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Elastomer polydimethylsiloxane (PDMS) films with embedded in-plane gradient stress are created by making

PDMS/(PDMS+silicone oil) crosslinked bilayers and extracting the oil in a suitable organic solvent bath. The collapse of the

elastomer after oil extraction generates differential stress in the films that is manifested through their out-of-plane

deformation. The curvature k of narrow stripes of the bilayer, which is composed of layers of approximately equal

thicknesses and elasticity moduli, is satisfactorily described by the simple relationship x = 1.56H~%, where § is the

mechanical strain, and H is the total thickness of the bilayer. Curvature mapping of triangular PDMS plates reveals the

existence of sphere and cylinder types of deformation at different locations of the plates. Various 3D-shaped objects can

be formed by the self-folding of appropriately designed 2D patterns that are cut from the films, or by nonuniform

distribution of the collapsing layer. Thin PDMS bilayers with embedded stress roll up into microtubes of almost perfect

cylindrical shape when released in a controlled manner from a substrate.

1. Introduction

Residual mechanical stress in thin solid films gives rise to a
number of interesting phenomena, such as buckling or
wrinkling of films that are attached to compliant substrates.
When the in-plane stress is not homogeneous across the film’s
thickness, the resulting internal
effects that include the spontaneous curvature of free-

bending moment causes

standing films. A good example of what this looks like can be
seen from fallen leaves of certain tree species1 which curl up
due to differential contraction of the drying leaf tissues.” The
vertical gradient of in-plane stress often arises in different
types of artificial films. Thus, epitaxially grown semiconductor
heterofilms develop the gradient due to the misfit of crystal
Iayers.?"7 In
bimatallic Cr/Cu strips, produced by a thermal evaporation

lattice parameters on the top and bottom

approach, a reversible strain is generated in the course of
oxidation/reduction cycles of the Cu Iayer.8 In polymer films,
spontaneous curvature can be induced by unequal swelling of
chemically distinct top and bottom layers in a suitable
solvent.”™ For instance, in the polystyrene/poly(4-vinyl
pyridine) bilayers that are immersed in acidic water, curling

? Institut de Science des Matériaux de Mulhouse, UMR 7361 CNRS-UHA, 15 rue
Jean Starcky, 68057 Mulhouse-France. Email: valeriy.luchnikov@uha.fr

b Karlsruhe Institute of Technology, Institute of Microstructure Technology,
Hermann von Helmholtz Platz 1, 76344 Eggenstein-Leopoldshafen, Germany.
Email: jan.korvink@kit.edu

1 Electronic Supplementary Information (ESI) available: Figures S1-S5, and the

accompanying text. See DOI: 10.1039/b000000x/
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occurs because of the selective swelling of the poly(4-vin,
pyridine) Iayer.g'14 The bending moment can also be generatec
in gradient-crosslinked homopolymer films, due to the
dependence of the degree of swelling on the crosslinking
density.15 Curling of trace paper stripesm'17 and
polydimethylsiloxane (PDMS) beams'® was induced by non
homogeneous swelling of these materials, exposed at one side
to a solvent (water and hexane, respectively). Temperature
shape achieved for bilayer
elastomers, ™" comprising of an active layer of either poly(

isopropyl-acrylamide) hydrogel,13 or a liquid crystal
elastomer.” In the former case, the stress is induced by the
reversible phase transition of the hydrogel above 32 °C from ¢
swollen hydrated state to a shrunken dehydrated state. In the
latter case, the temperature induced transition between the
nematic and the disordered phase is accompanied by ti

responsive change was

uniaxial extension or contraction of the active layer. Light cc~
be used as an external stimulus, allowing to relax mechanica’
stress in a light-activated polymer layer, and thus to contro.
the curvature of polymer laminate multilayer composites o
Electrical control of bilayer curvature can be effected via the
. . . 21
volumetric response of the active layer to Joule heating,” <.
due to electrochemical oxidation and reduction volume
. 22 .
change of conjugated polymers.” Finally, curvature can L.
embedded in elastomeric films by a straightforward approac..
which consists in the side-by-side gluing of elongated anc
unstrained films.”*
Recently, the spontaneous or stimulus-induced curling f
bilayer films has attracted much attention as a phenomenon

