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ARTICLE INFO ABSTRACT

Keywords: A mechanistic understanding of morphogenesis in biology, the fabrication of advanced meta
Thin film surfaces with specific functionalities and structures with enhanced energy dissipation often have
Vi'sc""hyperdas{idty in common that the combined effects of energy dissipation due to viscoelasticity and a loss of
PD;:.leliit:\)/ZIution stability govern both their mechanical response and their final forms. In this paper we show
Stability that the interplay between viscoelasticity and multistability crucially influences the evolution of

deformations in viscoelastic structures undergoing large deformations. The influence is studied
on a prototypical system of a uniaxially growing film on a semi-infinite planar viscoelastic
substrate, where it is shown that during the evolution of deformation the choice of multiple
developing modes is greatly affected by this interplay. For the analysis of the underlying
mechanics of the mode competition in the post-buckling regime, when the system undergoes
large deformations, a 3D general finite-strain visco-hyperelastic theory is built. It includes
kinematic and material nonlinearities in the film and in the substrate. For the case of ramp-
loading time functions the phase space of the solutions is characterized and the evolution of
a deformation pattern is analyzed. We find that the interaction between multistability and
viscoelasticity greatly increases the evolution time of the system and that the growth rate
and viscoelastic stress-relaxation rate influence the choice of the final equilibrium deformation
state of the structure. This shows that viscoelastic structures can evolve into (meta)stable
equilibrium states that are unattainable using purely elastic structures. The nonlinear problem is
solved numerically with the use of the finite-element method. In parallel, we develop analytical
solutions for a simplified problem that is based on Foppl-von Karman plate kinematics to
describe the mechanics of the film and substrate that is modeled as a 2D linear-viscoelastic
continuum. A remarkably good match between the analytical and the numerical results was
obtained.

1. Introduction

The traditional analysis of stress-strain states in engineering systems is associated with the prediction and prevention of
undesirable functional failure due to exceeding the stress or strain limits. Currently, many advanced applications are being
developed on the basis of experimental and theoretical discoveries beyond these limits — in the nonlinear deformation regime,
where a wealth of interesting physical mechanisms, such as jumps between deformation modes and various periodic patterns with
favorable physical properties lead to innovative functional properties that can be used for actuation or control, e.g., in intelligent
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adhesive systems (Lin et al., 2008), for super-hydrophilicity/hydrophobicity (Sabbah et al., 2016), soft robotics (Truby et al., 2018),
prosthetics (Kawasaki and Mouri, 2019), measuring material properties (Pocivavsek et al., 2008) and, e.g., gaining mechanistic
descriptions of morphogenesis in biology (Goodwin et al., 2019; Goriely and Ben Amar, 2007; Balbi et al., 2015; Rauzi et al., 2008;
Yan et al., 2019).

A lot of these systems were developed on soft synthetic and natural polymers. These materials generally exhibit time-
dependent (viscous) internal energy dissipation, irreversible deformations, a phase shift between loads and deformations, a nonlinear
relationship between stresses and strains, and strain rates on multiple time scales. In conventional static structural engineering with
natural and synthetic polymers, such phenomena are often neglected and only the immediate response (in the time limit + — 0) is
taken into account (sometimes also the equilibrium response limit as # — o). This is acceptable in a static analysis when deformations
are small, the material’s behavior is linear, the load-deformation relation is unique and the viscoelastic stress relaxation time is long.
However, the load-deformation relation might not be unique and the structure could exhibit multiple stable equilibrium states in the
presence of either geometric or material nonlinearities. In this case and in the presence of viscous effects, the consequent transient
nature of the problem can also influence the final equilibrium state and therefore the temporal component must be accounted for.

The stability of purely elastic structures due to geometric/material nonlinearities has been thoroughly studied and discussed
for many isolated flexible structures (beams, plates and shells) or when those adhered to soft substrates, see, e.g., Allen (1969),
Hutchinson (2013), Cao and Hutchinson (2012), Chen and Hutchinson (2004), Audoly and Boudaoud (2008) and Huang et al.
(2005). Viscoelasticity has also been well studied, mostly in the context of rheology, see, e.g., Christensen (1982a), Budday et al.
(2017), Harris et al. (2012), Berthier and Kurchan (2013) and Matoz-Fernandez et al. (2017). On the other hand, literature on the
coupling of both physical aspects and a consideration of the transient part of the deformation’s evolution is surprisingly scarce. Most
studies have considered only the elastic limits of viscoelasticity for a mechanistic explanation of biological morphogenesis (Tallinen
et al., 2016; de Rooij and Kuhl, 2017; Budday et al., 2014; Shyer et al., 2013; Balbi et al., 2015; Goodwin et al., 2019), often
considering theories of growth mechanics (Ben Amar and Goriely, 2005; Goriely and Ben Amar, 2007). However, there are some
studies showing that dissipative viscoelastic effects, which are often disregarded, can impact significantly on the evolution of
deformation. As it turns out, flexible-structure, soft-substrate composites are ideal for a fundamental exploration of the interplay
between multi-stability and viscoelasticity, because the energy of the system is released, both through local deformation (in terms of
the formation of (quasi-)periodic wrinkling patterns) of the film and through viscoelastic relaxation of the stresses in the substrate,
while at the same time being relatively simple. Huang (2002, 2005), Im and Huang (2005, 2008), Brau et al. (2013) and McRae et al.
(2021) were the first to analyze the interplay between the stability of periodic deformation patterns due to geometric nonlinearity
and the viscoelasticity in thin elastic films deposited on viscoelastic substrates under compression due to confined growth, swelling,
temperature or external forces. Their studies focused on the evolution of viscoelastic deformation at the onset of the elastic wrinkling
limits (immediate response limit as + — 0 and equilibrium response limit as 1 - oo) for the step loading of a film with residual
compressive membrane stresses. Two qualitatively different wrinkling responses were identified: (i) a kinetic wrinkling response,
where the stresses are insufficient to cause instant dynamic wrinkling, but sufficient to cause slow the kinetic deformation pattern
development from the undeformed to the final equilibrium wrinkled state, and (ii) a dynamic wrinkling response where the stresses
are sufficient to induce instant dynamic meta-stable wrinkle deformation, which then evolves towards the final stable equilibrium
deformation. Unfortunately, due to the linearization (Huang, 2005) and the assumption of linear viscoelasticity of the substrate (Im
and Huang, 2005), the nonlinear effects, such as the competition between the deformation modes during pattern evolution, the
transitions between the meta-stable deformation states and the establishment of the final locally stable and frozen equilibrium
deformation mode, were not observed. Recently, Matoz-Fernandez et al. (2020) investigated the nonlinear regime of wrinkling for
an elastic film, subjected to active remodeling without a substrate. They discovered that such structures can exhibit deformation
patterns unattainable with purely elastic structures, yet the mechanisms of such deformations were not thoroughly explained.

In this paper we study the evolution of the deformation of a flat elastic film that grows uniaxially on a semi-infinite planar
viscoelastic substrate. The response of such a structure is largely nonlinear due to the nonlinear connection between the membrane
strains and the out-of-plane wrinkling displacements and due to the moderately large strains in the substrate. For an accurate
description of the response, we combine a visco-hyperelastic (VH) finite strain and growth theory through the multiplicative
decomposition of the deformation gradients. With this coupling it is possible to model general 2D viscoelastic structures undergoing
growth, e.g., by tissue growth, hydrogel swelling, or polymerization. The theory is also applicable to spatial (3D) structures.

With our model we go beyond linear analysis and explore the full transient and equilibrium evolution of deformation, analyze
the competition between the developing deformation modes as well as its underlying mechanics for different loading functions of
imposed uniaxial growth strain in the direction of the film’s mid-surface. We explore the occurrence of metastable deformation states,
phase shifting between load and deformation and whether the deformation’s evolution time scale increases due to the interplay
between viscoelasticity and multistability. We analyze whether this interplay can result in seemingly non-equilibrium “frozen” final
deformation patterns and search for the final equilibrium deformation patterns that might not be attainable with purely elastic
structures. To solve the fully nonlinear system of equations of the VH theory, we use triangular, solid 2D finite elements of the third
degree implemented in the FEniCS FE computational framework (Logg et al., 2011; Alnees et al., 2015). For solving the very nonlinear
system of equations we use the Newton—-Raphson method and dynamic relaxation numerical methods (Joldes et al., 2011b), which
allow us to observe the very nonlinear behavior due to the loss of stability and the intense changes in loading. Due to the vastness
of the parametric space that we need to analyze, we develop a toy model with which we are able to chart and characterize the
behavior of the analyzed system in the regime of moderate deformations much more easily and rapidly. The developed toy model
is inspired by the work of Huang (2005), who analyzed the development of wrinkles of an elastic film on a viscoelastic substrate
subjected to step-function growth in the elastic film. Similar to Huang’s model, we considered reduced kinematics, based on the
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Foppl-von Karman (FvK) plate assumptions for the modeling of the elastic film. We expand his model by considering the influence
of the viscoelastic substrate in a more accurate way, similar to what Audoly and Boudaoud (2008) did for the elastic substrate,
and do not disregard the nonlinear terms in the FvK theory of the film. An arbitrary time function of loading can be applied in
our model. We used a ramp time function of loading, which can be reduced to a step function, when the constrained growth strain
rate is infinite. Furthermore, to check the validity of our toy model we also linearized our theory and used step-function loading to
obtain qualitatively similar results as Huang (2005).

