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Abstract  Surface wrinkling, a film bonded on a pre-strained elastomeric substrate
can form periodic wrinkling patterns, is a common phenomenon in daily life. In existing
theoretical models, the film is much thinner than the substrate so that the substrate can
be considered to be elastomeric with infinite thickness. In this paper, the effect of finite
substrate thickness is analyzed theoretically for free boundary condition cases. Based on
the minimum potential energy principle, a theoretical model is established, and the wave
length and amplitude of the wrinkling pattern are obtained. When the thickness of the
substrate is more than 200 times larger than the thickness of the film, the results of this
study agree well with the results obtained from the previous models for infinite substrate
thickness. However, for thin substrates, the effect of finite substrate thickness becomes
significant. The model given in this paper accurately describes the effect of finite substrate
thickness, providing important design guidelines for future thin-film-on-substrate systems
such as stretchable electronic devices.

Key words wrinkling, finite substrate thickness, theoretical mechanics model

Chinese Library Classification 0343.3
2010 Mathematics Subject Classification 74A45, 74A50

1 Introduction

Surface wrinkling is a common phenomenon in daily life. Wrinkling instability is usually
considered to be problematic in most applications. However, in some cases, wrinkling can be
used to form unique and useful features in optics, electronics mechanics, etc. The wrinkling
patterns with such features can be used to enable important applications in many fields such
as material metrology and chemosynthesis!* /.

One method to get the beneficial wrinkling patterns with periodical features is using thin-
film-on-elastomer system. A stiff thin film bonded to the surface of a soft substrate, e.g.,
polydimethylsiloxane (PDMS), can buckle to form periodic wrinkling patterns when the sub-
strate is compressed(®). Many methods are used to form such wrinkling patterns. Many studies
have taken the advantage of the surface oxidation of PDMS by exposing it to UV-ozone or
oxygen plasma. These processes create a stiff silica-like material on the surface of the PDMS
to form thin-film-on-elastomer system(” . Another robust and controlled process is to fabri-
cate thin-film structures, and then transfer and print them onto the surface of a pre-strained
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PDMS substratel!2 14, The pre-strain relaxation can compress the thin-film to form wrinkling
patterns.

One important application of wrinkling patterns is stretchable electronic devices. The wrin-
kling of thin monocrystalline silicon thin films on elastomers allows the system to be as flexible
as soft tissues!!5]. Then, it can be reversibly stretched and compressed to large strain without
damage. Khang et al.l'%l and Jiang et al.l'”l produced, for the first time, such systems with
PDMS as the substrates.

A few important mechanics models have been developed to study buckling patterns. A
model based on a linear perturbation theory is firstly established to determine the critical
membrane force causing buckling and the wavelength of wrinkles. In these studies, the wave
amplitudes are not determined!’® 19, A few other theoretical models are then introduced to
further analyze such problems(®®). Based on the one-dimension (thin-film ribbons or uniaxial
loadings on a thin-film plate) model with sinusoidal wrinkles, Chen and Hutchinson[?!l obtained
the wavelength analytically, and found out that, for two-dimension situations (thin-film plate
under biaxial loadings), there were several forms of wrinkles such as labyrinths (disordered
zigzag wrinkles), checkerboard, and herringbone modes. They proved that the herringbone
mode had the minimum energy among all buckling modes. Song et al.[??) established an ana-
lytical approach to study the checkerboard and herringbone buckling modes, obtained the wave
length and amplitude of the wrinkling pattern, and proved that the herringbone mode had
the lowest energy. There are also studies focusing on other aspects of wrinkling system, e.g.,
the effects of the materials of the film and substrate and the wrinkle evolution on viscoelastic
substrates!?325],

From the theoretical analysis for relatively small compression (or pre-strain), the wavelength
and amplitude of the wrinkling pattern are obtained as follows:

A:tf\/i}”e -1, (1)

Tts

Af = Jew (2)
1/3(1 —v2)Eg\ 3
Fae = 4( (1- ugf)Ef ) ’ ®)

where A is the amplitude of the wrinkling patterns, and )¢ is the wavelength. Ef and Ey are
Young’s moduli of the film and the substrate, respectively, and vy and vy are Poisson’s ratios
of the film and the substrate, respectively. t; is the thickness of the film. epy. is the pre-
strain applied to the system, and €5, is the critical strain. It is noteworthy that the buckling
wave length only varies with the material properties (Young’s moduli and Poisson’s ratios of
the film and the substrate) and the film thickness. The amplitude is related to the material
properties, the film thickness, and the pre-strain of the system. When the pre-strain increases,
the wavelength remains constant, while the amplitude changes accordingly.