J. Name., 2013, 00, 1-3 | 1
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Fig.1 Facile fabrication scheme of PDMS films with spontaneous
curvature (a-c) and the films acquiring (d) spherical and (e) cylindrical
deformation, depending on the film sample size. The spherically
deformed sample (d) is photographed on a reflecting substrate.

underlying an original method of microfabrication of 3D micro-
and nanoarchitectures from 2D structured films. Rolling-up
epitaxially grown semiconductor heterofilms was explored for
the design of micro-syringes for intracellular microinje(:tions,3
optical resonators,4 radial superlattices and nanorea(:tors,5
tubular compartments for controlled neurite growth,6 and
ultracompact components for on-chip capture and detection
of individual micro-organisms.7 Temperature-stimulated
swelling and deswelling of an active hydrogel layer was utilised
for controlled encapsulation and release of microparticles and
living cells from microcontainers.™ Curling of partially oxidized
PDMS films in chloroform vapour allowed for the engineering
of a microfluidics device combined with a rolled-up electrical
circuit.”

The spontaneous curvature of solid films gives rise to non-
trivial effects such as the transition from spherical to elliptical
deformation modes, which are characterized by the
bifurcation of the spontaneous curvature when the internal
bending moment or film plate size reaches a critical value.'®**

2| J. Name., 2012, 00, 1-3

» This nonlinear geometrical effect is interesting both from
theoretical and practical points of view because it needs to be
understood and taken into account for the reliable design of
micro-objects that are formed by strain-driven self-assembly
Progress in this field could greatly benefit from the existence
of simply fabricated elastic films with thickness variable ir
large ranges (from a few microns to millimetres) and with
spontaneous curvature that can be defined at the moment o*
the films’ fabrication. Such films could be convenient both fo.
experimental studies on nonlinear geometrical effects like
curvature bifurcation, and for the macroscopic modelling of
self-folding of 2D-patterns into 3D objects. In this paper, we
introduce PDMS films that correspond to these requirements.
The permanent spontaneous curvature is achieved due to the
specific bilayer architecture of the films, in which one of the
layers is prepared initially with the controlled stochiometric
addition of silicone oil that acts as a molecularly dispersea
filler. Extraction of the oil in a suitable organic solvent, such a:
chloroform or 2-propanol, leads to the collapse of the upper
elastomer. The in-plane shrinkage is opposed by tnc
underlying second film layer. This gives rise to a gradient
built-in stress and the out-of-plane deformation of the film.
The degree of embedded stress is controlled by the volur
fraction of oil in the composition of the top layer.

2. Results and discussion

2.1 Film fabrication and the bilayer beam curvature.

PDMS films with spontaneous curvature were preparea
according to the fabrication scheme illustrated by Fig.1a-c. The
bilayer film, its top layer containing silicone oil, was immersed
in a chloroform bath to allow the oil to diffuse out of the
elastomer. For the films whose thicknesses did not exceed
2 mm, stationary extraction was achieved within 48 hour:
(Supplementary Information, Fig.S1a). The film was then dried
for a few hours at room temperature to eliminate the solve

before further manipulation. The elastomer tends to restore
its density after oil extraction and drying, at which point it
collapses onto itself. The relative reduction of
dimensions can be estimated as §=1 — (1 — x)/3 , where »
is the volume fraction, x = Vy/(Voi+Vpams), of oil in the film
before extraction. For instance, for x=0.5, the theoretic.
value of the dimension reduction is 6 = 0.21. This is somewh.

lower than the experimentally observed relative lengtk
contraction, 5 = 0.22 (Supplementary Information, Fig.52).
This discrepancy may be explained by the fact that some PDI' -
chains may not be included in the polymer network and ar~
thus also extracted in the solvent bath. Indeed, oil-free PDIvi>
samples (x=0) were subject to a 1-2 % contraction after
immersion in the chloroform bath. The volume fraction of ou.
in the composition cannot exceed approximately x =0.o,

lineal

because above this value the polymer is excessively diluted ir
the oil and does not form a continuous elastomer in the course
of crosslinking. In most of our experiments, the oil fraction .s
within the limits of 0 <x <0.5. At these conditions, crosslinki. _
results in sufficiently firm films.