The rest of this paper is organized as follows: In Section 2 we present our general finite-strain continuum visco-hyperelastic theory
for modeling the deformations of arbitrary 3D viscoelastic structures and growth strain. We introduce the time shape functions of
growth strain, the characteristic stress response of viscoelastic materials and the toy model for a simplified characterization of
the different types of deformation responses of the structure. In Section 3 we analyze the different types of deformation-pattern
evolution due to the different growth functions (as a function of time) and the different choice of material parameters. We observe
the transient deformation-pattern evolution and especially the competition between deformation modes and their influence on the
final equilibrium deformation patterns. In Section 4 we summarize our findings and provide perspectives for future extensions of
the current work.

2. Theory

Here, we present a finite-deformation visco-hyperelastic (VH) theory that takes into account geometric nonlinearities by
considering the finite-deformation kinematics and the material nonlinearity through the application of the neo-Hookean material
law. In conjunction with our toy model, which is also presented below, here we use our general VH theory, which is otherwise
applicable to any 3D structure, to study a 2D plane-strain system comprising a uniaxially growing elastic film on a semi-infinite
viscoelastic substrate and analyze the coupling between the viscoelasticity and the multi-stability, which results from the geometric
and material nonlinearities.

2.1. Finite-deformation visco-hyperelastic theory

(Kinematics) A continuous body in the initial configuration G, parametrized with X transforms into a current configuration G,
parametrized by x, due to the deformation y, i.e.

X:G - x(G)=:G and y: X+ y(X)=: x. 1)
The displacement u between the initial and the current configuration is defined as u := x — X. Therefore, we can write the
deformation gradient as

F=§—;=Vx=I+Vu‘ @

The growth of the structure is taken into account through a multiplicative decomposition of the deformation gradient F, which
is decomposed into the deformation gradient of the growth F, and the deformation gradient of the visco-elastic part F,, such that
F= FCFg, see, e.g., Ben Amar and Goriely (2005), Yavari (2010), Hoger (1997) and Lubarda and Hoger (2002). Furthermore, using
the viscoelastic constitutive material law (Hrapko et al., 2006; Bilston et al., 2001; Prevost et al., 2011; Reese and Govindjee, 1998)
schematically represented in Fig. 1a, we propose that the constitutive part of the deformation gradient F.. should also be represented
in terms of the equilibrium elastic part of the deformation F. = F.y ., or be decomposed into a non-equilibrium elastic (transient)
and viscous deformation gradient, such that F. = F\Fyq .. Here, Fy . is the purely elastic (equilibrium, non-transient) deformation
gradient part, and F,.q . is the elastic part of the (non-equilibrium, transient) deformation gradient. Here, we use standard notation
for the Feq . and Fyq . parts of the deformation gradient, which are the equilibrium and non-equilibrium parts of the deformation
in the case that the structure is loaded with a step-time loading function (Reese and Govindjee, 1998; Prevost et al., 2011; Carniel
and Fancello, 2017). Finally, the deformation gradient can be decomposed into F = F,F;q Fg or F = Fq F,, as schematically
represented in Fig. 1(b).

(Constitutive material model) We assume a visco-hyperelastic (VH) material constitutive model that includes viscoelastic
energy dissipation and can be expressed with the Rayleigh potential P. In general, we would need to solve dynamic equilibrium
equations due to the viscoelasticity, which introduces time dependent variables into the system; however, with the use of the
Rayleigh potential, which in our case consists of elastic and viscous parts, we are able to translate the problem into an energy-flow
optimization problem (Carniel and Fancello, 2017). The Rayleigh potential comprises the static equilibrium free energy rate per
unit of reference volume ?’eq, the static non-equilibrium free energy per unit of reference volume 'i’neq and the viscous dissipation
per unit of reference volume @. The Rayleigh potential of the whole system is therefore

P = / PdQ = / (Poq + Peq + P) J5dQ 3)
Q 2

where J; = det(Fy) is the determinant of the growth-deformation gradient, which accounts for the change of volume due to
the growth (Ben Amar and Goriely, 2005). The hyperelastic material law that we use is a neo-Hookean material, which is
thermodynamically consistent (Ogden, 2013), as opposed to the most commonly used St. Venant-Kirchhoff (sometimes referred
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Fig. 1. Constitutive modeling. (a) A schematic representation of the standard linear solid constitutive visco-hyperelastic model (Hrapko et al., 2006; Prevost
et al.,, 2011; Bilston et al., 2001; Reese and Govindjee, 1998; Carniel and Fancello, 2017). The Rayleigh potential P (energy rate per unit initial volume) is
decomposed into the equilibrium (permanent) elastic free energy rate 'eq> non-equilibrium (transient) elastic free energy rate ?’neq and viscous dissipation @.
The equilibrium elastic free energy ¥,  is constant when the system reaches static equilibrium, while the non-equilibrium elastic free energy ¥,., vanishes at
static equilibrium. (b) (Multiplicative) decomposition of the deformation gradient F into the imposed growth deformation gradient F, and the equilibrium elastic
deformation gradient F. .. Note that F. . is equal to the constitutive deformation gradient F., which can be further decomposed into the non-equilibrium
(transient) dissipative deformation gradient F, and the non-equilibrium (transient) elastic deformation gradient F,

neg.e*

to as generalized Hooke’s) material law, which exhibits nonphysical behavior in a material under large compressive pressures. The
strain—energy density function ¥7¢° for a compressible neo-Hookean material is

A
yneo — % (tr (Coe) =3 =217 ) + 2 (In )" )
where C, . = FaT’eF e and J, . =det (F, ) are the right Cauchy-Green strain tensors, deformation gradients and determinants of the

deformation gradient, respectively. The material parameters are the first A, = E, v, /((1+v,)(1—2v,)) and second u, = E,/(2(1 +v,))
Lame parameters, while E, and v, are the Young’s modulus and Poisson’s ratio. For the case of the equilibrium viscoelastic part
a = eq and for the non-equilibrium viscoelastic part « = neq. A simple dissipation pseudo-potential @ according to Hrapko et al.
(2006), Prevost et al. (2011) and Bilston et al. (2001) can be written as a function of 1,

D=nl, 1, 5)

where 5 is the dynamic viscosity, which corresponds to the product of the non-equilibrium shear modulus and the viscoelastic
stress-relaxation time 7 = ppeq7, and 1, = 1/2 (dy +dT) is a symmetrical part of the viscous velocity gradient. The viscous velocity
gradient is defined as d, := dx,/dx = (9%, /dx,) (0x,/dx) = F,F,!, where %, is the velocity of the viscous intermediate configuration
and x, is the position vector in the intermediate configuration of the system, see Fig. 1(b). Multiplying the rate of the viscous left
Cauchy green tensor C, = F'F, + F'F, with F;T from the left and F;' from the right yields C,C;! = F,F;! + (F,F;! )T, which can
be substituted into the symmetrical part of the velocity gradient to obtain 1, = C,C;!/2 in terms of the viscous left Cauchy-Green
strain tensor (Hrapko et al., 2006; Prevost et al., 2011; Bilston et al., 2001).

(Whole model) Using the kinematic relations Feqo = F;F and Fpeqe = F;FF;1 we can express the Rayleigh potential as
a function of displacements u and velocities i (through the right Cauchy-Green strain tensor C = FFT, where the deformation
gradient F = Vu + I and its rate F = Vi), internal variables of the viscous left Cauchy-Green tensor C, and its rate C,, then

P (u,C,.C,) = / (‘i’eq(Cg’lC(u))+‘i’neq(C;C(u)C;l)+¢(CVC;1)) J, d,. (6)
2

This can be rewritten using the chain rule as

P, = / Weq(C;'0) _C+aavneq(c;cc;') .C+6‘Fneq(CgICC;])
B o oc oC : oC

v

:Cy+ ¢(Cvc;1)> J, d€,. @)
To compute u and C, we seek an extremum of the Rayleigh potential with the use of calculus of variation

5P, (u, Cv,(:jv) =0, @)
6P¢, (u,Cy, C,) =0.