In most theoretical models, the film is regarded as a plate, and the substrate is usually simpli-
fied to be a semi-infinite elastomer!?6-27] because the thickness of the substrate (centimeters) is
3-5 orders of magnitude larger than that of the film (sub-microns). Huang et al.l*d] established
an analytical model for finite substrate thickness when the bottom of the substrate is bonded
to a rigid support, and obtained an analytical solution for the wavelength and amplitude of the
wrinkles.

In the important applications of wrinkling patterns such as stretchable electronic devices,
the film-on-elastomer system is usually integrated with the biological tissues such as human
brain, skin, and heart. Under such conditions, the thickness of the products should be very
small, e.g., < 100 um. In these cases, the substrate can no longer be treated as semi-infinite.
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Therefore, a model is established to describe the wrinkling system with a substrate of finite
thickness. In this model, the bottom surface of the system is free (see Fig.1).

Yy

A Stiff film

P

1 == :
Flexible substrate j b

Free boundary conditionT

Fig. 1 Schematics of analytical model

2 Analytical model

A Cartesian coordinate system is established with the z-axis on the interface between the
film and the substrate and the y-axis along the thickness direction (see Fig.1). The thicknesses
of the film and the substrate are denoted as tr and tg, respectively, and N = t,/t¢ is the thickness
ratio.

The displacements in the substrate are expressed by the variable separation method as
follows:

us(z,y) = u(x) f(y), (4)
vs(z,y) = v(z)f(y), (5)

where u(z) and v(x) are determined by known boundary conditions, and f(y) is the decay
function which will be solved.
The strains in the substrate can be obtained as follows:

Oug

T — ) 6
= (6)
Ovg
= h 7
ays 8y) ( )
Ous  Ovg

o, = U () f(y), 9)
ey, = v(2) (), (10)
Yay. = u(x)f'(y) + 0" (x) f (y). (11)

The normal and shear stresses can be obtained as follows:
Oy, = Ps1€x, + E325ysv (12)
Oy, = Pis2Eq, + E315y57 (13)

Trys — Gs')/acys- (14)
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For the plane strain case, we have

Es
Es = 1 -2’ (15)
Eyv
Eo — : 16
e= ™, (16)
E;s
s = ) 1
¢ 2(1+v) (17)

where Fg, v, and Gg are Young’s modulus, Poisson’s ratio, and the shear modulus of the
substrate, respectively.
The variation principle for the substrate is expressed as follows:

/ / 8% 87“’“ )Susdady + / / 8% 8%)5vsdxdy_0 "

where

ovs = v(z)0 f(y), (20)

and [ is the length. When only one wavelength is considered, [ = A¢.
Substituting Egs. (4) and (5) into Eq. (18), we get

aqu 87'.@315 8Uys 87—.@% _
/ / o+ o Jutw) + (g O Jute) )y = 0. (21)

From Egs. (6)—(14) and (21), we can obtain a second-order homogeneous differential equation
as follows:

af’(y) +bf'(y) +cf(y) =0, (22)

a =G, / dx—!—Egl/ (23)

!
b= (Es + GS)/O V' (z)u(r)dz + (Es + GS)/O o' (z)v(z)dx

where

1
= (Bs + GS)/O (u(z)v(x)) dx
= (Ex + Gs)(u(D)v(l) —u(0)v(0)), (24)

C—Esl/ x)dx + G / (25)

The eigenvalue of Eq. (22) can be determined by

aX? 4+ b\ + ¢ = 0. (26)
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Thus, f(y) can be expressed by

f(y) = areM¥ + aze?¥, (27)
where
—b+ b2 — dac
Ao = . 2
1,2 9g (28)

At the interface between the film and the substrate y = 0, based on the continuity condition,
we have

£0) =1. (29)

Thus, we get
a1 +ag =1, (30)
fy) = areM¥ + (1 — aq)e*??. (31)

The other three edges are free. Therefore, we can write the corresponding boundary condition
as follows:

/C (03, cOSO + Ty, sINO)Jug + (Tyy, cOs 0 + 04, sinB)dvg)dS = 0, (32)

where Cf means the integration path along the side edges and the bottom. Transforming
Eq. (32) to the boundary conditions along the side edges and bottom, we get

