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Abstract

Wrinkling has recently attracted an increasing rege by suggesting a number of unforeseeable
applications in many emerging material science angineering fields. If guided and somehow
designed, wrinkles could be in fact used as amredtere printing way for realizing complex surface
geometries and thus employed as an innovative fetifo process in the fabrication of nano- and
micro-devices. For these reasons, the predictionrfkles of films adhering on flat as well as on
structured substrata is a challenging task, geragisdevelopment of the phenomenon being not
yet completely understood both when thin membramescoupled with soft supports and in cases
where the geometry of the surfaces are charactelyecomplex three-dimensional profiles. Here
we investigate the experimental formation of newigning and somehow unforeseeable wrinkled
patterns achieved on periodic structures, by shgwirediction through a new hybrid analytical-
numerical strategy capable to overcome some comotsitacles encountered in modeling film
wrinkling on flat and 3D-shaped substrata. The psgl approach, which drastically reduces the
computational effort, furnishes a helpful way feegicting both qualitative and quantitative results
in terms of wrinkling patterns, magnitude and waweth, by also allowing to follow the onset of

film instabilities and the progressive evolutiontlké phenomenon until its final stage.

Keywords:. Thin film, wrinkling, PDMS substrates, Lithium Niobate Cryst&EM simulations.



1. Introduction

Wrinkles at micro- and nano-scale have found appbas in surprising ways in many emerging
field§1-8]. Spontaneous wrinkled micro-patterns are genefalijmed in compressed thin metal
films attached to a thicker compliant substrate imariety of situations. Understanding how they
form and develop is very attractive also becausdr thse could be oriented to create specific
profiles avoiding additive manufacturing procesggs Recently, it has been for instance shown
that wrinkle patterns can be very useful as phaetstnuctures in photovoltai¢40] with the aim of
improving the efficiency in the near-infrared regi@r to enhance the energy conversion efficiency
(ECE)[11]. Moreover, in the field of opto-electronif3 5, 8], the wrinkles have been exploited to
enhance the luminescence of organic light emitaigdes (OLED)[12], suggesting potential
applications in photodetectof$], solar celld8, 13], soft actuator$5], pressure sensofg], many
further perspectives being foreseen for flexiblecebnic device$3, 14]. Possible uses have been
also highlighted in biological and biomedical apptions[4] and in low-threshold stretchable
random lasers as wghb].

As mentioned above, surface patterning by wrinkigemerally occurs spontaneously, driven by
mechanical or thermal-induced stresg4é@S]. In particular, the wrinkling effect was deeply
investigated in the case of soft materials. Polyemematerials [4, 16, 17] such as
Polydimethylsiloxane (PDMS)18-20] give rise to a wrinkled patterns by depositinghim tmetal
layer on the polymer stratum. Bowden et [@1] described one of the first evidence of such
phenomena in a typical experimental procedure ifichvia metal film, deposited on the top of
polymeric substrates by means of electron-beamagatipn techniques, is finally deformed. In this
case, the warmer metal heats and expands the swgpeneas it - in a liquid/solid transition state -
undergoes thermal expansion, maintaining a stregs$tate and deforming together with the
substratg1]. Thereafter, the sample is cooled and the solijffilm, under compressive stress,
buckles by bringing the entire system in the lowerstrgy configuratiofl8]. In another case, the
wrinkling phenomena have been treated as an uathsieffect in layered structure because of
their uncontrollability[22]. It was also explored the possibility to have iimg formation without
the use of metal layers. For instance, Yang ettdized a combination of external straining and
selective Q plasma exposure to control the surface wrinkl[iag], by adopting a copper grid to
define the wrinkled area. Other chemical technidwese been successfully adopted in the wrinkles
formation[24]. As it can be easily guessed, a different typpatymer, as well as different thermo-
mechanical stresses, can all lead to a vast vaoktyrinkling patterng[15, 23, 25]. Recently,
instability phenomena involving liquid crystdlg6] and graphene adopted for flexible electronics

