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Supporting Information Text
Appendix 1: Mechanical analog and energy components for a viscoelastic solid

Consider a viscoelastic Maxwell solid shown in Figure S1. By considering either a displacement controlled experiment or a
force controlled experiment applied to this system, it is straightforward to see that this system yields the right behavior as the
viscoelastic model with a single Prony series: E(t) = Eoo + (Eo — Eoo)e™ /™% used in the main text. In order to physically
understand different energy components in a viscoelastic system, a mass is added to the end of this system to include inertial
effects. By applying a force F' to the mass, the following equation of motion is obtained:

mi = —Eool‘ — (EO — Eoo)azl + F’7 [1}

where x is the total displacement of the system and z; is the displacement of the spring with stiffness Ey — Fo. The dashpot
is always in equilibrium with the contiguous spring and follows the equilibrium equation

nre = (Eo— Eoo)x, (2]

where z2 = z — z1 corresponds to the dashpot displacement. It defines the relaxation time 7r = n/(FEo — Foo) that accounts
for different response regimes of the system. For quasi-static motion or zero inertial effects (ma = 0), the applied force is in
balance with the springs and dashpot F' = Foox + (Fo — Foo)z1. For short times, ¢ < 7r, the dashpot does not have sufficient
time to react and x2 ~ 0. It yields the force-displacement relation ' = Epx. For large times, t > 7r, the dashpot has time to
relax and xz2 =~ x. It means that the spring with stiffness F. takes the total load applied to the system and F' = Ex. In
general, the force-displacement relation is

F(t) = Eox(t) + / dTI(T)%E(t -7), (3]

where E(t) = Eoo 4 (Eo — Eoo)e /™R,
The energy balance is obtained by multiplying Equation 1 by & and integrating by parts:
d[m, E Ey—E . .
T ExQ + 700372 + %xﬂ = @’ + Fi. [4]
Here, we recognize the kinetic energy T, the stored energy U, and the total energy F = T + U, which can be defined as:

E = T+U,
T = %gf,
Eoo 2 EO - Eoo 2
Uu = — 5
5 &+ = 1 [5]
This leads to

dE 2

a Fi

ar nx2” + Fa, 6]

from which the rate of dissipation can be recognized as D = n@a? and the external work per unit of time W = Fi. In other
words,

— =-D+W. 7
7 (7]
This states that the total mechanical energy decreases by dissipation and increases by the external work applied to the system(1).
Thus, by using the mechanical analog above, a physical view of different energy components is elucidated and the stored energy
is the elastic energy of the two springs. The analysis can also be generalized to a continuum system. Consider the case of
uniaxial compression, traction, or bending of a filament where we expect the following constitutive relation:

0 = FEoe+ (Fo — Ex)e’. 8]

Here €° is not the complete strain € because part of the strain is taken by a viscous term €’ such that € = € 4+ €”. In this
regard, € and €’ are equivalent to x1 and w2, respectively, in the previous model. With no viscous term, the effective stiffness
of the system is Ey, however, the viscous term dissipates the elasticity of the contiguous spring with stiffness Fy — F and the
effective stiffness for long times is E. The stress of the spring with stiffness Fo — E is in balance with a viscous stress:
o =o". It yields:

(Eo — Exo)e® = 2né", 9]

where we use the constitutive relation 0¥ = 2né to describe the uniaxial deformation of a viscous fluid. Thus, the following
representation for the viscous strain in terms of the total strain is obtained:

2né’ = (Fg — Fxo)(e — €"). [10]
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Defining the relaxation time 7r = 21/(Fo — Foo ), we obtain the equation:
TrRE' =€ — €', [11]
that allows us to find the viscous strain:

t
€' = 1 E(T)ei(tiT)/TRdT. [12]
TR

Thus, the stored energy as the elastic energy of the two springs is generalized as:

f—/dV $ 2 /dV( 2 [13]

The above relation corresponds to the one presented by Christensen(1) where the stored energy is computed as:

1" K de de
== E(2t — ded, 14
i [ mer-r-o %t i
The total energy of the viscoelastic solid corresponds to the total injected work to the system, which is:
W= / oedV. [15]
v