This journal is © The Royal Society of Chemistry 20xx
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Fig.2 Curvature analysis of PDMS bilayer beams. (a) Normalized curvature
as the function of the ratio of the film thicknesses, at the fixed strain
5= 10.07. Solid line: normalized curvature, F(n,m), according to the
Timoshenko theory (for n=1.5). Dashed line: experimental normalized

curvature, k*. (b) Curvature x= R~! versus strain, normalized by the
total film thickness, H, for almost equal thickness of the layers, h; = h,.
Triangles: experimental values; solid line: theoretical dependence (3).

When the oil-containing PDMS layer is formed above the oil-
free PDMS layer, the combination of strong adhesion between
the layers, and the collapse of the top layer after oil extraction,
creates the vertical gradient of the in-plane strain and bending
moment in the bilayer films, which leads to their out-of-plane
deformation. For a sufficiently small film plate, or small strain,
the film acquires the shape of a spherical segment (Fig.1d)
with unique isotropic curvature, k = R™! (R is the radius of
curvature). Increasing the strain or dimensions of the film
eventually leads to bifurcation of the film curvature, allowing
the film to accommodate a more energetically favourable
182429 \With one of the principal curvatures
growing and the other one diminishing, sufficiently large films

configuration.

take on a cylindrical conformation (Fig.1e). The position of the
bifurcation point depends not only on the strain and
dimensions of the sample but also on the sample’s shape. For
instance, for a rectangular plate, it depends on the width-to-
length ratio of the plate.28

The bifurcation behavior of the PDMS films with embedded
spontaneous curvature will be discussed below in Section 2.5.
Here, we consider the case of bilayer beams (Fig.S3,
Supplementary Information). For the beams, the geometrical
constraints, which are at the origin of the bifurcation effects,

This journal is © The Royal Society of Chemistry 20xx
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h,mm 0.32 0.33 0.33 0.33 0.31 0.32 0.32
h,,mm 0.11 0.15 0.26 0.41 0.63 0.74 1.25
R,mm 28.7 10.5 6.2 6.4 8.6 10.8 80

K,mm”* 0.034 | 0.095 | 0.161 | 0.156 | 0.116 | 0.093 | 0.013

Table I. Bending parameters of a bilayer beam. The oil content in the
second layer before extraction is x =0.2, corresponding to strain
5=0.07

do not intervene and the bilayer is characterized by a unique
curvature radius, which we have measured by fixing the
thickness of the bottom layer, h; and varying the thickness of
the top layer, h, (Table I). According to the Timoshenko bean
theory,30 the curvature is estimated by the formula