[3] and other technological applicatiofi#y-29] have been also investigated.
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Different fabrication techniques have been usedwdnkles formation[30, 31], by analyzing
patterns, characteristic wavelen@#2-35] and the instabilities onsg36, 37]. Reversible wrinkles
generation process has also been demonstf88deven if the quantitative prediction and the
tracing of the whole pattern evolution on curvedates - that would represent a potential way to
facilitate the design of functional materials amadictures by harnessing these surface instabilities
[39] - are still challenging due to strong nonlineastand geometric complexities involved in any
numerical modeling. Such structures are also acémer of a vivid debate for the evidence that
they can be exploited as efficient optical microsdes and photonics tools in different
configurations and then helpfully adopted for difiet purposes and applicatio], the micro-
lenses for example permitting to combine two opfigactionalities in just one optical element.
Motivated by this wide interest in the field, have investigate the formation of film wrinkling on
both polymeric flat surfaces and substrata charaet by three-dimensional periodic profiles
induced by means of pyroelectric-Dielectrophorépigo-DEP)[41-43]. In particular, we studied
and experimentally induced the formation of sucinkles on non-flat surfaces, by showing that a
number of possible interesting "horographies” can dsawn by playing on how the three-
dimensional shape of the substrate on which tiesfixdhere influences and somehow orients the
wrinkling pattern. Since a faithful prediction aich phenomena is crucial if one needs to "design”
these wrinkled structures by following an altermatway to micro-printing strategi¢44], we also
proposed a novel hybrid analytical-numerical apghoavhich, by implementing in a Finite
Element-based algorithm a mechanically nonlineadehof the elastic substrate made up ofdn
hoc three-dimensional network of nonlinear springsoved to drastically reduce computational
costs and to capture with sufficiently good accuyrdlce whole wrinkling process, from its
formation to its progression and final stabilizatidhe agreement between numerical outcomes and
experimental results related to the wrinkling dm on flat and different non-flat surfaces is in

detail shown and critically discussed.

2. Methodology
2.1 Experimental process for fabrication of elastubstrates with wrinkles patterns on complex

structures

For the fabrication of the polymer substrate weehhere exploited the well-known properties of
periodically poled Lithium Niobate crystals (PPLM5,46]. With this respect, PPLN has been
recently used as substrate for elastomers andrifang the formation of well ordered and arrayed
protruding structures created by the so-called {BfE®. We therefore used such geometrical

polymeric structures as basis for achieving paldicand fascinating nano-wrinkles standing on this
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complex non-flat surfaces. Two different substraigere in particular employed for the
experimental tests, i.e. a plain glass plate ahdN&O3; substrate, the glass being just adopted as
control and as preliminary samples in order to ustd@d and calibrate the system.

A micro-engineering process made of two steps eraventional photolithography and a standard
periodic electric field poling - was carried outtorpolished z-cut 500um thick LN substrates
(Crystal Technology Inc.) in order to get the abawentioned PPLN. The full process, described in
details inSupporting Informations, affects the structure of the Lithium Niobate s&émpvhich
assumes a square array of hexagonal reversed dgnagirshown in Figure 1(a). As illustrated in
previous works, the use of PPLN as substrate of Bdyers allows to obtain very interesting well
ordered patterns, simply by rapidly heating the @anon a hot plate and suddenly coolingdit-

50]. An example of the built up three-dimensional stinee is shown in Figure 1(b,c), where sub-
hemispherical (b)[41] or sub-toroidal ring-shaped (c) structur@47] occur. Moreover, a
profilometer analysis has been conducted to highlige height profile of the two structures in

Fig.1(b,c) and the result is reported in Fig.1(d,e)

------ Wrinkles profile

Undeformed PDMS profile

2.0 Micro-donut cross-section
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Figure 1: (a)Periodically poled LN (PPLN) substrate (b) PDk&ro-bumps array on Z+ side of the PPLN crystal, i

the inset the focal plane is shown. (c) PDMS douglarray on PPLN Z- side. (d,e) Height profile bEtPDMS

substrate (red line) and wrinkles profile (bluetddtline); (d) doughnuts, (e) bumps.

Successively, such structures were coated with Imit@ugh the process illustrated and
summarized in Figure 2, the final result being fibrenation of 3D complex wrinkled patterns onto
the surface (details can be found in Supporting I nfor mation).
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Figure 2: PDMS wrinkles generation process.(a) A lithium ritdsubstrate is micro-engineered to obtain (bnead
hexagonal domains. (c) A film of PDMS is spin-cahten the substrate (both sides) and heated gemgratiays of
micro-bumps (d) and micro-doughnuts (e). (f) A thager of metal is deposited a PDMS substrate dusirheating
cycle (g), successively the system is cooled {i)s resulting in the generation of a compressitesststate leading to

wrinkles formation. Wrinkles generated on the () &d () Z- side of the crystal.

In Figure 3 are reported images at the microscdpgv@ samples in which Al has been used as
coating, one showing a region of the sample witbraabumps (Figure 3a and Figure 3b) and the
other the micro-doughnuts (Figure 3c and Figure Bd)it is clearly visible, the wrinkles follow

particular patterns by circumventing the regionscarrespondence of the hexagons in case of
micro-bumps (see Figure 3(a,b)) by instead occgiinside the ring in the case of micro-doughnuts
(see Figure 3(c,d)) at the opposing faces of theNPgubstrate. In both such geometries, typically
the wrinkles have wavelength of 10tiB and a height of about u&. It is worth to highlight that

the shape of the underlying hexagonal domainsesf BPLN is still easily visible.