Appendix 2: Analytical method for wrinkle induced delamination
From the imposed wrinkled topography h(x,t) = A(t) sin(kx), the imposed strain in the foulant layer is:

v = —yk® A(t) sin(kz), [16]

where A(t) = %\ /€(t — tw). Neglecting the part of the strain previous to buckling and taking ¢, = 0, the viscous strain is
computed as:

v = yk:Q% sin(kz)VérrF(t/TR), [17]
where F(z f Ve (#=9)dy. Therefore, the elastic strain is:
~¢ = yk® sin(kx) [A(t) — A(Tr)F(t/Tr)] . [18]

Here A(t) = %\/675 because of the approximations. We can now compute the stored energy and the total work. The stored
energy should be the elastic energy of the two springs (Equation 13, Appendix 1) which becomes:

E 1 Ey— Ex)l
U/L = [K2A0)] + % [K2(A(t) — A(rr)F(t/7r))]”. 19]
The total work in Equation 15 of Appendix 1 becomes:
Eol FEo— Ex)l
wyn =20 aw]? - B PRl 2 g ] b (e o), 20
where H(z) is a dimensionless integral, so that
= 2P_(z), [21]
/ e
Po(z) = 1 — o F3[1, 1; 3 2 2], [22]

Note that 2 F5[1,1; 3,2 z] is a hypergeometric function of order (2, 2).
To drive the fracture in a viscoelastic system, approaches balancing either the total work or the stored energy against the
fracture toughness have been proposed in the literature(2, 3). We first start with the consideration of the balance using the
total work: 0 = d(W + Us), where the surface energy is Us = Gbl, where G is the work of fracture, b is the film width, I is the

crack length. This leads to:
Do k2 a(n))? - % (K2 A(r)]? H(t/7r) = G. (23]

Using the relation H(z) = zP_(z), this can be rewritten:

110 [2A@®)]” - % [K2A@®)]* P-(t/7r) = G. [24]
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Therefore,

A2G/(BoéTr)
te ~N——— 25
A e T ) )
For the energy balance approach using the stored energy: 0 = d(U + Us), the following relation is obtained:
By Bo — B
= [A®]" + =7 [K (AG) — AGr) (/)] = G 126]
2
Defining the function Pi(z) = |:1 — (1 — F\g)) } , this relation is rewritten as follows:
=2 [RAW) - 2= [PAW) Pet/a) = G. 27
Therefore,
2 .
te/TR ~ A G/(Boérr) [28]

(1= BPy(te/TR)]
Thus, the non-linear equations to determine the critical delamination time for both approaches have the same following forms:
)\2 G/(BoéTR)

[1 = BPs(te/Tr)]

with P+ and P_ defined above. Note that these two functions are bounded between 0 and 1, and P4 (z) > P_(z). We observe
the followings:
For A\2G/(Boétr) < 1 and 8 < 1, then

tC/TR ~ [29}

tc/TR ~ )\QG/(Boé’TR). [30}
For A>G/(Boérr) > 1, then
2 .
b/ ~ %Boﬂmi 131]

The above non-linear equations are solved in MATLAB (Mathworks, MA) for varying combinations of dimensionless parameters
and results are shown in Figure S3b of the main text.

Appendix 3: Numerical modeling with finite element (FE) and cohesive zone method (CZM)

Details of the FE model using Abaqus Explicit for the tri-layer system (foulant layer, film, and substrate) with the specified
boundary conditions in the main manuscript are provided in the previous study(4). Each layer is modeled with three-dimensional
solid elements (C3D8R, 8-node linear brick, reduced integration, and with hourglass control). The front and back faces are
constrained in the z direction to maintain an effective plane strain condition. The foulant layer is described by the linear
viscoelastic constitutive relationship with a single Prony series: E(t) = Eoo + (Eo — Foo)e "™ while the film and the substrate
are modeled as incompressible, neo-Hookean materials. The modulus of the foulant layer E,(t) is much smaller than the
modulus of the film E; such that B, < By. The ratio between the moduli of the film and the substrate is Ef/E,; ~ 80.
In order to model delamination of the foulant layer, the interface between the foulant layer and the film is modeled using
Abaqus cohesive interface(5) with bi-linear traction separation laws as shown in Figure S2. This bi-linear shape for the traction
separation law reduced numerical singularity caused by the abrupt drop of stress in the right-triangular traction profile used in
the previous study(4).

