute a net of curvature lines on S,. Besides that,
we denote Z = R — Ry (Ro < R < Ry + 2h) as the thickness variable of the
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shell. From the parametric equation (61)), we obtain the following covariant
and contravariant base vectors on S,

1_ 81
i (62)
go=g’=e;, g3=g =n=cos(0)e, +sin()e,.

g1 = Ro [—sin(8")e; + cos(0')es], g

The geometrical quantities of surface S, are given by

E,=R}, G,=1, L,=—R,

63
NTIO, filz—l/Ro, 52:0. ( )

4.1. Example without change of variables

In the first example, the target shape of the base surface S is selected to
be a surface of revolution, which has the following parametric equation

xO (01, 6%) = {u(6?) cos(81), u(8*)sin(61),v(F?)}, 0<60' <O, 0<6*<1,

(64)
where u(6?) and v(6?) are arbitrarily smooth functions. Notice that both S,
and S have the parametric variable region 2, = [0, O] x [0, {]. Corresponding
to the parametric equation , the following first and second fundamental
quantities of surface & are obtained

E=v* F=0, G=u”+v?
u?v’ u (v'u” — u'v") (65)

L=— , M=0, N-= .

Since F = 0 and M = 0, it is known that the §'- and 6?-coordinate curves
have already constituted an orthogonal net of curvature lines on S. There-
fore, the growth tensor in the shell should be set according to , which
contains the growth functions

A =1ul, AP = Va? 402,

/

|ul v 1 u(uv" —v'u") (66)
- + ) >\2 - :
RO /u/2 + /2 |u|(u/2 + 0/2)

For concreteness, we consider four kinds of revolution surfaces inspired by
biological tissues, i.e., the sweet melon, the morning glory, the trachea and
the apple. The parametric equations and the corresponding growth functions

1,11 !0

1
A =
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of these surfaces are listed in -. To verify the accuracy of the obtained
growth functions, we also conduct numerical simulations by using the UMAT
subroutine in ABAQUS, where the constitutive relation of a compressible
neo-Hookean material is adopted. The Poisson’s ratio of the material is
chosen to v = 0.4995 to capture the effect of elastic incompressibility. The
growth functions A\ = Aﬁo) + Z)\gl) and Ay = )\éo) + Z)\él) are incorporated as
the state variables in UMAT, which change gradually from 1 to the target
functions as those given in —. The initial cylindrical shell has the
dimensions Ry = 4, h = 0.01 and [ = 4. The value of ©q is set to m or 27
depending upon the case. The whole sample is meshed into 20160 C3D8IH
elements (8-node linear brick, hybrid, linear pressure, incompatible modes).

In Fig. 5] we show the numerical simulation results. It can be seen that
the grown states of the shells are in good agreement with the target shapes.
Thus, the correctness of the obtained growth functions can be verified. It
should be pointed out here that we only try to mimic the shapes of the differ-
ent biological tissues, but we do not aim to reveal the underlying mechanisms
responsible for the growth of the biological tissues.

e Sweet melon (0 <0 <w, 0<6?<4):

¢

20 = 4 cos(26') cos (%W(QQ — 2)) ;

y© = 45in(20") cos (%W(QZ — 2)) :

1
©=_4 —7(96% 42
z oS <407r(99 + )) ,

B 9 9 9
A = 8cos (407T(0 2)) , A= 407T(Z—|—4).