Figure 3: Microscope images of Al wrinkles formation on (aR)MS microbumps and (c,d) doughnuts, with différen

magnification.

In the second experiment, we adopted Au as coatigigl. In this case the patterns were found as
very regular, by also showing a “scaling-down” béir dimensions. How the PDMS structures
influenced the wrinkles formation is quite evid@mthe case of Figure 4(a-d), where the shape of
the hexagonal domains is easily visible thank$é&dgpatial distribution and the localization of the
wrinkles. To highlight the results, the specimdusilrated in Figure 4 was also illuminated with a
HeNe laser (@633nm) and the interesting diffracpattern is shown in the inset of Figure 4a.



Figure 4: Microscope images of Au wrinkles formation on PDBI&ighnuts, with different magnification (higherrito
a to d). The pattern is more regular and with reducedhpitompared to the case of Al as top metal. Thetiof (a)
represents the diffraction pattern generated bysttraple illuminated by a He-Ne laser beam thus sigpthe quite

uniform periodic nature of the wrinkle patterns.

Independently from other geometrical and thermofmaaical parameters that will be analyzed
below through then silico simulations, it appears as evident that the diffee in wrinkling
wavelengths between Al and Au samples is associattte different metal thickness. In fact, it can
be argued that higher metal thicknesses leadsderlavrinkles wavelengths due the cooperation of
geometrical and mechanical parameters, which mdan kindle greater thermal stresses. However,
the interplay among the geometric characteristicsthe thermo-mechanical properties of the film-
substrate system governs the wrinkles formaftid. In fact, by looking at the results found in the
literature , Bowden et a21], with 1 cm of PDMS on glass and 50 nm of Au, cehdy obtained a
wavelength of about 20n: as a consequence, by changing materials andeggesnand applying
(or inducing) different stress levels, one couldagb wrinkles wavelengths from hundrefm
down to hundreds nni52, 53], in this manner paving the way for a controllesgige of the
wrinkling patterns. Therefore, with the aim of gigia predictive tool for anticipating the geometry
of the wrinkled surface and to envisage alternasitrategies to 3D printing, in what follows we
develop and test a hybrid analytical-numerical apph for simulating the response of thin films



adhering on flat and non-flat surfaces, by showiregaccuracy of the outcomes and the robustness

of the proposed method for possible future appboast

2.2 Problem assessment.

Several works have been focused on the role playdte stiffness mismatch of coupled materials
on the surface wrinkling patterns. Nowadays the ivatibns for studying these non-linear
phenomena have arisen due to the wide innovatigkcagions occurring at different scalgs}, 55]

and, with the aim to predict and control the wringlformations, a large literature exists reporting
both analytical and numerical approacft.

To analytically model wrinkling phenomena and ggumlitative and quantitative insights into
amplitudes and wavelengths of films adhering tmdefble supports, some hypotheses are usually
introduced by considering the substrate infinitelgpth and the elastic film in plane-strain

conditions. If the deposition is assumed to occtiruaiform temperaturel, and the drop

temperatureAT is applied for inducing compressive stress states, wrinkling is essentially
governed by the mismatch between the thermal expansoefficients of substrate and film,

Aa=a,—-a,, and the mean value of the equi-biaxial compressivess in the fiimg,, can be
evaluated by means of the equatibn|:

0,=(E, /1-v,)banT (1)
whereE, andv, are the Young's modulus and the Poisson’s ratitheffilm, respectively (the

corresponding coefficients for the substrate befngandV,), and o anda, are the thermal

expansion coefficients of support and film. In tinay, the instability is triggered by dormant
plane strain, characterizing the early stage ofrtfe@motonic deformation process, followed by an
out-of-plane film bending that can be well desailyy theFoppl-von Karmarequationg5]. By
linearization of these equations, the problem redutm seek eigenvalues and eigenvectors that
finally permit to estimate both the critical comgsere load at which the film buckles and the
wrinkling wavelength as functions of geometricatlanaterial properties of the system, through the
formulas[58, 59]:

o =5 A (e v (e v ) ) (e ) s B )

The critical drop temperaturdT_, needed to produce the compressive stress at wheHirst

bifurcation of equilibrium occurs, thus inducingimkling, can be obtained by equating thesitu

stress to the critical one f&9, 60]



73 2\% 2\
33(1-v, ) (E./1-v2)?(E,/1~v,
% =00 = Al = (( 4EA)a( : ) )

®3)