Although we are using Eq. (8) to solve the system, we can show that the variation with respect to the global displacements rate &
yields a weak form of Cauchy stress-equilibrium equation on the deformed geometry V, - ¢ = 0:

0¥, JF Y, JF ;
57)'1 :/ < eq eq.e + neq neq,e) . ()(S_ngdQO
29

OFqe OF  OF. OF X
_ -1 —1p—1) . 06U
= /Q O (PeqaFy" + Prcq o Fy 'F,1) = 520,02 ©
1\ . 6 dc
= + F1): =dQ= | = .6udR=0
/Q ((Geq,g l"-neq.g) ) X o, ox u
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Here, 0.y, and o, , are the Cauchy stress tensors of the equilibrium and non-equilibrium branches, respectively, and P, , and

P, are the first Piola-Kirchhoff stress tensors of the equilibrium and non-equilibrium branches, respectively. The variation with
respect to C, yields an internal constitutive equation

0%1eq OFneqe OF, o Ol : 1 :
OP¢ =/< - L+ — Av>:6CJd.Q=/— -0 +06,)C;') 1 6C,J,d2,=0 (10)
G Q0 aFneq,e aFv an ﬂlv ()CV vie 0 2 2 (( fede V) M ) Ve 0

(also called the internal variables evolution equation) that requires equality between the true stresses of the non-equilibrium elastic
part of the constitutive material model (non-equilibrium spring in the analogy in Fig. 1a) and that of the viscous part o
(dashpot in the analogy in Fig. 1a).

neqe — Oy

2.2. Time-dependent loading and viscoelastic stress relaxation

The response of a viscoelastic structure greatly depends on the type of load (imposed stress/strain or a combination of both)
and on the loading mode (its shape, rate, etc.). To characterize its response we choose to load the film with a horizontal growth
strain, which loads the viscoelastic substrate with a combination of imposed stress and strain. We choose the time-shape functions
of a ramp, a limited ramp and a step function, defined with the following expression

0, 0Lt <1,
egltiég E) =4 Eglt—t), o <t< f, (11)
&g t>1,

as shown in Fig. 2a, where 7 = &, /¢, + ). The imposed horizontal growth strain in our VH theory enters our 2D system through the
growth-deformation gradient

1+ O
Fg(t)_< 08 | ) (12)

The nearly incompressible viscoelastic substrate is in our case subjected to a Robin-type boundary load (analogous to loading
through an elastic spring) and is a function of time. However, for the sake of understanding its response to loading we can consider
a case where the shear strain £ is imposed on the substrate in the form of a time step function. This is also called the viscoelastic
stress-relaxation test. Initially, when the structure is loaded and the dashpot has not had time to deform, the strain load instantly
causes an immediate stress response o0 := lim,_ o) from both branches (the equilibrium and non-equilibrium branches) of the
spring-dashpot analogy, schematically depicted in Fig. 1a. Then, with time, the dashpot in the non-equilibrium branch starts to
deform and relaxes the elastic spring in series with it, which causes a lowering in the stress response of the branch. Therefore,
the total stress response decreases with time o,(r), which is called viscoelastic stress relaxation. Finally, when the non-equilibrium
dashpot—spring branch relaxes fully, only the elastic equilibrium stress response due to the elastic equilibrium branch remains
6 1= lim,_ o, og(1).

Therefore, for the case of the time-step loading with strain, we can define effective shear moduli of the immediate, transitional
and equilibrium response as ;42 = 02 /& us(t) = o5(1)/€ and u® = o3 /€, respectively, where & is the prescribed shear strain in the
substrate and oy is the shear stress in the substrate. The immediate and the final response shear moduli can also be calculated from
the responses of both springs in the spring-dashpot analogy (see Fig. 1(a)) as u° = Heq t Hneq and y® = Hneq> respectively. Even
though our loading case is more complex due to the load being applied through the film, which is a combination of time-dependent
strain and stress loading, the above effective shear moduli can help us to understand the viscoelastic behavior of the system due to
the viscoelastic lowering of the effective stiffness.

In parallel with our VH finite-strain model we developed a relatively simple, weakly nonlinear toy model, which will be discussed
in the section below. It considers moderately large displacements and can therefore describe the early post-buckling behavior of
the system relatively accurately and allows us a rapid combining of the parametric space. It is also able to capture the competition
between the deformation modes, the response of the system when subjected to an arbitrary time-dependent loading and considers
the effective stiffness of the substrate, which is derived from the assumption that the substrate is a continuum rather than using other
assumptions (e.g., a Winkler-type foundation). We mainly analyze the ramp-time function of loading. In the limit, as the constrained
growth strain rate goes to infinity, a step loading is obtained, and by linearization of our toy model we obtain qualitatively similar
results as in the seminal paper by Huang (2005).

2.3. Toy model

We build our toy model on the Foppl-von Karman (FvK) plate assumptions (Lifshitz et al., 1986; Timoshenko and Gere, 2012)
that consider a weakly nonlinear relationship between the plate’s membrane strains and its out-of-plane displacements. This plate
model is used to describe the mechanics of the elastic film attached on top of an infinitely thick, linearly viscoelastic continuum. In
addition to Im and Huang (2005), Huang (2005), we describe the substrate more accurately and model the linearly elastic continuum
based on the work by Audoly and Boudaoud (2008), but with the use of viscoelastic material properties from Christensen (1982b),
see Fig. 3. In contrast to our VH theory, our toy model does not include nonlinearities in the substrate. The mid-surface of the plate
and the top boundary of the viscoelastic substrate are connected such that the normal stress and displacements are continuous,
while the tangential traction is assumed to be zero. As a consequence, the horizontal displacements u of the mid-surface can only be
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Fig. 2. Time-dependent loading conditions and limit material properties. (a) Continuous (linearly increasing) growth strain functions ¢, as limited ramp functions
of time ¢ with different strain rates £;. In the limit, as £; — oo, the growth function becomes a step function, which corresponds to instantaneous load application
at time t,. (b) Viscoelastic stress o(f) as a function of time ¢ for step loading. The stress response o(f) consists of three phases: initial stress ¢ := lim,_, o(t),
transitional stress o(r) and equilibrium stress ¢ :=lim,_, (7).

b
a) Ef 1%3 )

L

Fig. 3. Toy model of an elastic film adhered to a viscoelastic 2D solid substrate modeled under a plane-strain assumption. (a) Reference configuration. The
symbols Eg, v;, h¢ denote the Young’s modulus, Poisson’s ratio and thickness of the film, respectively, while v, is Poisson’s ratio, 5 is the coefficient of dynamic
viscosity, 40 and u%° are the immediate and equilibrium shear moduli of the substrate. The length and height of the structure are denoted by L and H, respectively.
The structure is fixed at the bottom and locked for horizontal displacements on the side edges. (b) The current configuration features a surface-wrinkling pattern
with a characteristic wavelength 4 and amplitude A. Displacements of the film’s centroid in the x and y directions are denoted by u and w, respectively.

computed through balancing the horizontal membrane forces in the plate, which is shown to be a good approximation, see Audoly
and Boudaoud (2008). To load the film we use an additive decomposition of the mid-surface in-plane strain ¢ = €g + e, where ¢ is
the total membrane strain of the film, ¢, is the elastic part of the total membrane strain and ¢, is the growth strain.

We assume that after the critical normal stress due to confined growth is reached, the film starts to form a periodic wrinkling
pattern. To describe its shape in terms of vertical displacements we, in contrast to Huang (2005) where only one harmonic function
was used, employ a sum of harmonic functions w(x) = Zf;l A, (1) cos(k,x) to describe the displacement of the mid-surface of the film.
Here, A,(t) describes the amplitudes of the deformation modes and the wave numbers k, = 2zn/L = 2z /A describe the wavelength
of the deformation mode, which can be expressed in terms of the number of wrinkles »n of the deformation mode. Note that this
ansatz automatically satisfies the boundary conditions presented in Fig. 3.

To find the wrinkling pattern we seek the amplitude spectrum A,(r) that maximizes the total energy dissipation of the film and
the substrate. The total strain energy of the film is equal to the sum of the bending- and membrane-strain energies, where the
curvature and membrane strain are Kejugc = w0 (x) and gepaseic = 1/ (x) + W' (x)? /2 — &4, therefore:

U (1 (PN B :
£f= ZA (EDW (X)2+Ec<u (X)+ Ew(x)z_gg) >d‘x (13)

Here, D = Egh}/(12(1 - v})) is the bending rigidity and C = Egh¢/(1 — v}) is the membrane rigidity of the film. The subscript f
designates that the energy corresponds to that of the film.

At this point we assume that the lateral displacement u(x) only causes membrane forces in the film and does not affect the
substrate, which was shown to be a good approximation for a soft substrate in Audoly and Boudaoud (2008). Because we assume
that the energy of the substrate is independent of u(x) we can use the strain energy of the film (13) to solve the variational problem
and from 6, & = 0 obtain u'(x) + w'(x)*/2 = Yoo | A2k?/4. Inserting u(x) and w(x) into Eq. (13) after integration yields

& = > (S (e Egk"Aﬁ K2 A2 12 Lprt a2 14
f= Z E eg 2 16 z m* m" n— m + Z n“n | ( )
n=1

The total strain energy of the substrate can be formulated from the response of the substrate we use, the standard linear solid,
also known as the Zener model (Christensen, 1982b). The corresponding shear modulus in the Laplace space can be written as
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follows
_ Hneq Heq

As) = s +s+1/r' (15)

Here, s is the Laplace transform parameter and (...) = £((... Nes) = f_°;(... )e~*'dt denotes the Laplace transformed variable. It follows
that the stress in the incompressible substrate (for which ¢;; = 5?}?") can be written as &;;(s) = 2/,(s) s £;;(s) — p;;/s or according
to Christensen (1982b) in the time domain as
i " dug() S
0y (1) = pig(t) * £,;(H) — pé;; = / ds; g, (t=Ddl — ps,;. (16)