\

e Morning glory (0 <0 <m, 0<6?<4)
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Figure 5: Numerical simulation results on the growing processes of the shells with the
target surfaces and growth functions listed in @ . ) the sweet melon; (b) the
morning glory; (c¢) the trachea; (d) the apple.
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(20 = —(1 4 6?) cos(26"),
y @ = —(1 + 6%)sin(260"),

1
O =6—=(7—207
29 =6 8(7 26%)

2
)

4202 - 7)Z

)\1:%(02+1) 4

53

2+ 1)\ /402 (> —T7) +53 7

47

)\2: \/92(92—7)+__
L 4

e Trachea (0 < ' < 2,
(

1
ZIZ'(O) — g CoS 91 [20 + sin(27r92)} )

1
Y — = sin 6 [20 + sin(276%)] ,
20 = 2(2 4 6%),

20

1
Ag = 5\/5\/7T2 cos(4m0?) + w2 + 50 +
x

e Apple (0 < @' <27, 0<6?<4)

(

4

4

762
©) — _ggi 27
z SID( 5 ),

—3v/27 cos (”792>
N /b cos(mf?2) + 13

At

0<6?<4)

1
M =——(Z —4)sin(2n0*) + 4+ Z (

462 (6> — 7) + 53’

5v2

/72 cos(4m62) + 72 + 50 -

20727 sin(2m6?)

02
2 = 8cosh' cos? (L) ,

92
y©) = 8sin @' cos? (L) ,

72 cos(4mh?) + 72 + 50

2
2(Z — 4) cos® (%) ,

62

V2

N = [\/5 cos(m6?) + 13

29

~ Heos(m0?) + 13

1),

(69)
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4.2. Erample with change of variables

To further demonstrate the efficiency of the proposed theoretical scheme,
we study two more examples, in which the target shapes are chosen to be
the Cereus Forbesii Spiralis and the tendril of pumpkin.

For the case of Cereus Forbesii Spiralis, the parametric equation of the
target surface S is

20! 20"
x (9! 6?) = {— sin(70?), — cos(m6?), 92} , (71)
T T
where the region of the parametric variable is chosen to be €, = [0, 7] x

[0,4]. Corresponding to this parametric equation, one can obtain the first
and second fundamental quantities as follows
E=4/7%, F=0, G=1+46"

L=0, M=2/\V1+40**, N=0.

As the quantity M # 0, we need to conduct the change of variables from
(61,6%) to (n*,n?). According to the procedure of variable change introduced
in section |3.2] we have

(72)

inh (260! inh (260!
0 (6,6%) = arcsmﬂ( ) +602, 2 (01,6%) = _arcsmﬂ( ) Lo (13)
After the variable transformation, the original region €2, in the #192- plane is
mapped into a new region 2} in the n'n*-plane, which is shown in Fig. [6]b).

On the region (2, a new surface §; is defined as follows
Si:s* = {Rycosn', Rysinn',n*}, n* € Q. (74)

Notice that the cylindrical shell S, defined by and surface S; defined
by have the same parametric equation, but their parametric variable
regions are different. As shown in Fig.@c, both &, and S; can be viewed
as a subregion cutting from a large cylindrical surface with radius Ry = 4.
Also, the coordinate curves of {n®} (i.e., the blue and red curves in Figlf)
constitute the orthogonal nets of curvature lines on both §; and §. By
choosing S; as the base surface, we define an intermediate configuration K;
according to , then the whole growth process can be divided into two
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)
S:5(6',6%) Sis(m*,n?) $:xO6' (', n*),0*(m*,n*)
. . 261 201
{4cos6?, 4sin6?, 82} {4cosn?, 4sinnt, n?} — sin(mw6?) — cos(mh?), 6>

Figure 6: Change of variables between {#',6?} and {n',n?}, and the decomposition of
the growth process for generating Cereus Forbesii Spiralis: (a) the original region €2, on
the parametric plane 6'6%; (b) the new region Q* on the parametric plane n'n?; (c) the
base surface S, in the referential configuration /C,., the base surface S; in the intermediate
configuration K;, and the target base surface S in the current configuration IC;; (d) the
simulated growing process for generating the Cereus Forbesii Spiralis configuration of the

shell.
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steps: K, — K; and from K; — K,;. For the first step, according to the
deformation gradient [F is given by

L g () @ g (6%) + (1L+ Z/Ro)gi (1) @ g(60°)

TV 1+ 4612
2

7 (Z/Ry+1) mgma) ® g (0°) + g2(1°) ® g2(6°) + n(y*) @ n(6°).
(75)

For the second step, the growth tensor G; on domain (n',n?) is obtained
according to (57

Fo =

G =g1(n") @ g'(n) [é Veosh(m(nt —n?)) + 1

Z (167r\/cosh4 (%71'(771 — 7}2)) + cosh?®(m(n' — n?)) + 2cosh(m(n' —n?)) + 1)
32(cosh(w(n' —n?)) + 1)3/2

27rZ\/cosh4 (A7 (nt —n?))