Although the above recalled formulas can be effetyi used to roughly estimate the onset of
instability in simpler cases, they are however fficignt to predict formation and progressive
evolution of wrinkling when the meddling of non-hogenous boundary conditions, non-flat shape
of the substrate, material and geometrical nonfitiea lead to combined modes which draw
complex out-of-plane deformation patterns. Actuabpth substrate nonlinearity and pre-stretch
could influence the instability onset and the etiolu and the shape of the wrinkling modes as
compression increases beyond the critical bifuocatbad[55, 61]. 2D and 3D models have been
addressed in literature, where computational sir@$ebased on numerical algorithf62] or
making use of Finite Element-based codes to perfoumerical analysef60, 63-67] have been
adopted. Howeverin silico simulating with sufficient accuracy wrinkling in rde-dimensional
film-substrate systems is to date still a diffictdsk, the analyses being significantly preventgd b
the need to generate mesh with an extremely latgeber of elements to compensate the size
discrepancy between the thicknesses of the thm &hd of the thick (bulky) substrate. In this
framework, several approaches have been indee@ssdt to limit computational co$g5]. More

in general, wave patterns also depend on the ha$peesent on the surface substrate and therefore
the numerical routines have to hd hocdesigned to capture unexpected transitions framlawn
nucleation of swollen loci and disordered deformatinodes to strongly ordered wave patt¢68s

69], as observed during the formation of micro- andor@arinkling in thin metal film adhering to
irregular elastic suppor{89, 64, 69-71]. However, as a matter of fact, only relatively flt@rature
works have been spent so far to characterize noalgrithe unstable behavior of thin film bonded

to an irregular non-flat substratsy, 72, 73].

2.3 Hybrid analytical-numerical approach for thiiniis wrinkling on elastic substrates.

To overcome the intrinsic computational limitationg the previous approaches and faithfully

simulating the nonlinear post-buckling behaviotthih layers adhering on a bulky elastic substrate
with possible surface bas-relief is still a chafjery task{66].

A thin shell representing the metal film deposited a polymeric substrate, incorporating

membrane and bending capabilities, is here coupitid a three-dimensional array of nonlinear

springs a-priori designed to be both elasticallyieglent to the mechanical response of the bulky
substrate and capable to somehow include the abtwaidary conditions. In this way, under the

hypothesis of perfect bond at the interface, thetctable and flexible film kinematics depends on
9



how the film middle surface elastically interactghmhe support, whose behavior is to this end
reduced to that of a three-dimensional networkaflimear elastic springs derived by generalizing
the Winkler-Pasternak foundation model through hgemization techniqud3§4-76].

In particular, the overall mechanical behavior lué substrate along the vertical (orthogonal to the
film-substrate interfacial surface) and the horiabriparallel to the interface) directions has been
first obtained in closed-form in terms of out-o&pk and in-plane equivalent nonlinear stiffness
properties, by implicitly taking into account thraposed constraints at the basis of the substrate. A
mentioned above, this strategy allowed to avoidettteemely onerous computational costs required

by other modeling approaches which, by couplingktsubstrates to thin films, forced to solve a

number of equations of the order of ab(t, with additional time-consuming calculations nekde
to include nonlinearities. The generalized Winkkarsternak models were then specialized to bi-
material strata, in the cases at hand the firstgomade of a polymeric (PDMS) layer and the other
one of a stiffer (glass or Lithium Niobate, LN) sifate. Two different assumptions have been
made to attribute proper stiffness values to thewvoek springs families, by considering a
transversal order of springs interlaced with veitic positioned ones obeying the Reuss-based

(harmonic or sub-contrary mean) stiffness estinmatgpresenting the two materials met along the
z—direction. In what follows, the PDMS layer of thiessH  is namedsubstrateand denoted
with the subscrips, while the subscriphb (basi9 refers to the stiffer bulky substrate materiaksy

glass or LN in our cases, whose thicknessHs=H —-H (see Figure 1(a)). Preliminary

calculations lead to so find the stiffness constamtK_=EtL' and K, =E;tL;', E; and E,

being the Young's moduli of the two strata dntthe in plane depth of the system. Furthermore, by
assuming perfect bound at= H and piecewise linear functions to describe thengpnetwork
lateral expansion, an energy-based procedure alldwe&etermine the overall transverse stiffness
as (see Figure 5(b))
- _Hd E.(4HE - 4HE+3HE)
ransv 12L,(H E, + H,(E,- E,)

(4)

Coherently with several work®5, 56, 57, 72], the nonlinear contribution of the polymeric PDMS
layer was modeled by starting from a generalizeotiHeokean hyperelastic law, with the strain
v, E

Hs )

energy function (SEF) written aBNH:%(Il—3)+2i2,(J 20 -1), with B=1 :2(1+|/ )’ll

-, '
and J being respectively the first invariant of the tigbauchy-Green tensor and the Jacobian of

the deformation gradieri77]. By following this way, for the generi¢—th spring of the three-
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dimensional network one finally obtains the explexpression of the nonlinear stiffness along the
direction normal to the film-support interface aidws:

e G mEEraued) :/[(HSL)Jr(H—HS)LJ o
norm norm 2 ' norm
3(L; +u,) Et E, t

U, being the displacement along tlze-direction andL; the equivalent spring length. The so
defined neo-Hookean behavior is shown in Figurg,3{g considering material incompressibility
and a spring length of abodt8 ymrepresenting the PDMS mean thickness.