0

0 l
- / 00 u(0)5f (y)dy + / oy ()6 (—te)dz + / ou5f()dy =0.  (33)
0

—1s —1s

From Eq. (31), we have
5f(y) = (MY — e ¥)day. (34)
From Egs. (33) and (34), we get
may +n =0,

where
0

m= — Slu'(O)u(O)/ (eM¥ — eM2¥)2qy

—ts

0
- Sgu(O)v(O)/ (Ale)‘ly - )\ge)‘zy)(exly - e)‘w)dy

—t

!
+ Eg(e Mt — e R2ts) (N e Mts — )\ge_”\zts)/ o (z)v(z)de
0

1
+ Esl()\le*)‘lts — )\264\21&5)2/ v (x)dx
0

0
+ Eslu'(l)u(l)/ (eM¥ — eM2¥)2qy

—t

0
+ Bou(l)o(l) / (eMY — Mpe?2¥) (@MY — eX2¥)dy,

—t



474 Xianhong MENG, Guanyu LIU, Zihao WANG, and Shuodao WANG

0
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Thus, f(y) can be determined if the material properties and wrinkling form of the wrinkling
system are given.
The strain energy of the substrate is

1
U, = 5 //(%56305 + 0y.Ey. + Toy, Yoy, )drdy. (35)

The strain energy per unit length is

1 At 0
Us = / / (02, + Oy, Ey, T+ Tacys%cys)dxdy- (36)
2)\f 0 —ts

All the terms in Eq.(36) can be determined once the material properties and wrinkling
pattern parameters are given. Thus, the strain energy of the substrate can be determined.

The strain energy of the thin film consists of two parts, i.e., the membrane energy and the
bending energy.

According to the continuity of the displacement at the interface, the displacements of the
film are just the same with those at the top of the substrate, which are u(x) and v(x).

For a wrinkling pattern system with sinusoidal wrinkles, the specific form of v(x) can be
easily obtained as follows:

v(z) = Asin(kz), (37)
where A is the amplitude of the wrinkling pattern, and its wavelength A¢ is

21

Af = i (38)
The bending energy of the film is
Ext} /Af d2o(z)\ 2 A’n*Er 4
U, = de = — t 39
2=ai fy Ca ) =" 0" )
where
E
Er= " (40)

1 -y
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To obtain the membrane energy of the film, the membrane strain ¢, must be determined.
The membrane strain can be solved from a model of the elastic von Karman plate??! by

A?7?
Emem = — Epre; (41)
A T
which is constant along the z-axis.
Then, u(x) can also be determined by
u(r) = Emem®- (42)
The membrane energy can be obtained by
Ef Af 9 tf A27.(.2 2
m — mem dx = E ( - re) . 4
U= gy [ etz = (7 -, (13)
The total energy of the system is
Uiot = U + Uy, + Us. (44)

The wrinkling configuration can be obtained by minimizing the total energy with respect to
the amplitude and wave length, i.e.,

aLftot 8l-jtot

oa =0 =0 (45)

3 Results and discussion

The numerical method is used to find the wrinkling configuration under certain conditions.

The material properties in the study are as follows. For the substrate, Young’s modulus
FE5 is 2MPa, and Poisson’s ratio vy is 0.48. For the film, Young’s modulus Ff is 130 GPa, and
Poisson’s ratio vy is 0.27.

As previously described, the key point in this study is the free boundary condition and the
finite substrate thickness. Figure 2 shows the function f(y) for different thickness ratios N. The
vertical axis in Fig. 2 denotes the value of f(y), and the horizontal axis denotes the y-position
percentage with zero for the top surface of the substrate and 100% for the free bottom surface.
Figure 2 shows that, when N is relativity small, e.g., N = 50, f(y) does not reach zero even
at the bottom of the substrate. This indicates that, for small N, the behavior of the wrinkling
system apparently differs from the systems within finite substrate thickness. When N is larger
than 200, the value of f(y) at the bottom surface is very close to zero (less than 5% error).
When N increases to 500, the displacement at the bottom surface decays to almost zero, which
is similar to the case of infinite substrate thickness.