—00

Here, the symbol * is used for the time convolution. Due to the incompressibility assumption, the hydrostatic pressure p does not
cause any volumetric deformation and is therefore not needed to express the strain energy of the system. Another assumption in
the substrate is that there is no horizontal displacements u = 0 and therefore also the o,, component does not contribute to the
strain energy. We therefore only need the relationship between the deviatoric stresses o, and o, at the surface of the substrate and
the normal displacement of the substrate for a certain harmonic load with a wave number k. According to Audoly and Boudaoud
(2008) it can be written as:

~dev k, 3 -
( Oy (o) >= ﬁ( i(1-2v) k )ﬂs(t)*A(k,t). a7

&4V (k. 1) 3—4v) \ 2(1-v)k
Here, A,(t) = A(k,,t) and (-)=F(.. Yoy = f_°; (...)cos kx dx denote a Fourier-transformed variable. Because we assume that the

substrate is incompressible and its response is linear, the average energy of the substrate per unit length with multiple deformation
modes can, according to Parseval’s theorem (Arfken et al., 2013), be written as

[
£ = S EX0) * Z})A(k,,,t)zk,,, (18)

where E: (1) = 2(1 — v5)/(3 — 4vy) pg(1). The total average energy of the whole structure is a sum of the substrate’s energy given in
Eq. (18) and that of the film given by Eq. (14):

Sfc(2 &A1 00,0 o Loagon, 1 2
e=y slae-—5"+1% Y KL ALK AL + 3 DIGAL+ S EL0 ALk, ). (19)
n=0 m=0

To obtain the equilibrium equations we study the first variation of the energy, A, () to obtain §, )& = 0 for all n,

ggk2A &
ghnfn 1 1 o
c (— 2” + 76 <k§An Y kI AT+ iji)) + kaiAn +EXt) % Ak, =0. (20)
1=0

We use the Laplace transform and insert Eq. (15) into Eq. (20) to obtain

*

2 0 E

egkidn 1, 242, 1443 1,4 * s;neq _

c <c <— S+ E(knA,, g kA7 + k,,A,,) ( )+ 5 Dl,L (An) iy + | Edeq + TF 1y L (Ay) g kn = 0. (21)
- S

We now multiply the whole equation by (1 + 1/(zs)), insert the Laplace transform relation s = £ (( )(t)) © /L ((...)®))), perform
an inverse Laplace transform and obtain a system of coupled deformation-mode, amplitude-evolution equations

2 42 342 * 3
C (ky X2 k7 A7 + I A2 — 8k,e,(1)) + <16Esyeq + SDkn) A, (1)

At = - , (22)

C (ky 220 (IR A2 +202 4,41/ A,) +3K3A2 = Bk, (1)) + (IGE:O + 8Dkg) 4

which describe the amplitude development of the deformation pattern. In contrast to the work of Huang (2005), we formulated
the substrate as in Audoly and Boudaoud (2008), where we implemented a viscoelastic material model. Therefore, the results
are more consistent with our VH theory. Additionally, our set of equations is coupled through the nonlinear components
C(k, X2okiA? +k3A2) and  C (k, X2, (k7 AZ +2k7 A A/ A,) + 3k} AZ). These components describe the film’s membrane stress
relaxation due to the out-of-plane wrinkling and enable an analysis of the deformation evolution also in the post-buckling regime.
From Eq. (22) it is clear that an increase in the amplitudes of the wrinkle-deformation modes A,,(7), results in the damping of the
out-of-plane wrinkling-amplitude growth rate A,(f). Generally, the evolution of these multiple deformation modes is simultaneous,
while one deformation mode is always energetically favorable and therefore develops the fastest. If the difference between the
immediate ﬂg and the equilibrium substrate shear modulus xg° is large enough then the spectrum of developing deformation modes
is wide, and the favorable deformation mode with the largest growth rate A,,(t) changes with time, which means that the deformation
mode with the leading amplitude A, (¢) changes with time as well. This transition between the leading deformation modes is observed
and analyzed in Figs. 6 and 8.

To explore the fundamentals of the deformation’s evolution we can reduce our theory in two ways, both of which decouple the
deformation modes in Eq. (22). (A) The first way is to only model structures where the substrate’s immediate ;4;’ and equilibrium
response u¢° are similar, while the load e, is small enough. That way only one deformation mode n develops in the structure from
the start to the static equilibrium, as will be shown later. With this reduction of the theory a closed-form solution can be obtained,
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even though the system is still nonlinear and thus valid for moderate post-buckling deformations. (B) The second way is to linearize
the system of Eq. (22), which is coupled only in the nonlinear terms. The onset of wrinkling of the whole spectrum of deformation
modes can be determined and the fastest can be identified, but at the cost of being unable to simulate the post-buckling behavior
and the competition between the deformation modes. Doing this and using a step function for loading, a theory similar to that
of Huang (2005) can be recovered.

(A) Evolution of a single deformation mode

Let us assume that the immediate ;42 and equilibrium response of the substrate ug° are similar and that the load and the load
rate are small enough, such that the wrinkle deformation patterns of the elastic theory in these limits have the same wavelength and
therefore present bounds for the emerging deformation pattern wavelength. Because of that, we can expect that only one deformation
mode amplitude A, has positive growth rate and develops during the evolution of the pattern as the system of Eq. (22). The mode
grows according to the expression for the evolution

s.eq

C (A2DK] = Hey(0) + (BELoy +4DKD) 4 )

A =- (23)

C (342K - 4k, (1) + (BES, +4DK3) T

where n indicates the number of wrinkles in the deformation mode, and the absence of the summation indicates that only one
deformation mode is present in the structure.

Since we assume that only one deformation mode with » wrinkles develops and remains in the structure, we only need to find
which one has the fastest rate of amplitude increase at the start of the wrinkling. If we consider k, = k(n) as a continuous variable
and A,(t) = A(t, k) as a continuous distribution of the amplitude growth rate, then the leading (and the only) deformation mode in
the structure can be sought by finding the deformation mode with the fastest growth rate Ag,g.s(t, k), by finding the extremal value
of k by dA(t,k)/dk = 0. At the start of the wrinkling in the limit lim,_,; A(¥) = 0 (and after that because of the assumption of only
one deformation mode) this yields

2
Keastest = h_f Eg(t)' (24)

It is interesting to note that the fastest-growing deformation mode does not depend on the structure’s material properties, but only
on the growth strain function gg(1) and the film thickness h;. If the growth strain function is limited to the step function £g(1) =&,
the result of Huang (2005): kgygest = 24/Z¢/ s would be recovered, where the fastest deformation mode is not directly dependent on
the time. It only depends on time through the time-dependent amplitude change, which is not considered in the form of Eq. (24)
because of the assumption lim,_y A(r) = 0. In the case when the loading is a ramp function £g(t) = &gt, the dominant deformation
pattern also explicitly changes with the time during the deformation pattern’s evolution kggest = 24/€47/h¢ and not only indirectly
through the time-dependent amplitude change, which, again, is not considered in Eq. (24).

The deformation mode kg, is the fastest-growing mode, but might not be attainable due to the boundary conditions that
enable only deformation modes k = k, = 2zn/L, where n € {0.5,1,1.5,...}. Thus, we search for the fastest-growing mode by
choosing the deformation mode closest t0 kg that is attainable and has the largest growth rate A,. When p0 2 4, we find that
this dominant deformation mode is constant through the whole evolution of deformations, which makes it possible to evaluate the
whole deformation evolution of the wrinkling pattern from the evolution Eq. (23).

With the use of our reduced theory from Egs. (23) and (24) we can analyze the wrinkling of the system with one deformation
mode for a ramp function and in the limit as ¢; — oo for a step function. In this limit we recover the findings of Huang (2005),
but only qualitatively since a different model of the substrate was used. For the sake of completeness, we present the results below.
In addition to Huang (2005), we also show the deformation mode’s evolution in the post-buckling regime and validate it using our
fully nonlinear VH model (see Section 3).

(A.1) Evolution of a single deformation mode due to ramp loading

With a known deformation mode k, at hand and the mode evolution Eq. (23), we plot the phase space (¢, 4,(¢)) and the streamlines
(1, A,(t)) for a ramp loading in Fig. 4a. The differential Eq. (23) has two limits, depicted with blue curves: the top represents the
equilibrium limit curve, while the bottom represents a pole limit curve. In the equilibrium limit curve’s deformation the growth
rate is zero A,(f) = 0 (zero of the numerator in Eq. (23)),

4Ck,e,(t) — 8E* — Dk3

) (25)

i

while the second limit curve A, , corresponds to the subspace of the phase space, where the amplitude growth rate of the deformation
mode is infinite A,(f) - oo (zero of the denominator in Eq. (23)), which yields the pole curve of the phase space

\J 4Ck,e,(t) — 8E, — Dk}
A, = - :
P

" 3CK}

(26)
To obtain the transient solution for the ramp loading, Eq. (23) has to be solved numerically. As observed in Fig. 4 (pink, red and
orange curves with £g/(1/7) € {0.0002,0.0004,0.0008}) the wrinkle amplitude enters the unstable (non-equilibrium) region of the

phase space between the two limits and after passing 7., ., (defined as A, ¢q(f ;) = 0) rapidly diverges from the unwrinkled trivial