At the end, a parametrical description of possimde-reliefs has been considered to take into

account the peculiar geometry of film-PDMS intedaghen the polymeric stratum is deposited on

a non-flat solid substrate.

a) In-plane linear springs (COMBIN14) did
("] Shell element (SHELLI181 4 ey
Multilayer cross section shelclement ( ) : R -_d,+d
- g — ! 2
., _HTE,
L 4 K, K, d, K 5d
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. p g T
P K, F Kiasy, e
— 0 o ANAAA o0y . . x  -HUE
[ . ‘ d )
Polymeric layer H ‘N A I &z K = H1E,
K] B . 5
| | Out-of-plane neo-Hookean springs (COMBIN39)
Kl\
H
Stiffer substrate H-H, N . -~ ' Kaom Kaorm
(K] | . | f {
K, |
| - -
Kn. ol = ‘
/| 1
| t | Ko —[_ﬁ‘ +H, ] x nH(u,,L,)
l." l: E~ l/ lr El) )
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Figure 5. Sketch of the hybrid analytical-numerical (FE)dabng approach: a) lateral view of the multilagebstrate
(polymer and stiffer strata) with the at the bagiastraint (left) and equivalent discrete systermgfarallel transversal
springs incorporating strata stiffness and defoignatnodes compatible with the boundary conditiamgh(); generic
Finite Element shell element (thin film) with ingsle (b) and out-of-plane (c) nonlinear springs anting for the

interaction of the thin film with the soft polymersubstrate.

2.4 Finite Element simulations.

Numerical simulations have been conducted with dite of the commercial FEM-based code
ANSYS®[78], by first performing static analyses and includiagge deformations, homogenized
hyperelastic behavior of the substrate and nomnlipeat-buckling of the Aluminum film. To model

11



the actual cases and to interpret the related empatal results, three types of geometries have
been in particular considered:sample planarsurface and both so-calledicro-donutand micro-
lensshaped surfaces.

To model the surface imperfections and slight fithmckness variability resulting from the
technology used for deposition of thin aluminumelisyon PDMS substrat¢g9], an automatic

procedure wasd-hocemployed for randomly changing the thickness othelBE shell element,
with thickness variationAt ranging within the interval-t x0.1t x 0.1), t being the mean

reference (nominal) thickness. The randomly geedrilim imperfections have been used to trigger
instability phenomena prodromal to film wrinkling the non-linear post-buckling simulatip80],

by preliminarily checking the independence of eigdues and eigenvectors with respect to the
random thickness variation assigned, to so avojknfection-guided deformation pattelfigs] and
prevent qualitatively false results. In particuléor obtaining faithful results, robustness of the
modeling strategy and computational cost effecegsrof the numerical FE analyses, the minimum
mesh size was roughly estimated through the valwezitical wavelength expected from eq.2, by
then considering at least four elements along eschsoidal wave. In the case of 3D shaped
substrata (lens and donuts), the rule-of-thumb ebmentioned appeared to be not sufficiently
accurate for predicting the proper number and sizénite elements and therefore preliminary
numerical eigenvalue analyses were consideredain@e the final model discretization.

Symmetry was exploited to further reduce computatioccosts when not interfering with non-
symmetrical wrinkling patterns. As suggested by &aal.[65], a thermal load drophl,, capable

to put under compression the structure was thetieaband the related thermal load amplification
factor was evaluated through a preliminary eigamwabuckling analysis. Finally, by essentially
following the way suggested [63] to avoid convergence problems, artificial dampiogés were
added to the equilibrium equations for stabilizihg wrinkling process.