(cosh(m(n! —n?)) + 1)%/2 }

+2:(n") @ g*(n) [% Veosh(m(nt —n?)) + 1+

+n(n%) @n(n®).
(76)
Then the tensor G generating the shape change from S, to & can be obtained
according to (60). To verify the correctness of these growth functions, we
simulate the growth process of Cereus Forbesii Spiralis in ABAQUS. The
setting of the numerical simulations is the same as that introduced in the
previous example. The numerical results of this case are shown in Fig. @d,
which shows that the final shape of the shell can fit the target shape quite
well.
For the case of pumpkin tendril, the parametric equation of the target
surface S is

62 62
x4 6?) = {(cos 0! + 2) cos (%) , (cos @' + 2) sin (%) ,sin 0" + 02} :
(77)
where the region on the parametric plane is chosen to be Q, = [0,27] x
[0,8]. Corresponding to this parametric equation, one can obtain the first
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and second fundamental quantities as follow

E=1 F=cost', G= % (7*(8 cos(B") + cos(260")) + 97 + 8)

B V27 (cos(0') + 2)
B /872 cos(0Y) + (72 — 4) cos(201) + 972 + 4
V2msin?(01) (78)
/8712 cos(01) + (72 — 4) cos(201) + 972 + 4
N 73 cos(60') (cos(01) + 2)? .
2v/2+/872 cos(01) + (72 — 4) cos(201) + 972 + 4

L

Note that the quantities F' # 0 and M # 0, thus the change of variables from
(6,6%) to (n*,n?) is required. As shown in Fig[f(h), the original region €,
is mapped into a new region {27 through the change of variables. Following
the same parametric equation, these two regions define surfaces S, and §;
respectively, where S, is a cylinder with radius Ry = 4 and length [ = 8§,
while §; is an irregular shaped subregion cut from a cylinder with radius
Ry = 4 as follow

Si:s* = {Rycosn', Rysinn', n*}, n* € Q. (79)

Also, the coordinate curves {n*}(i.e., the blue and red curves in Fig[7)) con-
stitute an orthogonal curvature net on both §; and §. By choosing S; as the
base surface, we define an intermediate configuration K;. The whole shape
morphing process can be divided into two steps: from C, to IC; described by
Fy, and the from IC; to K; induced by G;. However, the analytical explicit
expressions for integrating factors and (n', n?) are difficult to obtain. There-
fore the tensor Fy and G are calculated numerically in this case, and then
the growth values are passed to the relating integration points on meshes in
ABAQUS. According to the numerical results of this case shown in Fig.(7))(d),
the final shapes fit the target shapes quite well.

5. Conclusions

The deformations of thin hyperelastic shells caused by differential growth
are investigated in this paper. To fulfil the goal of shape-programming of
thin hyperelastic shells, the following tasks have been accomplished: (i) a
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0okE

Figure 7: Change of variables between {6,602} and {n',7?}, and the decomposition of
the growth process for generating tendril of pumpkin: (a) the original region 2, in the
parametric plane #*6%; (b) the new region Q7 in the parametric plane n'n?; (c) the base
surface S, in the referential configuration /., the base surface S; on the intermediate
configuration K;, and the target base surface S in the current configuration IC;; (d) the
simulated growing process for generating the tendril of pumpkin configuration of the shell.
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consistent finite-strain shell system of equations for growth-induced defor-
mations of general incompressible hyperelastic material was formulated; (ii)
the inverse problem is solved analytically under the stress-free condition, from
which the sufficient condition to ensure the validity of zero stress is derived,
and relations between growth functions and geometrical properties (i.e., the
first and second fundamental forms) of the target surface are revealed; (iii) a
theoretical scheme for shape-programming of thin hyperelastic shells through
differential growth was proposed; (iv) to verify the correctness and efficiency
of the scheme, some examples of biological tissues are simulated through the
user subroutine UMAT in ABAQUS.