Though mixed-mode delamination(6, 7) can be important along this wrinkled interface, to simplify the problem, here
independent traction separation laws as shown in Figure S2 for the normal and tangential modes are used in this study.
In addition, due to the lack of experimental data for the critical strength o., 7. and fracture toughness Gic, Gric for the
biologically relevant interfaces considered here, 0. = 7. and Grc = Grrc = G are assumed for the traction separation laws™.
Note that delamination only occurs when at least one CZM element on the interface reaches the end of the traction separation
law. In other words, the stress must reach the critical value and the energy must be dissipated by an amount equal to G so that
the fracture surface can be created. Hence, both stress and energy are used as criteria for fracture onset as well as propagation
in CZM. The delamination onset is followed by checking the CSDMG parameter in Abaqus, which reaches the value of 1 when
the traction reaches the end of the traction separation law. The delamination of interest here is the one in which the foulant
layer de-adheres without arrest as analyzed in the analytical model; hence, the point of delamination is also determined through
checking the contact area between the foulant layer and the film. Prior to delamination, the area remains almost flat. When
the critical point is reached, the contact area drops rapidly signifying an unstable detachment at their interface.

*This simplifying assumption may not be realistic as G 1 is often larger than G 1, however, for computation simplification, such difference is neglected here(7).
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Figure S3 shows typical stages in the compression process. When the nominal applied strain is smaller than the critical
value for wrinkling to occur € < €, = i(SES/Ef)2/3 = 0.028, the system remains flat (Figure S3a)(4, 8-14). Upon further
compression above the critical value €, the bilayer wrinkles. The foulant layer conformally follows this wrinkled topography
(Figure S3b). When a critical amplitude A. is reached, the foulant layer starts detaching from the bilayer surface (Figure S3c).

Utilizing this FE model with the prescribed CZM traction separation laws, we investigate the effect of 0. and G on
the onset of delamination. The mesh size is chosen such that at least 3-5 elements are inside the process zone length(15)
Ly, = E,G/o?. Note that for the right-triangular traction separation law used in the previous study for the elastic foulant
layer(4), G = 0.502 /K, this length becomes L,. = FE,/K, where K is the initial stiffness of the traction law. Thus, the three
parameters o., K, and G are correlated in this implementation, making it difficult to separate the influence of individual
parameters. However, the bi-linear profile offers an advantage to address this limitation. The initial stiffness K is set to a high
value as required in CZM modeling and the influence of . and G can be examined. Mesh sensitivity studies are conducted to
show that similar results are obtained when the mesh size is refined. Furthermore, the effects of . and G are also studied for
several values of the foulant layer stiffness in order to connect the CZM approach and our analytical model. The following sets
of material and geometric parameters are utilized for both solution approaches. The substrate thickness hs is much bigger than
the film thickness hy so that the wrinkle pattern can be described as in the previous wrinkling work for bilayers(4, 8-14). The
length of the system L is chosen so that it covers at least 8-10 wavelengths A. The foulant layer thickness is selected to be in the
thin layer limit(4) h,/A < 1, specifically here a ratio of h,/A = 0.25 is used unless otherwise stated. The materials properties
for the substrate and film, and the instantaneous modulus E,(0) of the foulant layer are adopted from the previous study(4).
The relaxation time 7z and the amount of relaxation Ey/Es are varied to study their influence on e.. The compression is
applied as described in the work of Pocivavasek et al.(4). Specifically, for the elastic case, a displacement velocity that smoothly
increased over 0.5 ms to the target v, = 0.01 mm/ms was prescribed to the two ends of the tri-layer system with a loading rate
éer = 0.06 ms™".