8



J. Zavodnik et al. Journal of the Mechanics and Physics of Solids 173 (2023) 105219

a) b)
: : : :
412l — Dynamic limit A 1 1.2 f‘ Static limit Aoo b
Transient solutions: |\ ||} - e
1oll — ée/(1/m) = 00002 \ 1 1ol ]
&a/(1/7) = 0.0004 [ ¥4
— &,/(1/7) =0.0008 ~ 1 t Kinetic

o« 0.8H 4 « 0.8 . . g
< < wrinkling
= = A(t)
06 % 06f A
< b VLW \ aann . A )

04l VN flixt j I+ Sub-critical K.lnCt.l(’, ) AO,

: 0.4 region Wrmkl%ng
A Dynamic
02¢ ] 02r A(t) wrinkling 1
t =00, =0,
00p ‘ Ofcr ‘ L 0.0L, ‘Ego B K [ - D A g
0.004 0.008 0.012 0.016 0.020 0.000 0.005 0.010 0.015 0.020
Egt €g

Fig. 4. Response of the structure in the toy model with only one deformation mode. (a) Phase portrait of the kinetic evolution of the normalized wrinkle
amplitude A(#)/h; in time ¢ for a leading deformation mode with k¢, as the structure is subjected to ramp loading. Blue curves represent limit solutions
corresponding to zeros of the numerator and denominator of Eq. (23) describing the wrinkle evolution, i.e., the r — oo solution (on the left) and the pole of
the streamline field for # — 0 (on the right), respectively. The transient solutions A() (pink, red and orange curves) correspond to different ratios between the
viscoelastic substrate stress relaxation times and the growth rate £;/(1/7) € {0.0002,0.0004,0.0008}. In all cases ¢, = 0.004 1/s. The streamlines represent the
time gradient of the wrinkle amplitude and time vector (1, A’()/h¢) = (dt/dt,d(A(t)/hs)/d?) in (1, A(t)/h¢) phase space. (b) Phase portrait of the evolution of the
normalized wrinkle amplitude A(1)/h¢ as a function of the growth strain amplitude £, for a leading deformation mode k(.. for step loading (a limit case, when
¢ — ). Three distinct growth mechanisms can be identified according to Huang (2005); (i) sub-critical growth: when the growth strain &, is smaller than the
equilibrium critical growth strain £; < €., — in this case all the initial deformation modes decay; (ii) kinetic wrinkle growth: when the growth strain £; is
larger than the equilibrium critical growth strain and smaller than the immediate critical growth strain, i.e., ujt o < &g < Ecrigo — in this regime the deformation
modes due to the initial imperfections start to grow exponentially with time to A, amplitude; (iii) dynamic wrinkle growth: when growth strain &, is larger
than the immediate critical growth strain &; > £ — here the wrinkles grow immediately (dynamically) to the A, amplitude and then kinetically to the A,
amplitude.

é

equilibrium state at point #,, (defined as 0 < A4,(t,,) < A, ¢q(*y)), which cannot be later than at A, ,(ty,) = 0. This transient-solution
curve then diverges from the limit-pole solution and approaches to the dynamic equilibrium limit solution in Eq. (25).

(A.2) Evolution of a single deformation mode due to step loading

We subject the structure in the toy model to a step loading function of growth that enables us to observe the deformation
pattern’s evolution in the post-buckling regime. This kind of loading and deformation pattern’s evolution was already analyzed by
Huang; however, only qualitatively in Im and Huang (2005) due to the use of a different substrate theory and in the immediate
post-buckling regime in Huang (2005), due to the use of the linearized theory. With our toy model we are able to reproduce his
qualitative results, where he discovered three distinct wrinkle-growth phases, which are shown in Fig. 4(a), and we repeat here for
the sake of completeness:

(i) sub-critical growth: when the growth strain £, is smaller than the equilibrium critical growth strain £
all the initial deformation modes due to any kinds of disturbances decay.

(i) kinetic wrinkle growth: when the growth strain &, is larger than the equilibrium critical growth strain and smaller than the
immediate critical growth strain et o, < &g < €crir,o- In this regime deformation modes due to initial imperfections start to
grow exponentially with time to the A, amplitude from the first Eq. in (27);

(iti) dynamic wrinkle growth: when growth strain & is larger than the immediate critical growth strain &; > ej. The wrinkles

grow immediately (dynamically) to the A, amplitude and then kinetically to the A, amplitude from the Eq. (27).

g < Ecrit,o- 10 this case

Furthermore, we extend the analysis of Huang (2005) to moderate post-buckling with the use of our moderately nonlinear toy
model in this subsection.

Because the step-loading function is the limit case of a limited ramp function as ¢; — oo, we can also use Eq. (23) to model the
structure’s behavior and compute the leading deformation mode k, from Eq. (24). Its phase space (¢4, 4,(1)) and its time gradient
(0, A, (1)) are presented in Fig. 4(b). Similar to the dynamic limits in Egs. (26) and (25), we can find the static limits of the theory
from Eq. (23) by considering no viscoelastic relaxation with 7 — co and an immediate viscoelastic relaxation with = — 0 and obtain

(1 -V

the static solutions as
(1-v) 3E,,
+v,) (3-4v,) Er
)
)

$)

(

%) (1-v,) 3E,, 2/3
B w)

r— 1[40y
AIL,O = hf €g/£ovcr - 1, where SO,CI‘ = Z (m

S

Ayoo = hey[Eg/Eoer — 1, where e, = ( (
(27)
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Fig. 5. Growth of the normalized wrinkle-deformation mode amplitude A(r)/h; due to step loading as a function of normalized time ¢/7r and viscoelastic stress
relaxation in the substrate for one deformation mode due to ;42 2 U for the deformation mode n = 5. (a) Kinetic phase corresponding to section K in Fig. 4(b)
for stress relaxation times z € {0.060,0.074,0.149,0.298,0.447} s and &, = 0.10. (b) Dynamic (immediate) phase followed by the kinetic phase corresponding to
section D in Fig. 4(b) for the stress relaxation times € {0.074,0.149,0.447,1.341} s and £, =0.14. In both cases, colored dots represent numerical (FEM) solutions
according to the continuous visco-hyperelastic theory for different stress-relaxation times z, while the solid black line represents the analytical solution of the
toy model. The material and geometric parameters are as follows: u0/u® =8, pu? =3.859 X 10y, pg = E¢/(2(1 — v?)), where 40 and u®° are the immediate and
equilibrium shear moduli of the substrate, y; and E; = 1.0 MPa are the shear and Young’s moduli of the film, v¢ = vy = v =0.49 is the Poisson’s ratio of the film
and the substrate, while A; = 1.2 mm and H = 59.0 mm are the thicknesses of the film and the substrate, respectively. The length of the structure is L = 200.0 mm.

Furthermore, the relationship between the amplitude of the wrinkles A,,(#) and the normalized time 7/7 between these time limits
is, with our nonlinear theory, obtained by solving Eq. (23) for the step loading and can be written as

Ki (log A, () —log A, o) — 12E7 . (1= v}) (log Ky(A,()) —log K; (4,))

(Erhek, (~h2K2 +12¢,) = 24Ez, (1-17) ) ’

t/t

(28)

where
Ky = Ephok, (R2K2 = 12,) +24 (E:Cq + Eq) (1-12),

Ky(A) = Ethek, (34K, + hik: — 12¢,) .

The amplitude growth in the kinetic regime is a sigmoid function that at the beginning grows exponentially from the initial
imperfection amplitude A, (the start of the sigmoid function) and then approaches the equilibrium amplitude A, asymptotically
(end of the sigmoid function). On the other hand, in the dynamic regime the amplitude already has some finite magnitude A,, and
then it approaches the equilibrium amplitude A, (the end part of the sigmoid function). Both these cases are shown in Section 3,
in Fig. 5a and (b).

(B) Onset of wrinkling

To analyze the start of the wrinkling growth for potentially more than one deformation mode that develop simultaneously, we
linearize the evolution Eq. (22) around the undeformed configuration, which causes uncoupling of the equations around the limit
A,() - 0. It is shown that each mode grows according to the following expression

Ck,,sg(z)—(zE* +Dk3) A0

s.eq

At = — (29)

Chyey) = (2B, +DKY)  *

for all n. In contrast to the reduction in (A), where we limited the parameters so that only one mode could exist, there exists here
a set of k,, for which the amplitude growth rate is positive, A,(r) > 0, and the initial amplitudes A, due to material imperfections
grow, and a set of k,, where A,(f) < 0 for which the initial imperfections decay (for detailed description see Huang, 2005). In
the case when /42 > u&® a whole spectrum of deformation modes will start to grow exponentially and compete with each other.
If the difference between ;42 and u° is small, then the range of k, with a positive growth rate A,(t) is narrow or even only one
deformation mode has a positive growth rate. To find the fastest-growing deformation mode, we use the same method as for the
solution of Eq. (24).