K =%F(n,m) (v

where H = h; + h, is the total thickness of the film, and

(14+m)?
nm3+n~Im~1+4m2+6m+4

F(n,m) =

(<

is a dimensionless function of the dimensionless arguments
n=Y;/Y, (here Y; =E;/[1—v], E;and v; are the You...
modulus and the Poisson ratio of the i-th layer), ana
m = h;/h,. The Young moduli of the material of the first of
the second layer are E; = 1.2+ 0.1MPa and E, =08 %
0.1MPa, respectively, as found by the dynamic mechanic.
analysis (DMA). The Poisson ratios are assumed to be equal fo!
the two layers; therefore, n ~ 1.5. Figure 2a confronts F(n, m]
and the dimensionless experimental curvature, k* =k
(hy + h;)/(66), plotted as the function of m. There is a
reasonable correspondence between the theory and the
experimental data for the films, in which the thicknesses of the
layers are almost equal, although for the films with big
difference of the layer thicknesses the deviation of the
Timoshenko theory and our experiment is large. T:'_
discrepancy needs to be explained in the future studies.
Analysis of the function F(n, m) provides valuable information
on the optimal composition of the bifilms. The function has the
global maximum F,,5, = 0.25 at n =1, m = 1. This means that
the bilayer has the maximal curvature when its components
and equal thicknesses. Ti -
maximum is fairly flat (see Fig.S4, Supplementary Information®
the function differs from its maximal value by a mere few
percent when its arguments are within a relatively broac
vicinity of the maximum position. For instanc .
F(0.5,1) = F(2,1) = 0.242..., which is only 3 % smaller than the
maximum value. This is an important fact because it mez...
that the curvature is rather insensitive to the differences in the
elastic moduli of the layers if these moduli are approximate.,
equal. The function is somewhat more susceptible to deviatic
of the thickness ratio m from the extreme value (a 12 %
decrease from a twofold change of the argument). Still, if the
layers have approximately the same thicknesses and elas*':

moduli, the curvature can be estimated as
38

K= (3)

2H

have equal elastic moduli

J. Name., 2013, 00, 1-3 | 3
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Fig.3 Self-folding of 2D figures into 3D structures; 2D figures were
cut from the PDMS film with spontaneous curvature. The oil volume
fraction in the top layer of the bilayer film before extraction was
x=0.2 for (a) and x=0.4 for (b).

This simple dependence fits well with experimental data
(Fig.2b), obtained for the films of almost equal layer
thicknesses, h; = h,, and the initial oil content in the top layer
varying from x=0.1 to x=0.5 (see Fig.S5 and Table SI,
Supporting Information).

2.2 Kirigami of the surfaces with spontaneous curvature

Cutting patterns from a film with spontaneous curvature and
allowing it to relax its mechanical energy can be explored for
the formation of a multitude of 3D shapes. This process
resembles the ancient art of paper cutting and folding,
kirigami.g'1 However, in this case, the pattern on a surface with
embedded curvature takes its volumetric aspect from bending
rather than folding. Two examples of 2D patterns and their
corresponding 3D forms are shown in Fig.3. A cage-like (or
crown-like) form arises from a star-like pattern (Fig.3a). All
parts of the pattern are small enough, in at least one
dimension, that they do not undergo bifurcation of the
curvature upon energy relaxation. To a first approximation,
one can consider the 3D cage form as part of a spherical
surface. More accurate analysis will reveal that this sphere is

not perfect, however, because the central disc has a lower
curvature than the narrow arms of the star, due to geometrical
constraints. Another example is the self-folding of a specific 2D
pattern into a sphere (Fig.3b). Such spheres may have some
practical interest when
containers for living cells® or for drug delivery applications.

scaled down and exploited as

Suppose that the spontaneous curvature radius of the surface
is R; then a sphere is formed by relaxing the pattern, which

4 | J. Name., 2012, 00, 1-3
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Fig.4 Programming of shape of PDMS beams via formation of
localized patterns of PDMS/Silicon oil layer. (a) Bending to discrete
angles; the angle is controlled by the initial fraction of oil in the
PDMS/SiQil film. (b) Beam with alternating direction of bending.

consists of N equal segments (N is an odd number), whose
boundaries are given by

y,f (x)=?ki%cos% (4)
where k runs from —(N —1)/2 to (N—1)/2. The ca
presented in Fig.3b corresponds to N =7. Here again, we
assume that the curvature is consistent over the pattern in the
first order of approximation, which is applicable to sufficiently
small patterns. In principle, curvature bifurcation and the
combination of cylindrical and spherical elements could offe!
many possibilities for the construction of self-folded free-

standing objects.