In Figure 6 the details of the geometries and tBarfesh parameterized are shown. In Figure 6 (a)
1D (spring) and 2D (shell with membrane and bend@zgures) finite elements and mesh adopted
to replicate the 3D problem are described, whilBigure 6(b) a zoom of the springs distribution to
model film-substrate interfacial behavior is repdrt

The zooming in Figure 6 (c,d) highlights the thieka imperfections obtained by lunching the

already mentioned random procedure used for theique analyses. As above, symmetrical
boundary conditions were hence applied at the edfyjd®e model, with the drop temperatulé,,

introduced to generate the in-plane compressive standition, adopting an eigenvalue buckling

analysis to estimate critical stress values. Themgdry of the donuts and micro-bumps was

12



virtually reconstructed in the simulation by cugtia sphere of radiuB, (see Figure 6(e,f)), in this

way preventing any discontinuity along the surfatesvolution that could give rise incorrect strain

localization and wrinkling onset.

3D-2D hybrid semi-analytical flat model (a)| Spring structure (b)

#3600 shell elements
#18121 spring elements

3D-2D hybrid semi-analytical donut model | (¢) | 3D-2D hybrid semi-analytical bumb model (d)

05

#22857 shell elements #9550 shell elements

#18284 spring elements #76354 spring elements
" = = : =P
Donut cross-section profile sketch (e)| Lens cross-section profile sketch ——— ()
- R - —— R
i -
P = ' R, s i .
! hf e, 1 e ghic -
[}
s R sk - R -
) ; Rin
- R L2 - = | 1.2 -

Figure 6: Details of the geometries and the FE mesh parainete a) 1D (spring) and 2D (shell with membrane a
bending features) finite elements and mesh addpteeplicate the 3D problem; b) distribution of tgrings to model
film-substrate interfacial behavior; "donut” (c)datbump” (d) FE model and related geometrical patenzations (e,

f).

3. Results and discussion

To analyze wrinkling occurring in thin aluminumnfis adhered on a thick compliant substrate
induced by heating/cooling phenomena due to the fileposition process, nonlinear (post-
buckling) numerical Finite Element-based (FEM) grat were conducted in a 2D-3D hybrid way,
that is by uploading the results obtained througd homogenization of the substrate elastic
response derived by modeling it as a bed madetufea-dimensional network of nonlinear springs
in the FE model of the thin film-substrate system.

The post-buckling behavior of a flat model was s&ddas first, to appreciate the capability of the

proposed procedure to capture both the wrinklingebnand the deformation evolution. As
13



previously said, a perfectly flat thin film modebrided on a 3D generalized Winkler-Pasternak

nonlinearly elastic bed was thus considered, ramgil@ganerating a distribution of film thickness
imperfections with amplitude; - initially set equal to 1um - to incorporate the actual
inhomogeneous variation of the film thickness daetlie deposition process that in turn will
activate the post-buckling phenomenon. The resultserms of vertical displacementd, are

shown in Figure 7, where it is also possible tdofel how the instability-driven deformation
profiles grow and organize as the overall compvessbad increases in the film. Although the
response has been verified to result as essenimalifferent to the family of randomly generated
film thickness imperfections in qualitative and gtieative terms, the results nevertheless suggested
that the imperfection overall plays a crucial roidoreaking the symmetry and triggering the out-of-
plane bending deformation, also ensuring to notestenating the actual critical compressive load
at the onset of instability. The employment of bdtimematical (large deformations) and
constitutive (hyperelastic) nonlinearities into thenulation lead to reach the final equilibrium
condition after 46 sub-steps, corresponding to alwmly few seconds of process by using a
standard dual-core processor and a commercial Péhinea Around the3-th sub-step, the stress
state in the film equates the compressive criticed and at early stage disordered and uniformly
distributed wrinkle nuclei appeared as jeopardizisters. As the load progressively increased, the
isolated deformation bubbles ceased to be seggditeir boundaries growing and the minimum
elastic energy driving close bent regions to irgergsee circled in red zones in the insets offléigu
7), finally forming ordered albeit not symmetricakrinkle patterns with clearly recognizable
families of almost parallel wrinkles aligned in fomain different directions. At the end, these
patterns stabilize their drawing in a labyrinthelishape, as well as the related average wavelength
sizes, wrinkles slightly increasing in amplitudettwdifferent inward and outward displacement
magnitudes, as somehow expected as a consequerthe bfperelasticity of the substrate (see
Figure 7, sub-step#46).The whole wrinkles formapoocess, i.e. 46 steps, is reporteiVliovie 1.