10
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Fig. 6. Multiple-wrinkle-mode evolution due to step loading as a function of normalized time 7/7z and viscoelastic stress relaxation in the substrate. a) Normalized
wrinkle amplitudes A(t)/h; of different deformation modes with n € {2.5,3,3.5,4,4.5,5,5.5} number of wrinkles obtained numerically from the visco-hyperelastic
continuum model, plotted as a function of normalized time #/7. On the top n =5, n =3 and n = 2.5 deformation modes at ¢/7 = 38, 118.5, 517 are shown,
respectively. The amplitudes of the deformation modes are extracted using a discrete Fourier transform of the vertical displacements from the centerline of
the film. To also obtain the half modes, the domain is mirrored before the discrete Fourier transform is carried out. (b) Amplitude distributions A(r)/h; of
different deformation modes are given for the same particular values of 7/z as in panel a. Among the competing modes, the system has one dominant mode
at the beginning and at the end, while more competing modes can be observed at the intermediate time. The parameters in this simulation were: u0/u%® =27,
ue® = 1.429 x 10~* g, viscoelastic stress-relaxation constant = = 0.05 s, while other parameters are the same as in Fig. 5a.
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Fig. 7. Comparison between the dominant deformation-mode solutions of the toy model and the visco-hyperelastic model in terms of normalized wrinkle
amplitude A(#)/h; as a function of normalized time £t = g4 for different normalized substrate stress-relaxation times ég/(l /1) € {1.775x 1073,2.958 X 107#,5.916 x
1075,2.958 x 107°} when the structure is subjected to a ramp loading with £, =0.004 and only one deformation mode is present due to the choice of parameters.
Dots represent numerical results based on the continuum visco-elastic model discussed in Section 2.1, while solid lines represent numerical solutions of the toy
model discussed in Section 2.3 in Eq. (23). Two dynamic limit cases, representing asymptotic and pole solutions, can be obtained analytically for the toy model
(given with blue solid lines), see Eq. (25). Moreover, an analytical solution can also be obtained for the two static limits represented with solid green lines, see
Eq. (27). In both cases the structure acts as purely elastic with the immediate substrate shear modulus ;42 at 7 — oo (left curve) and x> at z — 0 (right curve).

The parameters of the system are chosen such that the dominant wrinkle wavelength of the structure does not change during the evolution of the deformation
and they are the same as in Fig. 5.
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Fig. 8. Influence of different ratios between the loading rates of the film and the viscoelastic stress-relaxation rates of the substrate £;/(1/7) on the (main)
leading deformation mode when the structure is subjected to limited ramp loading. (a) Normalized wrinkling amplitude A(#)/h; of the dominant mode as a
function of horizontal film-growth strain ¢, at (different) £,/(1/7). The material and geometric parameters are the same as in Fig. 6. (b) Normalized wrinkle
amplitude A(r)/h¢ of the dominant deformation mode as a function of normalized time £, for different £;/(1/7). Colored dots represent a numerical solution of
the VH model and solid lines represent the dynamic asymptotic limits of these solutions, towards which the structure is developing. The dynamic asymptotic
limits are calculated from the toy model (see Eq. (25)). The film-growth strain-limited ramp function () is defined as in Eq. (11) and has the parameters
1o =0, £, =0.009 1/s and &; = 0.018, while other parameters are the same as in Fig. 6.

(B.1) Onset of wrinkling due to ramp loading
The solution of the linearized and decoupled system of Eq. (29) for the ramp loading ,(t) = £, is

2By~ Ele) 1 AEL)~ESeq)
A=A e t/T (Dk3 +2E ) Chnégr Chntgr (30)
n()= Ao " s0 DK} +2E? | — Ck,gt

This formula only applies for small amplitudes A, and times before the pole point #, = (Dkz +2E:0) / (J kﬂég), when the
denominator reaches 0. Since nonlinear solutions of the decoupled system are available, Fig. 4a (red, orange and pink lines), the
solution of the linearized system is not shown. We see that the amplitudes of the deformation modes are very small for a long time
(near A, ), but start to grow extremely fast near the point #,,, which can be defined as the time when the wrinkle amplitude starts
to grow rapidly, but is still much smaller than the dynamic equilibrium amplitude given by Eq. (25): 0 < A(t,,) < Ay q(ty)- This
point #,, depends on the pole point of the linearized solution 7, the ratio between the growth rate and the viscoelastic substrate
stress relaxation rate ¢;/(1/7) (contained in the exponent in the solution) and on the initial amplitude of the deformation mode
Ay

In the initial pattern evolution all of many initial deformation-mode amplitudes A, , with A,(r) > 0 have a tendency to develop
in the structure until one of the deformation modes is large enough to damp the development of the other deformation modes.
Therefore, which deformation mode will develop in the structure mainly depends on three parameters: (1) the initial imperfection
spectrum 4, g, (2) the rate of growth strain ¢, and (3) the viscoelastic stress-relaxation constant 7. For (1), this means that kg,geq ()
at the beginning of the loading is small in structures subjected to a ramp-function loading, see Eq. (24). Therefore, if the initial
imperfections have large amplitudes A, ,, one of the deformation modes A, will soon, still at small kg, (7), reach an amplitude
that will cause the damping of all the other deformation modes and the deformation mode with a small number of wrinkles will
develop. For (2), this means that the deformation modes with a small number of wrinkles will be preferable for a longer time
in structures for which the growth strain rate ¢, is small, see Eq. (24), and the developing deformation modes will have fewer
wrinkles. Moreover, wrinkling will occur at a smaller growth strain, because the viscoelastic substrate reacts as being less stiff to
slower deformation rates. For (3), this means that if the viscoelastic stress-relaxation constant of the substrate r is small, then the
substrate will act as less stiff and the deformation patterns with a smaller number of wrinkles will be promoted and will develop in
the structure.

All of this is applicable in the early stages of the wrinkling-pattern development, while later when the deformation modes have
grown to some finite amplitude, other modes might develop and the dominant deformation mode might change. This occurs when
the difference between the immediate 40 and the equilibrium shear modulus of the substrate & is large enough to allow for many
different, favorable deformation modes. In that case the growth rate of the dominant deformation mode A, (f) also depends on the
current amplitude spectrum of the other deformation modes A, (), see Eq. (22).

(B.2) Onset of wrinkling due to step loading
In the case of step loading &,(t) = &, we qualitatively recover the results by Huang (2005), who considered the response of
the substrate with the use of a different, less accurate substrate model. Here, we observe how the structure develops towards

12
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the static final equilibrium configuration in the kinetic wrinkle-development phase. The structure is undeformed at the start and
many deformation modes start to grow/decay (depending on the parameters) independently and exponentially. The solutions of the
linearized Eq. (29) are
= 5 3
Chyg = (2Ezeg + DK )
A,(t)=A,pexp|— - (31
Chg = (2E7,+ DI3) T

where A, are the amplitudes of the deformation modes of the initial imperfection in the structure. The amplitudes of the
deformation modes A, (r) grow exponentially with time at first (as the Eq. (31) indicates), but then start to asymptotically approach
the final equilibrium amplitudes A, which is not considered by this linearized solution but is by the system of Eq. (8). If only one
deformation mode develops in the structure, then this A, corresponds to the solution from the Eq. (28), also shown in Fig. 4(b)
marked as A,.

3. Results and discussion

In this section we present the deformation pattern’s evolution due to a horizontal growth strain ¢, in the film for the analyzed
structure subjected to loading with step and ramp time functions. The results are obtained numerically by solving the fully nonlinear
VH theory (the details can be found in Appendix) and analytically/semi-analytically by solving the toy model (22) with the use
of the 4th-order Runge-Kutta integrator in Mathematica. The VH theory is solved for the vertically free and horizontally fixed
displacements and fixed rotations of the film and the substrate on the left- and right-hand sides of the domain. This boundary
conditions only allow the deformation modes n € {0.5,1,1.5,2,2.5,...} in the system. To model the system past the bifurcation
point, we use a small vertical perturbation force on the left-hand side of the film with the magnitude E¢h/1000, which excites all the
deformation modes equally since 7(6(x)), = 1. In both the step- and ramp-loading cases, we first present the deformation pattern’s
evolution on a bi-layer with rather similar immediate and equilibrium shear moduli ;42 % u$°, which causes the development of only
one deformation mode. Then we present cases where ;42 > u and a whole spectrum of deformation modes develops, whereby the
deformation evolution’s time is greatly increased due to the multistability and the transition between the deformation modes. In the
case of ramp loading, we observe that the final equilibrium-deformation mode depends on the transient time parameters (growth
rate and viscoelastic relaxation rate).