2.3 Programming 3D objects via inhomogeneous distributir-
of PDMS/silicon oil layer.

The shape of 3D objects can be programmed not only via
specific arrangement of cuts of a uniform bilayer film, but also
via an inhomogeneous distribution of the PDMS+Silicon oi
layer over the PDMS layer. For instance, a PDMS beam can b«
programmed to bend at specific locations by creation of
localized patterns of the PDMS+SiQil, as shown in Fig.4a. The
degree of bending can then be set up by the fraction x of oil i
the pattern. Obviously, the angle o of bending can b~
controlled also by the length [ of the PDMS+SiQil patch,

a = kl, where k is the curvature of the bilayer bea
Moreover, the direction of bending can be alternated by
formation of PDMS+SiQil stacks on different sides of the PDN**
film (Fig.4b).

Uneven distributions of the in-plane stress in the film can lead
to interesting curvature effects even without formation of the
bilayer structure, as was noted for locally growing or shrinkir3
elastic sheets.?%3 Fig.5a illustrates a saddle surface, wh 'h
arises by oil extraction from a PDMS+SiQil disc, surrounded by

This journal is © The Royal Society of Chemistry 20xx
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Fig.5 Forms with non-Euclidean in-plane metrics obtained from films with
inhomogeneous distribution of oil. (a) saddle surface, (b) sphere-like
surface. The oil fraction in the oil-rich regions before extraction is x=0.4. The
diameter of the inner disc is 3 cm. The diameter of the whole system is 5
cm. The film is approximately 2mm thick.

a PDMS belt. If, in contrast, a PDMS+SiQil ring is formed on the
periphery, and the central disc is made of PDMS, oil extraction
leads to bumping of the central part, forming a spherical
surface (Fig.5b). Note that this structure is bistable, since the
bulge can be flipped in the normal direction.

2.4 PDMS microtubes

Scaling down the thickness of the bilayer PDMS films with
embedded curvature can be used for the microfabrication of
3D micro-structures from the material. As pointed out in the
Introduction, microtubes formed by rolling-up strained films
are of particular interest for a number of advanced
applications. Earlier, we obtained PDMS microtubes via
directional rolling of oxidized elastomer films in chloroform
vapor.12 The quality of the tubes obtained by this approach is
compromised by cracking in the oxide layer. Also, the use of
chloroform or another organic solvent in the course of tube
formation is not always convenient and limits the range
applications for the tubes (for instance, for biology). The use of
films with a spontaneous bending moment, induced during
their preparation, permits these drawbacks and limitations to
be easily circumvented. Thin bilayer PDMS/(PDMS+0il) films
were prepared on glass slides covered by a thin gelatine layer,
as described in the experimental section. The gelatine layer
retains the films on the glass substrate when they are dry, but
allows the films to curl when the sample is immersed in water
due to dissolution of the gelatine. The extracting agent 2-
propanol was chosen for oil because it induces less swelling of
PDMS (21 % increase in linear dimension as compared to 39 %
for chloroform34), which avoids delamination of the films from
the substrate during the course of extraction. Qil extraction in
the 2-propanol bath is considerably slower than in the
chloroform bath (see Fig.S1b, Supplementary Information). But
because the characteristic diffusion time is proportionate to
the square of the linear dimension of a sample, and PDMS
films were thin in this set of experiments (H ~17 um), a few
hours of extraction time is largely sufficient for eliminating oil
from the composition. Release of the PDMS films results in
tubes of almost perfect cylindrical shape (Fig.6). The inner

This journal is © The Royal Society of Chemistry 20xx
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Fig.6 A microtube that was formed by rolling a thin PDMS bilayer
with embedded curvature.

diameter of the tubes is of the order of 50-100 pum, and c...
be varied either by the thickness of the films or by the strain,
that is, the oil concentration in the second layer before
extraction. Prior to rolling, the films can be exposed to various
surface treatment techniques, chemical activation, and patte. .
formations,g’14 which makes the tubes of interest to ¢
multitude of applications in microfluidics and related fields.

T, °C Dip, pm Dex, pm
20 152 211
35 155 220
50 152 231
70 157 250
85 151 270

Table II: Dependence of the inner and outer
diameter of a tube on the water temperature in
the course of rolling.