Our pattern morphological evolution can be compaxiti some literature results, obtained with
other computational strategies, for instance by nduat al [62], in which, under biaxial
compression, the film preferred a checkerboard kling pattern at lower overstrain. Importantly,
Figure 7 shows that, by comparing theoretical oues with experimental findings, an essential
agreement can be traced both in terms of wrinldé&riutions (whose pathways are highlighted in
dotted black and yellow lines for the numerical aperimental situations, respectively) and

wavelengths, as explicitly indicated in the Figdre
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U, displacements [jum)] sy Experimental results

Substep #8

Substep #11

=23-40 um

Exp

Substep #16

Substep #235 Last substep (#46) _

-2.0838 -1.17385 -.263902 646047 1.556
-1.62883 -.718877 .191072 1.10102 2.01097

Figure 7: Synoptic table of the hybrid modeling results fibms on flat (glass) substrates: numerical (ilicsi FE
simulations) vs experiments (top-right), where gehé wrinkling wavelengths and orographic profilean be
appreciated; sequence of the analysis sub-steparrims of out-of-plane displacements, with randorleation and

progressive ordering of final wrinkles patterndt(nd bottom sides).The entire process is shovwwidmie 1.

By following the analogous line of reasoning addpi@ analyzing wrinkling in flat thin films, the
nonlinear response of teicro-donutshaped model was then investigated (see Figureos)this

case, a thinner film was considered with a thickresund 0.2um, preserving the regularity of the

element shapes by using a finer element size td tesmicro-donut surface. As highlighted by the
zooming in the Figure 8, the film thickness impetiens were again considered by randomly
modulating a slightly oscillating value to takedrdaccount the real spatial film thickness variation
intrinsically induced by the deposition process.it&ile symmetrical boundary conditions,

compatible with both constraints and periodicitytiod micro-donut shaped regions, were applied at
the edges of the selected square unit and a tetnperdropAT, was applied to the model for

ingenerating in-plane compressive stress stateittomsl The post-buckling response is shown in
Figure 8, where wrinkled micro-patterns formed dgrprogressively increasing compressive loads
can be appreciated. In this simulation the stablglierium condition was reached after 37 sub-
steps: in particular, as highlighted by the seqaeoicimages at different intermediate sub-steps
(equivalent to time steps), the wrinkles start safgdy and almost consecutively to then move

radially from the central zone and the outmost &mnof the donut (see sub-step #13 in Figure 8).
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By obeying the minimum energy principle, these gratt gradually and simultaneously grow to
invade the intermediate regions, successively cdmwetogether starting from sub-step #20. The
simulation highlighted a hierarchical generationnoinkles - probably influenced by the curvature
of the surfacd82] - with unstable phenomena and ripples (see the zonled by the red lines in
Figure 8) that at the end progressively stabiligedtawing the patterns shown in the figure. The
complete sequence is shownMiovie2.

As in the previously case, the numerical resultseweompared with the experimental ones,
registering agreement both in terms of wavelengtits wrinkling shapes, as highlighted by means
of the yellow and red dotted lines in Figure 8isltworth to notice that, as seen in the zoom in
Figure 8, the wave patterns run along several tiimes: from the center to the donut outer radius,
the waves mainly run radially, whereas hoop-dirdcteaves form along the internal and the
external donut circumferences, smaller radial pastestarting and smoothly vanishing from the

external donut fence by approaching larger aredswa wrinkles.

Figure 8. Synoptic table of the hybrid modeling results films on PPLN/elastomer donut-shaped substrates:
numerical (in silico FE simulations) vs experimefitp-left), with a particular of the wrinkled stture (top-right), in
which coherent wrinkling wavelengths and detailsoodgraphic patterns can be visualized; sequendbeofinalysis
substeps in terms of out-of-plane displacementsr{ivl ovie2), with localized wrinkles onset and evolution todsthe

final topologies (bottom).

To verify that the imposed symmetrical boundaryditons applied to this numerical model and

the choice of the periodic unit did not affect thesults in terms of wrinkling shapes and
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characteristic wavelengths, a further FE model dageloped by selecting a different modulus of
the donut-shaped periodic structure, then applymdt symmetrical boundary conditions at the
edges, as well as the same loads of the complemesase already studied. The results are shown
in Figure 9. Therein, it is possible to observd,tiraboth the modeling cases of Figures 8 antié®, t
wrinkling patterns are found to be essentially shene and the outcomes well replicate the actual
experimental deformation profiles, as highlightedthe second case through the yellow and the

blue dashed lines.

4-donut 3D-2D hybrid semi-analytical
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Figure 9: Results from hybrid modeling of films on donuagled substrates by considering a different unhefsame
structure as in Figure 6: the results in terms attgun formation and evolution essentially repkc#tose already
illustrated in Figure 6, highlighting the effectiess and the robustness of the proposed strateigh dibes not depend

on the "window" selected to analyze the problenpfniodically arranged structures.