Since the obtained explicit formulas for shape-programming have rela-
tively simple forms and are valid for general incompressible hyperelastic ma-
terial, they will be useful for design and manufacturing of intelligent soft
devices. Furthermore, the analytical results can provide significant insight
into the growth behaviors of some soft biological tissues in nature. Besides
the above advantages, it should be pointed out that the current work still
has some deficiencies that need to be tackled in future works. One short-
coming is that the analytical formulas for shape-programming are derived
only under the stress-free condition, which is not satisfied when the shells
are subjected to external loads or boundary restrictions. In addition, for
complicated 3D surfaces that have no explicit parametric equations, the the-
oretical scheme is not applicable. In that case, an efficient numerical scheme
for shape-programming of complicated surfaces needs to be proposed.

Supplementary material

Movie 1: Growth process of shape-programming cases. Video of the
growing processes of the six illustrative examples introduced in Fig. [3] [6]
and [7| of the main text, which is available at https://github.com/Jeff97/
growth-deformation-of-shell
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Appendix A. Some results for incompressible Neo-Hookean ma-
terial

To obtain some concrete results on the unknowns (x™ and p™), we
further assume that the shell is made of neo-Hookean material with the
following elastic strain-energy function

O(F,G) = Jodo(A) = JoCo [tr(AAT) — 3], (A1)

where Cf is a material constant. From the elastic strain-energy function
¢(F, G), the nominal stress tensor S is given by

S =JeG " (2CA" — p(R, Z)A™). (A.2)

For simplicity, we assume the shell is under traction-free condition. By
taking series expansion on Z = 0 and through some truncation manipula-
tion, a closed linear system for {x®, x® p© p} is formulated by and
1, combining with the boundary conditions 1. Then the following

expressions of {x(1),x® p© pMlin terms of x(¥ are solved
A2
W = AZN 0 90, B A3
X A Y p 0 A) ( )
1 A2 1
1
NI [X,(?) <A4t5 - AB/\gO)t7) + X’(O) <A4t4 — A3)\(10)t6>] . (A4
1 2A A3
1) _ C2A
P =2 <mt8 A bt A5/2t9> d
where

A= Aﬁ”)/\g"’, Xy = XE?) X xfg), A =xpy - Xy,
2 2
Bap = 8a 88, a= (/\50) X,(2O,)2 + Ay Xf?ﬂ) ,
ty = (k1 + k2) A — AN — A0\,
to = (B + Ba1) A, t3 = (B2 + Ba2) A,
ts =AN(AF —AsE)+ A[E(2Ao +t3) — F (2A1 + t)],
t5 - A (A’QF - AJG) + A [G <2A’1 + tQ) - F (2A72 -+ tg)] ;

to = ABA A (85 =AY, = a0A 0 (=AY

ts = (AWN + )\(0)2L) ty = (EN — 2FM + GL)
8 1 2 ) 9 .
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The expressions of S( in terms of x(¥) are obtained by substituting x()

and p® into (22),

SO =2Cog; ®

A3 )\(0)
Az (Fx 5 GXE?)) + ﬁxf?)
! (A.5)
Ao oy A X9
—(Fx — Exy’) + NGl :
2

Accordingly, expression of S(V) is also obtained, where x(® and p™") are kept
for brevity

()\(1)\ Y )\(1)+An)

0)2
AY

A2
S =2Cyg; ® Xg)) — 7(0) )