It is important to note that the temperature of the water batk
influences the rate of dissolution of the sacrificial gelatine
layer, and, therefore, the rate of a tube’s formation. Thus, in .
fixed time interval t = 1 min, the tubes form different numbe
or revolutions, resulting in tubes of varying external diameter.
D (Table I1), due to the different number of shells. For

T =20°C, a tube is formed by approximately 1.5 shells, and *
T=85°C, it has 3.25 shells (see Fig.S6, supportin~
Information). The inner diameter of the tubes, D;,, does not
depend on water temperature bath, because it is determined
by the curvature of the PDMS bilayer. The consecutive layer.
are apparently bound to each other by the van der Waau:
forces, which explains why the layers do not slide along eack
other, and the inner diameter does not diminish under the
pressure of the outer layers, whose curvature differs from t” e
equilibrium value.

J. Name., 2013, 00, 1-3 | 5
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Fig.7 Curvature of a square bilayer film, measured at the center of
the sample, as a function of the square side length L. The thickness
of the layers in the bifilms is approximately equal. The oil fraction in
the PDMS/SiOil film before extraction is x = 0.2. Open triangles: total
film thickness is H = 0.8 mm. Filled triangles: H = 1.3 mm. Triangles
pointed up and pointed down correspond to the maximum and the
minimum measured curvatures, respectively.

2.5 Bifurcation analysis of the bilayer films.

As pointed above, the films with embedded intrinsic in-plane strain,
and having comparable width and length, undergo curvature
bifurcation, as the dimension of the film or bending moment
increase.”®*** This phenomenon distinguishes plates from beams,
which are characterized by a unique curvature. Fig.7 shows the
maximum and the minimum curvatures, measured at the centers of
the curved squares (Fig.S7, Supporting Information), for two square

plates, with total thicknesses H; = 0.8 mm and H,= 1.3 mm.

Increasing the film thickness predictably shifts the bifurcation point
to higher values of the square side length, L. The dependence of the
position of the bifurcation point on the geometrical and mechanical
parameters of the bilayer square plates was investigated
theoretically by Salamon and Masters” in the limit of h, < hq, that
is, the second layer being much thinner than the first one, which
can be considered then as the substrate. For this case, their theory
predicts the relation xz = AHL™2, where x3, H=~h;, andL
denotes the curvature at the bifurcation point, film thickness and
square side length, respectively, and A is a parameter depending on
the mechanical constants of the layers (shear moduli and Poisson
ratios) and the ratio of the layer thicknesses. When A is constant, as
in the case of our experiment, then it should hold for any two
bifurcation points (kg H,L2)/ (K, H;L3) = 1. But, substitution of
the experimental data from Table Il in the last expression gives
0.47, which is twofold different than the theoretical value. In fact,
this is not surprising, if we take into account, that the Timoshenko
beam theory for the beams consisting of the layers of equal
thicknesses predicts curvature scaling behaviour k~H~1, while the
Salamon-Masters theory considers the limit, for which the beam

6 | J. Name., 2012, 00, 1-3

curvature is characterized by the Stoney formula® and the
curvature scales as x~H 2.

H, mm 0.8 1.3
Lg, mm 7.5 17
Ks, MM’ 0.09 0.06

Table lll. Geometrical parameters of the square
plates and the curvature at the respective
bifurcation points.