Finally, a nonlinear post-buckling analysis wasfe@ned for themicro-lensmodel in which the
geometrical setting, shown in Figure 10, was deyedioaccording to the experimental measures. On
the basis of the geometry of the surfaces, to awigghificant errors in predicting wrinkling
formation, particular attention was devoted in ttase for determining the maximum element size
in according to the expected wavelength value, leepiori evaluated by means of the rough
analytical equation available in the literature,doyisidering an aluminum thin film with a thickness

of about 0.2mdeposited on a PDMS substrate.
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Substep #4 Substep #8 Substep #15 Substep #25

AL

-1.4798

-.996175

-.512555

-.028934

.454686

.938307

1.42193

1.90555

=8~15um 2.45826 UZ displacement [Lm]

Num

Figure 10: Synoptic table of the hybrid modeling results fitms on bump-shaped substrates: experiments (fmetto
left) vs FE simulations (bottom-right), with the gsence of the analysis substeps showing of outaofep

displacements, from the formation to final orognafiop and right), reported i ovies 3.

Under the drop temperature considered, the equitibicondition was reached after 65 sub-steps
(seeMovie3). The results showed two main families of wavese made of a radial pattern starting
from the outer side of the lens and another charnaetd by somehow concentric waves invading
the central region of the lens, with decreasingldaoge from the outer to the inner part of the lens
but essentially preserving the same constant wagtie The time-histories of these patterns can be
appreciated by following the sequence of imagesrted in Figure 10. Therein, a first instability
phenomenon starts on the circular edge of the (s substep #4), then new wave patterns extend
radially (see substep #8 to #15), successively ldmy/bplitting when their length increases (see
Figure 10, sub-steps from #25 to #$8)-82]. Additional remarks can be made by observing how
the hoop waves, during the progressive compredsiae increase, tend to separate, this being
probably at the basis of the wave fragmentatiomdeshe lens resulting from the experimental
evidences. By comparing the theoretical outcometh \he experimental ones, a substantial
agreement can be still established between thetarins of wrinkling patterns and quantitatively,
by measuring the corresponding wavelengths. Aparh fthe formation and the evolution of the
wrinkles, it is worth to highlight that the numeaianodeling well captures a crucial feature of the
actual system response, that is the polygonal skizgtetends to assume the wrinkles drawing
around the lens border, a fact that supports tfextefeness of the proposed strategy in catching
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actual behaviors that the symmetry of the problémemvise would obscure and the sole eigenvalue

analyses could not recognize.

4. Conclusions

In this work we have shown metal wrinkling formation PDMS flat as well as complex structures
built up on PPLN substrates. These patterns andetelution in time seem to be well predicted by
the proposed hybrid analytical-numerical approdtte results reported here demonstrate that onset
of instability, wrinkling formation and evolutiomithin metal films on flat surfaces, as well as in
presence of surfaces with periodic three-dimensiprddiles, can be all predicted with sufficiently
good accuracy and relatively modest computatioastscby introducing a hybrid strategy in which
the film-substrate interaction is obtained by udiog in a Finite Element model aad hoc
conceived three-dimensional network of nonlinearings of which the analytical response is
derived by means of a homogenization procedurerpacating the boundary conditions. The
theoretically obtained outcomes from numerical $anons for three different and relevant cases of
interest, compared with the corresponding expertaeleasults, have shown the actual capability of
the procedure to catch both qualitative and quatnteé features of the response of the systems.
Noteworthy, the intermediate stages of the progressvolution of complex wrinkling patterns
were also achieved, these phenomena generallymgmgainpredictable by the sole weapons of the
classical eigenvalues analysis. We believe thaptbposed strategy might be helpfully utilized for
predicting hierarchical organizations of wrinkleaaings, analyzing post-buckling phenomena in
thin films governed by multi-physics events andisaging optimization protocols to design special
wrinkling-folding structures at different scale &s, by so paving the way for valid alternatives to
3D printing and other related emerging proceduoesonstruct micro- or nano-curved surfaces for

several engineering applications.
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Moviel: Numerical in silico FE simulations of the elastonverinkling formation process and
evolution on a glass substrate.
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Movie2: Numerical in silico FE simulations of the wrinkgjrformation process and evolution on
the PPLN covered by PDMS donuts.

Movie3: FE simulation results of Al film wrinkling on bumghaped substrates.
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Highlights:

We investigated the experimental formation of wrinkled patterns achieved on periodic
structures,

Different parameters (substrates, coating metals and shapes) have been analysed;

An Hybrid analytical-numerical strategy was proposed to predict the onset, evolution and
stabilization of wrinkling in thin metal film adheres on compliant 3D-shaped substrates.

The results might be helpfully utilized for predicting hierarchical organizations of wrinkle
patterns



A Cutolo: Software, Formal analysis

V Pagliarulo: Investigation, Methodology, Data curation
F Merola: Investigation, Methodology, Data curation

S Coppola: Validation

P Ferraro: Supervision, Conceptualization, Writing

M Fraldi: Writing, Conceptualization



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