3.1. Step loading

We first analyze a structure with the material and geometrical characteristics given in Fig. 5. This structure is subjected to
step-growth strain gg(1) = &g, which has similar immediate and equilibrium moduli of the substrate M? 2 u$° and therefore deforms
with only a single deformation mode. We compare the normalized wrinkle amplitudes A, (t)/h; of our toy model with the FE results
of the VH model in the case of a step loading with a horizontal growth strain in the film &, for the kinetic and dynamic wrinkling
phases with different values of the viscoelastic stress-relaxation constants 7 of the substrate. In the kinetic wrinkle-growth phase in
Fig. 5a (for reference see Fig. 4(b) at point K), the normalized amplitude of the wrinkles A,,(t)/h;, first grows exponentially due to
the exponential drop in the substrate’s effective shear modulus yu,(?), see Fig. 2(b). When p(r) approaches the equilibrium effective
shear modulus u$° and the normal stresses caused by film growth in the film relax due to the out-of-plane deformation of the
film, the normalized deformation mode’s amplitude A,(r)/h; asymptotically approaches the equilibrium deformed configuration.
In the dynamic wrinkle-growth phase in Fig. 5(b) (for reference see Fig. 4(b) at point D) the amplitude of wrinkles first grows
immediately (dynamically) to the initial A, , amplitude as if the substrate was elastic with the shear modulus x°. When the effective
shear modulus of the substrate decays and the normal stresses due to film growth relax through the out-of-plane film deformation,
the normalized deformation-mode amplitude A,(t)/h; asymptotically approaches the equilibrium amplitude A /A In both cases,
because the viscoelastic stress-relaxation constant of the substrate 7 is the only time constant of the structure, the numerical (colored
dots) and analytical (black line) results for the different - merge into one line if we normalize the time with 7. This normalization can
be seen from the analytical solution in Eq. (28). We also observe that the time in which the toy model structure reaches equilibrium
is around (10-20)z, while the time of the stress relaxation of the homogeneously uniaxially strained structure is around 4z. This is
because the normal stresses due to a constrained horizontal film growth also relax through the out-of-plane wrinkling, which then
drive the deformation processes much more slowly.

Furthermore, we analyze a similar structure subjected to horizontal growth strain in a film in the shape of a step function
£g(1) = &, in a kinetic wrinkle-growth regime, but this time the immediate and equilibrium shear moduli of the structure are very
different (40 > u®), so that multiple deformation modes evolve and compete from the start of the wrinkling to the equilibrium
configuration, where one dominant mode prevails. Fig. 6a shows the evolution of multiple, normalized, competing deformation-
mode amplitudes A,(t)/h; from the FE analysis of the structure. Multiple, competing deformation modes in the structure develop
due to the fact that the viscoelastic substrate relaxes with time and therefore different deformation modes develop at different rates
through the deformation pattern’s evolution. The first few dominant deformation modes that grow in the structure are with n = 5 and
n = 5.5 wrinkles, due to the still relatively large effective stiffness of the substrate. This amplitude spectrum can also be observed in
Fig. 6b in blue, which shows a relatively narrow amplitude distribution at the start with #/z = 38. When the effective stiffness of the
substrate reduces, the deformation pattern changes (orange dots and lines at t/z = 118.5). Higher deformation modes decay and a
wider amplitude spectrum emerges. Towards the end of the evolution cycle (green dots and lines at #/z = 517) also the middle-range
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deformation modes decay and the lower deformation modes (with n = (3—2.5)) are expressed due to the softening of the substrate. In
the end, only the deformation mode with n = 2.5 wrinkles remains. We observe that the time of this deformation pattern’s evolution
is much longer (~ 7007) than the material’s stress-relaxation time (~ 4r), or the deformation pattern’s evolution of the structure
with only one deformation mode (see Fig. 5), where it was around ~ 157z. This is due to the emergence of multiple out-of-plane
wrinkling—deformation modes at the start of the wrinkling that relax the normal stresses due to the horizontal film growth. Because
these normal stresses are relaxed and because the differences in the strain energy of the different wrinkling-deformation modes
is relatively small, the structure does not have a lot of energy that is readily available to be dissipated for a rapid deformation
transition.

3.2. Ramp loading

Next, we analyze the structure subjected to the ramp loading. In the case when the choice of material parameters does not allow
for multiple deformation modes in the structure (40 2 ), a single deformation mode develops, which was schematically presented
in Fig. 4a. Fig. 7 shows normalized amplitudes A(1)/hq for ¢,/(1/7) € {1.775x1073,2.958x1074,5.916x1073,2.958x1076} and = € {0, oo}
obtained from both models: the fully nonlinear VH model, solved with FE analysis (colored dots), and solutions obtained from the
toy model (colored lines). A remarkably good agreement can be observed. We notice that a shorter viscoelastic stress-relaxation
time 7 of the substrate causes a smaller resistance to wrinkling. Therefore, such structure wrinkles into the equilibrium (asymptotic
wrinkle amplitude A(r)/hy) faster than the structure with a longer viscoelastic stress-relaxation time z. We also see that if we set
7 — oo in the numerical simulation the substrate never relaxes the stresses and we obtain a result similar to that of the elastic system
with an immediate (non-equilibrium) shear modulus of the substrate ;42. Similarly, if we set 7 — 0 in the numerical simulation, the
substrate relaxes immediately and we obtain a result similar to that of the elastic system with an equilibrium shear modulus of the
substrate ug°.

In contrast to the previous example with similar immediate and equilibrium responses of the substrate (10 2 u%), very different
material parameters (Mg > u®) promote the occurrence of multiple deformation modes, which are also influenced by different
ramp strain rates ¢, (i.e., different ratios £,/(1/7)). Fig. 8a shows the evolution of the leading deformation modes that correspond
to modes with the largest amplitude A(r)/h¢ in the structure with the same material and geometric parameters as given in the caption
of Fig. 6. The faster strain rates ¢, induce deformation modes with a larger number of wrinkles, because the viscoelastic substrate
responds as being stiffer to faster loads. The deformation pattern that evolves in the structure maximizes the release of the film’s
membrane energy (~ An?), and at the same time minimizes both the film’s bending (~ Ax*) and the substrate’s stretching energies
(~ An). The deformation patterns with low » minimize the bending energy (~ An*); however, they require large amplitudes to
release enough membrane energy from the film (~ An?), which means they cause large substrate energy (~ An) and are therefore
not energetically favorable. On the other hand, deformation patterns with large » release a larger amount of membrane energy
~ An? at low amplitudes, but the film stores a lot of bending energy (~ An*), which is also not energetically favorable. Therefore,
the system chooses a deformation mode with a moderate n, which releases a moderate amount of membrane energy from the film
and at the same time does not store a large amount of bending energy in the film, nor stretching energy in the substrate. The increase
in the substrate’s resistance to deformation (effective stiffness) due to higher deformation rates &g causes greater influence of the
substrate in the energy balance and the structure develops a deformation pattern with a larger number of wrinkles n.

Next, we analyze the equilibrium deformation state of the systems loaded with different loading-rate/viscoelastic stress-relaxation
ratios £;/(1/7). While in structures that behave as linearly viscoelastic, these ratios only affect the transient response and not the
equilibrium modes, surprisingly, the ratio also affects the final equilibrium state of our nonlinear system. We observed that the
ratio between the growth rates and the viscoelastic stress-relaxation rates in the substrate ¢, /(1/7) affects not only the choice of the
transient deformation mode, but also the final equilibrium deformation mode (number of wrinkles ») in the structure. This can be
observed in Fig. 8b, where the evolution of the largest deformation mode’s normalized amplitudes A(f)/h;, obtained from the VH
theory and FE analysis, are shown. The structures with geometric and material parameters as in Fig. 6, but with different £;/(1/7)
ratios, are subjected to a limited-ramp-load function £g(1) and due to the different £g /(1/7) ratios, different deformation patterns
start to develop in the structure. Because our structure permits moderately large deformations, which cause (i) a nonlinear response
of the film and (ii) a nonlinear response (neo-Hookean material model) of the substrate, there are multiple, locally stable, final
equilibrium-deformation states. Due to the different transient viscoelastic properties of the structures in Fig. 8, the three structures
develop to three different locally stable final equilibrium deformation states, also called “frozen" deformation states.

To further explore the occurrence of the locally stable “frozen” deformation states we analyze the evolution of the transient-
deformation-normalized amplitude spectrum (due to different £,/(1/7) ratio) in Fig. 9a and c. The normalized amplitudes A(1)/h¢
are computed for the structure that is modeled with the continuum visco-hyperelastic (VH) theory for two different ¢,/(1/7) €
{0.0003352,0.0020115} and with the same growth-strain function and parameters as in Fig. 8b. Due to the nonlinearity, completely
different deformation amplitudes develop and evolve to different equilibrium configurations. Note that this was not the case in
our toy model, as shown in Fig. 9b and d, even though we used the same parameters. The difference can, therefore, be primarily
attributed to the model of the substrate, which was a linear (Saint Venant-Kirchhoff) viscoelastic material model in the toy model.
In both cases in Fig. 9b and d the deformation pattern evolves in roughly the same way, but on a different time scale. Moreover,
the deformation pattern evolves towards the final deformation mode with n = 5 wrinkles in the structure, similarly as in the case
9c¢, and in contrast to the case in Fig. 9a, where the deformation mode with n = 4 decays early and the deformation mode with
n =4.5 evolves in the structure.
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Fig. 9. Normalized deformation-mode amplitudes A(#)/h; as a function of normalized time é,t for a limited ramp function at short and long stress viscoelastic
relaxation times 7. Solutions for £,/(1/7) = 0.00033525 obtained by (a) FE simulations, based on the continuum VH theory, and for (b) numerical solution of
the toy model (22), reveal that many deformation modes develop simultaneously at the start, but quickly decay. In the case of FE simulations only the n =4.5
mode (purple dots) remains at the end, while in the toy model this initially dominant mode (green line) also begins to decay and the n = 5.0 mode takes over
(blue line), at approximately ¢/z = 200. Solutions for ¢,/(1/7) = 0.0020115 obtained by (c) FE simulations, show that even more deformation modes develop
simultaneously and compete at the start. Over time only the deformation mode with n = 5.0 wrinkles (green line) survives, and the solutions of the toy model
(d) show qualitatively similar results in which also only n = 5.0 mode survives. The discrepancy between the VH numerical simulation and the toy model is
due to the consideration of the nonlinear response of the substrate in the VH simulation, while the toy model only considers a linear response of the substrate.
The parameters of the limited ramp function were #, = 0, £, = 0.009 1/s and &; = 0.018, while the other parameters are the same as in Fig. 6. The legend in
panel (a) applies to all the panels.