. 18,24-29 .
In past studies, thin plates were assumed to be rectangular o

circular, and it was supposed that the two principal curvatures, x
and k;,, characterize the bifurcation behavior of the entire plate
PDMS films with intrinsic in-plane stress, introduced in the present
paper, allow to investigate experimentally the bifurcation effects o*
the plates of a multitude of shapes. In particular, we have founc
that one and the same plate can contain regions of spherical anc
cylindrical deformation modes, passing by the elliptical one.
other words, a curvature bifurcation transition can happen only ~-
a part of a plate. To illustrate this point, we have prepared from the
1.3 mm-thick bilayer film (characterized by the equal thickness of
the layers, and the initial oil content in the top film x=0.2) a set o
isosceles triangles with constant base AB=30mm and height OH
varying from 100 to 30 mm (Fig.8, inset). After extraction of oil, the
3D-representations of the triangles were obtained using a David 2°
scanner (Fig.8). One can note immediately that the narrow part of
the triangles is bent out of the plane formed by the triangle base
and the triangle long axis. The scans were treated numerically by
the Meshlab free software for curvature characterization. The
boundary points of the scans were removed, and the noise wa:
reduced by applying an embedded mean least square surface
algorithm.a6 Then the triangulated scans were colored according tc
the basic curvature characteristics. Coloring of the triangle with the
largest aspect ratio OH/AB by the values of the principal curvatui ~
k1,Kk,, the Gaussian curvature x;x,, and the mean curvature
(ky + 5,)/2is shown in Fig.S8 (Supporting Information). The
bimodal distribution of the maximal curvature, x;, corresponds to
the concentration of the highest values of the characteristics in the
vicinity of the base of the triangle. This is also the region of
concentration of the smallest values of the minimal curvature, x,
The Gaussian curvature correlates tightly with the minima,
curvature, while the mean curvature is distributed more or les.
evenly over the figure.

The most informative value for characterization of the bifurcati --
the the the
minimalcurvatures, A= k; — k. Color mapping of the samp!~
with different aspect ratios is shown in Fig.9, together with { -

behaviour is difference of maximal and

value histograms. For the two triangles (I and Il) with the highest
aspect ratio, the curvature difference distribution has a distinctly
bimodal character. The largest curvature difference is found in t* 2
broad part of the triangle, while the smallest difference is observ
at the vertex angle of the triangles. As the aspect ratio diminishes,

This journal is © The Royal Society of Chemistry 20xx
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Fig.8 3D-scans of isosceles PDMS bifilm triangles with different OH/AB
aspect ratios.

Ki—K>

OH=100 mm /

75mm

60mm

30mm

Fig. 9 Coloring the scans of the triangles by the difference of the principal
curvatures.

the distribution of A, shifts to the region of smaller values. For the
smallest triangle (IV), which is equilateral, A, is distributed quasi-
randomly over the sample. The distribution of the curvature

This journal is © The Royal Society of Chemistry 20xx
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Fig.10 Correlation of the values of the principal curvatures with the
coordinate S along the triangle long axis, for the triangle with the largest
aspect ratio.

difference over the triangles of the largest aspect ratios allows tc
suppose that the thinnest part at the vertex angle can be
characterized as experiencing spherical deformation (or close
such), while the broad part of the triangle, which is close to t--
triangle base, undergoes cylinder deformation. One can assume
then the existence of the curvature bifurcation point somewhere ~n
the axis of the triangle. This suggestion is confirmed by figure
Fig.10, which plots the correlation of the principal curvatures at the
vertices of the triangulated surfaces and the coordinates S of the
vertices along the triangle’s large axis (see Fig.8, inset). T--
bifurcation seems to take place at % of the triangle height for the
given sample.

3. Conclusion

We have proposed an approach for the design of thin elastic
films with embedded mechanical stress, which results ir
spontaneous curvature of the films. The fabrication procedure
is remarkably straightforward and consists of forming a PDM<
crosslinked bilayer in which the top layer contains silicone on
as the filler. The strain in the bifilm is generated upon oil
extraction in a suitable organic solvent, leading to the collapse
of the top layer onto itself. The lateral shrinking of the top
layer is opposed by the bottom layer, whose dimensions are
almost unchanged by the extraction procedure. The degree »~
stress can be easily controlled by the initial oil content in the
top layer of the bifilm. Elastic bilayers with spontaneous
curvature represent a convenient material for experimenta
studies in the behaviour of thin films with nonhomogenec::-
embedded stress. In particular, they are promising for the
investigation of nonlinear geometrical effects of the curvatt