A AV (AN, — AAY)
(0) (0) 2 ,1 1
A2 (N Xy — Mx; > * A2)\0 xN

Al pACG) (o i) 4 2 ]
2

+

A2 )1

</\ )\(0 ,\0))\ +A/<:2> o A2

+2Chg2 ® x§ + Sox) x x@

A

At (©) 0\ M (AN, —AAL)
o (]\/[x1 — Lx, ) + AQ)\gO)

A (A2 £ pDA /(20 (0°
L AmA +pPA/(2C)) (FXflﬂ)—Eng))Jr)\l

XN

A2 A XN,2

A
+20m e | (=5 - /(200) ) o+ A

2
AS
A3
A2

[(AA L —AAY) (fo{” - Fxf§)> — (AAs — AAL) (Fxf? - Exfg)ﬂ

<XN2 X X(?) — XN,l X ng)>

(A.6)
Note that S is also in terms of x(®) with the use of (A.4).
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In order to fulfil the goal of shape-programming, growth functions {)\go), Agl), )\go), A

of an arbitrary target shape x(*) need to be determined from shell equation
system. Generally, the growth functions of a certain target shape may not
be unique. To facilitate derivation, we assume all the components S(© and
SM in current configuration K, are zero. It is clear that, under the stress-free
assumption, shell equation and boundary conditions are satisfied
automatically.

First, all components of S( in (A5]) are set to be zero

) o, Ao
Ao Xy —Gxy) + Saxy =0,
3 Aim (A7)
A 0 0 0
A2 (Fx(l) — EXEQ)) + —20) X(Q) =0

For simplicity, we assume F = 0 in the current configuration, which means

the movmg frame {X 1 ,X(Q), xy } are perpendicular to each other. Then the

equations (A.7]) are snnphﬁed as
A3 )\(0)
( 202 + )\g()) X1 )
A3 /\(0) ©
EF——+ — =0
( ROl R

where the relation A = EG is used. Subsequently, growth functions )\go) and
)\éo) are solved

(A.8)

A= VE, A\ =Va, (A.9)
(0)

where growth functions A;’ and )\go) just represent extension or shrinkage
along the coordinate curves {6“} on S,.
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Second, we consider all components of S!) in (A.6) are zero

(1 <1)A>
(AAJFAAJFH o N o o

)\50)2 X1 = KX’Q X X
! (0) B
b () i) 4 A (AAAZ;EO)AAJ)XN
A (kA +Z(21)A/(200)) ox %XMI Y
(A§1> NOBSIOING +A/£2) o Mo
A’ Xa F X XX
A4 <Mx1 Lx@) N A (AN, - AA’Q)XN (A.10)
Qo ) A0

A (k1A% 4+ pMA/(2C, A”
A(m v /( o))EX§3>+ "
Aty

<_K - p(l)/(200)> xy + Ax®

AQ

+ 53 [(AAl — AAL) GXO 4 (AN, — AA,) EXY)
A3
T A2
With the use of (| and A = EG, (A.10)3 is automatically satisfied and
(A.10)); and ( mg have the following form

(EN+G(2L E(2/<¢1+/<a2)+2\/_/\1)>+E\/_)\ )xl)—MEx(g),

(2EN +G (L E (k1 + 26s) + VEN! ”) +2EVGA! ) xQ = MExO.

(A.11)

To ensure the holds of Egs. , we need to set M = 0, which together

with F' = 0 assume that the coordinate curves {#*} formulate the orthogonal

net of curvature hnes on the target surface &;. Subsequently, the growth
functions )\ and /\ are solved

L N
W= (k=) VE = (r-F)VE

<XN2 X X(?) — Xn,1 X X( )> =0.
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It can be seen that the growth functions and are coincident
with the results obtained in Section [(3.1 Compared with the plate sample
in Wang et al.| (2022), a distinct feature of the current growth functions is
that, the effects of curvature k; and ko are taken into account. By solving
the problem of shape-programming of the Neo-Hookean shell, the relations
between growth functions and geometric properties of the base surface S are
also revealed.
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