At the instantaneous and long-term response, the viscoelastic foulant layer can be treated as an elastic foulant layer with
modulus E, and the scaling law becomes(4): ¢, — €, = aX?>G/B,. Using this scaling law, the normalized parameter G = \*G/B,
will be utilized to analyze the FEM results. FE simulations of the delamination onset for the two cases, o./E, = 0.15 and
oc/Ep = 0.25, with E, = 4.8 kPa are shown in Figure S4. For each case, three states corresponding to G =0.9,1.8,4.8 are
presented. As shown in the top three figures (Figure S4-a,b,c), at o./E, = 0.15, the first two cases (a,b) of G have almost
the same critical delamination strain e. — €, ~ 0.04,0.05, indicating that G does not play a significant role here. However,
when G increases, it starts to take effect, i.e. €. — €y ~ 0.12 for the third case (Figure S4-c). The same trend is observed at
oc/FEp = 0.25 where €. — €, ~ 0.08,0.08,0.1 in Figure S4-d,e,f, respectively. Furthermore, for the third value of 5, the two
cases (Figure S4-c,f) have similar €. indicating that the change in the strength from o./E, = 0.15 to o./E, = 0.25 does not
significantly influence e..

These observations are consistent with the capacity of CZM to bridge different failure mechanisms as discussed in(16-18),
but still requires further investigation in the context of our topography-driven delamination. As noted, the CZM process
zone length, L,. plays a key role in determining the transitions between these mechanisms(16-18). Figure S4 in the main
manuscript plots the ratio (ec — €w)/ G with respect to Ly, = EpG /o2, The flat region is interpreted as the constant value for
the slgpe of the linear scaling law between €. — €, and (~¥ It indicates that o, is insensitive here and ¢, — €, scales linearly
with G¢. However, if Ly, is too small or too large, 0. might influence the results and deviate the solution from the energy
based approach. Note that a pre-factor of approximately 0.025 is obtained from Figure 4 of the main manuscript. In order
to compare this value with the one presented in the previous study for the case of elastic foulant layer (4), the correlation
between amplitude and strain A, ~ %\/ €. — €y can be used to determine the prefactor for the critical amplitude. This leads to
a scaling: A, ~ 0.050%(G/B,)"/? which is of the same order with the value ¢ = 0.13 presented previously(4). They are not
identical because, as discussed above, the right-triangular traction separation law has several numerical disadvantages and the
effects of individual CZM parameters have not been investigated for this case as compared to the use of the bi-linear laws.
However, the scaling dependence on G is consistent with analytical analysis with the same order of the numerical pre-factor for
both cases of traction separation laws. In order to illustrate this region, Figure S5 plots the results from FEM for different
cases of foulant layer’s modulus and thickness. For each case, only the results of the sets of CZM parameters where o. has
insignificant effect on €. are selected in this plot. The linear relationship observed in Figure S5 suggests that €. — €, varies
linearly with G as predicted by the scaling law.

Taking into account these considerations for CZM, we conducted FEM simulations with the viscoelastic foulant layer
for Ly, in the energy dominated region L,. < Ly, < L;,"z. This allows a consistent comparison between FEM results and
analytical model which focus on fracture driven by an energy release mechanisms. Results are presented in Figure S5 of the
main manuscript.
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Fig. S1. A mechanical analog for a viscoelastic solid.
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Fig. S2. Bi-linear traction separation laws for the normal and tangential modes. Delamination occurs when the tractions reach the ends of these traction laws and the
separations attain the critical values d,,. and §. at which the energies G;c and G ¢ are released to create the new surface.
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Fig. S3. Transitions from flat (a) to wrinkled (b) to delamination (c) stages in a typical FE simulation.
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Fig. S4. FEM simulations showing critical delamination states in the foulant layer for two cases: o./E;, = 0.15 (top) and o/ E, = 0.25 (bottom). Three values of éc are
used: 0.9 (left), 1.8 (middle), 4.8 (right).
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Fig. S5. €. — €,, with respect to Ginthe energy dominated regime. Various values of F,, and h,, are examined. The black dashed line is a fit showing the linear scaling as
predicted from scaling analysis.
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Movie S1. Thin, viscoelastic foulant layers follow the wrinkled topography and delaminate from the wrinkling
surface when critical wrinkle amplitudes are reached. Compared to the slowly relaxing viscoelastic layer (left
in the movie), the fast relaxing viscoelastic layer (right in the movie) is more difficult to detach.
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