4. Conclusion

We have developed a finite-deformation visco-hyperelastic theoretical model, which is based on the standard linear solid and the
neo-Hookean solid. The core of the model relies on the multiplicative decomposition of finite deformations into parts due to loading,
non-equilibrium elasticity and viscosity. The theory can be used for modeling general viscoelastic structures subjected to arbitrary
time-dependent loads. To study the coupling effects of multistability of (quasi-)periodic deformation patterns and viscoelasticity, we
focused on the wrinkling of a thin elastic film attached to a viscoelastic substrate under plane-strain assumptions. The structure was
subjected to a spatially constrained, time-dependent, homogeneous growth in the direction of the film’s mid-surface. The problem
was solved numerically using the finite-element method and the dynamic relaxation method. In parallel, we developed a reduced-
order model to comb the parametric space of the problem more easily. The reduced model considered the thin elastic film as a
Foppl-von Karman plate and the substrate was reduced to linear viscoelastic. With these approximations, we were able to find
closed-form solutions for dynamic and static wrinkling limits for ramp- and step-time-function growth, the evolution of deformation
patterns for the step-time-function growth with exactly one dominant mode and linearized evolution equations for all the growth
cases. The transient evolution equations were all solved numerically. Both developed theoretical models, i.e., the visco-hyperelastic
and the reduced, assumed growth of the elastic film as a ramp, limited ramp and step-time function in the direction of the film’s
mid-surface.

For growth as a step-time function two distinct cases with an approximately equal substrate rigidity u0 2 4> and significantly
different substrate rigidities /42 > u® were considered. Numerical solutions obtained via FE simulations on the visco-hyperelastic
model revealed that when 1 2 ;®, only one deformation mode is dominant, even far into the post-buckling region and throughout
the entire evolution in time. The results agreed very well with our analytical predictions based on the reduced-order model.
Furthermore, with linearization of our analytical model we recovered a solution, similar to that of Huang (2005), who characterized
the kinetic and dynamic wrinkling phases. We showed that in this case (;42 2 u® and step-growth functions), even far into the
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nonlinear post-buckling region, the viscoelastic stress-relaxation time 7 is the only parameter that scales the deformation evolution
timescale of a single deformation mode and does not influence the wrinkling amplitude or the type of deformation mode that
develops in the system. We found that the timescale of the deformation evolution in the kinetic/dynamic phase can be much longer
than the timescale of viscoelastic relaxation of the material itself (e.g. up to 4 times longer for the selected case) even with only
one deformation mode growing in the structure. A significantly different response of the structure is observed when ;42 > ud.
From the numerical FE simulations of the visco-hyperelastic model we observe a high level of competition between the multiple
wrinkling modes in the nonlinear regime. Modes with more wrinkles develop first, but are eventually replaced by modes with
fewer wrinkles as the stresses in the substrate relax. The timescale of the evolution is even larger (e.g., up to 200 times for the
selected case) due to film’s out-of-plane deformation, which releases a large part of the strain energy in the wrinkling process. This
slows down the rate of viscoelastic relaxation and the deformation evolution. We hypothesize that, if the environmental variables
(e.g., polymerization or phase transition) changed during this long transition, the structure would become “frozen” in a seemingly
non-equilibrium deformation state, which is unattainable with a purely elastic structure.

Similar to the step-time-function growth, two distinct cases with an approximately equal substrate rigidity 40 2 4% and
significantly different rigidities ;42 > u® were considered for the ramp-time-function growth. Both of our models again predict
that when ;4;’ 2 ug, only one deformation mode develops in the structure, but two phases can be identified during the deformation
evolution: a fast, transient wrinkle-development phase at the start of the wrinkling and a slower, dynamic equilibrium wrinkle-
development phase — which could be considered as a generalization of the two wrinkle-growth phases (kinetic and dynamic) from
the step-loading case. In contrast to the step-loading example, in the ramp-loading example when p0 > %, the film’s growth rate &g
influences the wrinkling-deformation rate and because the reaction of the viscoelastic substrate is strain-rate dependent, ¢, affects
the timescale of the evolution, the choice of the transient deformation mode and even to which of the many final equilibrium
deformation states the structure will evolve. A faster growth strain ¢, encourages the development of a pattern with more wrinkles,
which changes during the relaxation of the substrate. While the number of wrinkles gradually reduces, still more of them remain
compared to the step-loading case. From the perspective of step loading this can be regarded as a pattern that is “frozen” in a
seemingly non-equilibrium configuration. However, this phenomenon is not visible in our reduced model, where the substrate is
modeled as linear viscoelastic. Therefore, we attribute this response in the structure to material nonlinearity and/or the coupling
of the material’s nonlinearity with the viscoelasticity.

Multiple available, final equilibrium-deformation states are generally the result of nonlinearities and not the transient viscoelastic
behavior. However, in systems such as wrinkled elastic films on viscoelastic substrates, where many final deformation states are
possible, it is not easy to predict to which final deformation state the system will evolve, especially without considering the
full viscoelastic deformation pattern’s evolution, as shown in this paper. We have shown that the coupling of multi-stability and
viscoelasticity leads to locking of the system in a seemingly non-equilibrium deformation pattern that is unavailable for a purely
elastic system and leads to a significant increase in the time of the transient deformation pattern’s evolution, because the strain
energy is also released through the loss of stability due to wrinkling. In other words, the slower deformation evolution of the structure
is a consequence of less available energy in the system, which drives the viscoelastic dissipation and deformation evolution, for the
energy was also released through wrinkling instability.

The results of this study will allow for a more comprehensive and rigorous mechanistic description of some biological processes
such as morphogenesis, where viscoelasticity in conjunction with multi-stability plays an important role, e.g., lung (Goodwin et al.,
2019), brain (Tallinen et al., 2016) and intestine (Shyer et al., 2013). In addition it will enable the engineering of structures that
exploit the coupling of multi-stability with viscoelasticity for advanced functionalities connected with an increase in rigidity with
the rate of loading, such as for ballistic protection, smart speed bumps, and the combined dissipative effects of viscoelasticity and
the instabilities in applications such as vibration and sound insulation, and shock absorption.
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Appendix. Techniques used in the FEM

(Plane strain assumption) The deformation pattern’s evolution in uniaxially growing elastic films on a planar viscoelastic
substrate is analyzed using plane-strain assumptions. Our general visco-hyperelastic (VH) theory is thus reduced to plane strains,
simply by enforcing d()/0X; = 0 and u3 = const. Therefore, the stress equilibrium Eq. (8); need to be solved in only 2 directions for
2 components of displacements u instead of 3. Similarly, only 3 evolution equations from Eq. (8), need to be solved for the internal
variable C, with 3 different components, instead of 6 in a general 3D case.

(Finite element formulation) An open-source FE Computational Software (FEniCS Logg et al., 2011; Alnzs et al., 2015) is used
to discretize the displacement field u and viscous-strain field C, to transform the nonlinear system of PDEs in (8) to a system of
nonlinear algebraic Eqgs. The software is capable of the automatic differentiation of PDEs, FE discretization, mesh generation and
solving the generated nonlinear system of equations with the use of the Newton-Raphson method. Our rectangular domain of width
L and height H displayed in Fig. 3 was divided into the film and the substrate subdomains. They were meshed using triangular
unstructured mesh, which was denser near the film. Based on the convergence analysis it was found that 1000 triangular, mixed
finite elements were sufficient avoid volumetric locking of the elements in nearly incompressible solids, Logg et al. (2011), Alnzes
et al. (2015) and Yu and Netherton (2000) with the Poisson’s ratios Veq = Vneq = 0.49. The mixed finite elements were composed of a
3rd-degree Lagrange finite element for the nodal displacements u and a 3rd-degree discrete Lagrange finite element for the internal
variables C,.

(Temporal discretization) Implicit backward-step temporal discretization was used because of its numerical stability and
because it allows larger time steps than the forward-stepping schemes (Hrapko et al., 2006; Prevost et al., 2011; Bilston et al.,
2001; Reese and Govindjee, 1998; Carniel and Fancello, 2017). The time derivative was discretized as (') = (( Y1 — ( ),7) /At.

(Numerical algorithms for solving the nonlinear systems of equations) The spatial FE and temporal implicit Euler
discretization provide a system of nonlinear algebraic equations to be solved. The solution process is started from an initial condition,
where the system is first loaded by the perturbation force described in Section 3. Then the time stepping is initiated, where for
each step an iterative process is employed to find the equilibrium configuration of the current time step. In the iterative process a
Newton—-Raphson iteration is employed, due to its efficiency. In cases when the tangent matrix is nearly singular due to instability, the
dynamic relaxation method described in Oakley and Knight (1995) and Joldes et al. (2011a) is employed, because of its robustness
and stability.
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