1.0 R — N 50
0.9 ™~ N =100

b —-—-N =200
0.6F " \
(U] AN
04 YN
031\ N Tl
0.2 AN N

0.1 A RIS
0 R

J@

Iyl/ty x 100/%

Fig. 2 Decay function f(y) in thickness direction for various values of N
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The following study is concentrated on the cases of N < 500. Three kinds of film thickness,
i.e., 150nm, 200 nm, and 250 nm, are studied in this paper. With the infinite thickness substrate
model in Ref. [21], the amplitude and wavelength in the wrinkling system can be obtained from
Egs. (1)—(3). For the given material properties, the wrinkling parameter can be obtained as
follows: A =0.974um, and ¢ = 32.9 um.

Figures 3 and 4 show the variations of the buckling amplitude and wavelength versus the
thickness ratio N. It is obvious that when the thickness ratio is relatively small, the results
in this study differ greatly from the results for infinite substrate thickness?!! (20% to 30%
difference). Both the amplitude and wavelength for finite substrate thickness are larger than
those obtained by the infinite thickness model, especially when N < 200. Therefore, the
assumption of semi-infinite elastomer substrate is not valid anymore when N < 200. The results
converge quickly to that with infinite thickness substrate when N > 200. When N > 200, the
decay function (or the displacements) decays to almost zero at the bottom surface, and is
approximately the same as the infinite boundary condition.

60 - —=— 150 nm, finite thickness model 2.0 —=—150 nm, finite thickness model
—e—200 nm, finite thickness model 18k ©—200 nu, finite thickness model
55} —a— 250 nm, finite thickness model . —4—250 n, finite thickness model
-=-150 nm, infinite thickness model 16+ - = -150 nm, infinite thickness model
50 --e--200 nm, infinite thickness model 14+ B : %gg nm, %“?“!Ee E?cl?mness mogei
. 45F - 4 - 250 nm, infinite thickness model E 12L ey S nm, niinite thickness moae
3
\% 40 5 10F o-e 8=
~ 35l 08 b:*:
0.6 |-
s0r 04}
25 02k
1 1 1 0.0 1 1 1
20 100 200 300 100 200 300
N N
Fig. 3 Variations of wavelength versus thick- Fig. 4 Variations of amplitude versus thick-
ness ratio N ness ratio N

A calculation is made with the same material parameters with the previous model. Figures
5 and 6 show the variations of the amplitude and wavelength versus various levels of pre-strain
when N = 500. From the figures, we can see that, when N = 500 or the substrate thickness
is very large, the results obtained based on the model in this study agree very well with those
obtained based on the previous infinite thickness model?!, which verify the validity of this new
model. The amplitude is proportional to the pre-strain, while the wavelength remains constant
for various levels of pre-strain, which are consistent with the expressions in Eqgs. (43) and (44).

1.6
—a— Finite thickness model 1.4+ .
4 —e— Infinite thickness model
1.2
- - 1.0
& < 08
= 3t = L
0.6
04+ —=— Finite thickness model
—e— Infinite thickness model
021
2 1 1 1 0 1 1 1
0.005 0.010 0.015 0.020 0.005 0.010 0.015 0.020
Pre-strain Pre-strain
Fig. 5 Variations of wavelength versus pre- Fig. 6 Variations of amplitude versus pre-

strain strain
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The variations of the amplitude and wavelength with different pre-strain are discussed below
when the thickness ratio is very small, e.g., N = 50. Figures 7 and 8 show that the tendency does
not change when the thickness ratio decreases, indicating that the wavelength of the wrinkling
pattern depends only on the material properties of the film and the substrate. When larger
pre-strain is applied on the system, the wavelength of the wrinkling pattern remains constant,
while the amplitude increases.

40 1.4
1.3F
381
~ 12F
— g
g =
@- 36 =—a—a—a—8—8—8—8—8—8 :C 1.1F
~<
1.0
34
09
32 L 0.8 L
0.005 0.010 0.015 0.005 0.010 0.015
Pre-strain Pre-strain
Fig. 7 Variations of wavelength versus pre- Fig. 8 Variations of amplitude versus pre-
strain when N = 50 strain when N = 50

4 Concluding remarks

An analytical model for the wrinkling of thin-film-on-elastomer system with finite substrate
thickness is established. The wave length and amplitude of the wrinkling pattern are determined
analytically. The results indicate that, when the thickness ratio is less than 200, the effect
of finite substrate thickness becomes significant, and both the amplitude and wavelength are
much larger than those obtained from infinite thickness models. Similar to the case of infinite
substrate thickness, the wavelength is independent of the pre-strain even when the substrate
thickness is very small.
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