bifurcation of the films. An interesting problem that could be
addressed by use of our films is the dependence of curvatu:

bifurcation behaviour on the shape and size of film patter: -
Thus, we have found that triangular plates are characterized
by a nonuniform distribution of curvature characteristics, anc
the coexistence of spherical and cylinder deformation mode-.
The PDMS films with embedded stress could also hz e
interesting applications, such as the macroscopic modelling of
3D shapes by self-folding of properly shaped 2D patterns that
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are cut from the films. PDMS microtubes, which are formed by
self-rolling of the elastomer thin films with the embedded
strain, may find numerous applications in microfluidics and
adjacent fields. In the future studies, it will be interesting to
combine our technique of the strain generation via a filler
extrusion with the surface infusion micropatterning method,?’
which consisits in infiltration of photopolymerizable
monomers in the elastomer matrix, followed by UV-light
induced interpenetrating networks formation. Complex
patterns, which can be created within this approach with the
use of photomasks, could enable further possibilities for the
curvature and stress engineering of the elastomer films.

4. Experimental

The lower 0.5 mm thick layer of PDMS (Sylgard 184) was
prepared by pouring a mixture of polymer and curing agent in
a volume ratio of 10:1 into an aluminum receptacle. The layer
was cured at 100 °C for 5 minutes. The second layer of the
same thickness was formed from the mixture of PDMS, silicone
oil (Rhodorsil, 47 V 350), and the curing agent. The mixture
was poured on the top of the first layer and the second layer
was cured using the same conditions as the first. The second
layer can be created also locally on the top of the first layer, as
in the case of discrete bending, shown on the Fig.4a. The
beams with the alternating sign of bending were formed by
creation of the second layer on a half of the first layer, turning
the system by 180° over the horizontal direction, and creation
of the second layer on the second half of the sample. The
second layer should be formed immediately after the
formation of the first layer, in order to avoid contamination of
the interface between the layers, which could lead to reduced
adhesion between the films. Oil was extracted in a chloroform
bath for 48 hours at room temperature. Young moduli of
PDMS with different initial oil fraction were estimated by DMA
method (Mettler DMA 861) at 0 Hz and were found to be
1.2 + 0.1 MPa for x=0, and 0.8 + 0.1 MPa for x =0.2, using
macroscopic elastomer samples. The Poisson ratios for all the
film compositions are supposed to be equal to v=0.5. For
microtube fabrication, glass slides were first covered by spin-
coating (500 rpm, 30 sec) with coldwater fish gelatine w.t. %1
solution (Sigma Aldrich G7041-100G). Then, ~17 pum thick
bilayers of PDMS with approximately equal thickness of each
layer were formed by spin-coating (3000 rpm, 60 sec) and
crosslinking of the PDMS layer, followed by spin-coating (2000
rpm, 60 sec) of the PDMSH+silicon oil layer (50% volume
fraction of oil with respect to PDMS). Both PDMS and
PDMS+silicon oil were thinned by adding toluene in the 1:1
proportion.  Extraction was done in a 2-propanol (VWR
Chemicals) bath for 4 hours. 3D scans of the curved films were
obtained with the use of a DAVID SLS-2 scanner. In order to
enable scanning of the transparent PDMS films, the DAVID
coating spray was applied to the films. Curvature mapping of
the scans was performed by the MeshLab software. Prior to
curvature measurements and scanning, the triangles and other
figures were mounted on a needle (as shown on the Fig.S7

8| J. Name., 2012, 00, 1-3

(Supporting Information), but in most cases the needle did not
transpierce the sample) and held so that the figure is deflected
from a vertical plane. In this case, gravity creates minimal
bending moments in the films, and the adhesion to a substrate
is avoided. Curvature of the beams was not affected by the
gravity, because their deflection plane is parallel to the
horisontal substrate (Fig.S3, S5, Supporting Information).
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Spontaneous curvature is imparted to
polydimethylsiloxane films by extraction of a filler
from one of the film layers, giving rise to a new
material with self-shaping behavior.
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