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ABSTRACT: Flexible substrates enable new capabilities in applica-
tions ranging from electronics to biomedical devices. To provide a
new platform for these applications, we investigate a composite
material consisting of rigid fiber fabrics impregnated with soft
elastomers, offering the ability to create load bearing, yet flexible
substrates. We demonstrate an integrated and facile one-step imprint
lithographic patterning method on a number of fabrics and resins.
Furthermore, the bending and tensile properties were examined to
compare the composites to other flexible materials such as PET and
cellulose paper. Carbon fiber composites possess a higher tensile
modulus than PET while retaining almost an order of magnitude lower bending modulus. Fabric composites can also have
anisotropic mechanical properties not observed in homogeneous materials. Finally, we provide a discussion of these anisotropic
mechanical responses and their potential use in flexible applications.
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■ INTRODUCTION
Flexible materials are currently in strong demand for a number
of applications, such as flexible electronics and biomedical
devices, which require conformability to surfaces and stability
under large deformations.1−5 In order to satisfy this challenge,
many flexible substrates tend to be very thin to reduce the
strain induced by bending.6−8 Poly (ethylene terepthalate)
(PET)6,9−12 and poly(ethylene napthalate) (PEN)10,13 have
been studied extensively because of their toughness and
transparency. Although PET and PEN have attractive qualities,
there are difficulties with coating these materials, such as
delamination and dewetting.10 Another approach used to
achieve large bending deformations for a flexible substrate is to
use low modulus materials. Silicone rubber compositions based
upon cross-linked poly(dimethylsiloxane), such as Sylgard 184,
(referred to as x-PDMS in this paper) have been demonstrated
in flexible substrate applications because of its ability to
undergo large and reversible strains and its high bending
flexibility.14−18 Rogers and co-workers have elegantly demon-
strated that under appropriate geometric parameters and
processing techniques, x-PDMS can be a versatile platform
for flexible electronics.19−25 Despite the attractive features of x-
PDMS compositions, they have a much lower elastic modulus
than that of PET or PEN, which may be limiting in certain
applications where high mechanical loads are necessary.14,15

To take advantage of both a load-bearing material, such as
PET or PEN, and the low modulus of silicone rubbers,
researchers have integrated stiff materials with soft elastomeric
gels. Materials such as paper26−31 or leather and latex32

embedded in x-PDMS, as well as gels consisting of ionic liquid
and single-wall carbon nanotubes33 have been used as flexible
supports. Moreover, nonwoven and woven fiber fabrics have

also been investigated as flexible substrates. Bae and co-workers
have demonstrated the use of a robust woven glass fiber−
composite system as a flexible and transparent substrate for
transistors and solar cells.34 However, all the aforementioned
findings focus on the device fabrication and lack measurement
on the mechanical properties of the substrate. Furthermore,
these reports discuss a two-step patterning approach that
involves evaporation or printing of materials onto the substrate
rather than directly patterning the substrate material.
In this work, we evaluate the mechanical properties of fabric

composites which can serve as an alternative for flexible,
patterned substrates. In contrast to much of the previous work
where substrates were designed to be either flexible or flexible
and stretchable, we investigate substrates with remarkable
flexibility as well as high in-plane stiffness, a unique
combination of properties that has not been largely
investigated. Further, we demonstrate a one-step imprint
lithographic procedure to form patterned composites which
easily bend but possess high tensile stiffness. Patterned fabric
composites are shown to withstand rapid cyclic loading without
noticeable degradation of the features. By changing the
combination of fabric and resin systems, we demonstrate
tunable mechanical properties including high load bearing
capacity while maintaining a lower bending modulus. Through
this evaluation, these unique properties are discussed in order
to provide new, flexible substrate for various applications.
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■ EXPERIMENTAL SECTION
Materials. Norland Optical Adhesive 63 (NOA 63) was purchased

from Norland Optical. Sylgard 184 PDMS (x-PDMS) prepolymer and
cross-linker were purchased from Dow Corning. Nylon fabric was
purchased from Jo-Ann Fabric and Crafts. Plain weave 1-k carbon
fiber, unidirectional 12k carbon fiber, glass fiber (E-glass), and Kevlar-
Carbon fiber fabrics were purchased from Composite Envisions. F-15
Polyurethane resin was purchased from B.J.B Enterprises. Whatman
filter paper (high cellulose paper) was purchased from Fisher
Scientific. Polycarbonate grating masters were created from
literature.35 Poly(ethylene-co-tetrafluoroethylene) (ETFE) was gen-
erously provided by Saint-Gobain.
Instrumentation. Atomic force microscopy (AFM) was per-

formed on a Digital Instruments Nanoscope III in tapping mode under
ambient conditions. Scanning electron microscopy (SEM) was
performed on a FEI Magellan FE-SEM. Mechanical testing was
performed on an Instron 5500R.
Fabrication of Molds. Rectangular line patterns formed on the x-

PDMS and polyurethane resins were created by using a mold
fabricated according to literature procedure.35 Briefly, a commercially
available digital video disk (DVD-R) was separated in half and the
patterned edge was immediately washed with copious amounts of
isopropanol to remove the organic ink. After drying, AFM was
performed to confirm the removal of the organic ink and the size
dimensions of the lines. For Norland Optical patterning, a daughter x-
PDMS mold was first created by pouring degassed Sylgard 184
prepolymer and cross-linker (10:1 prepolymer-cross-linker) over the

polycarbonate master and then was allowed to sit for 15 min at room
temperature to ensure the diffusion of prepolymer and cross-linker
into the patterns. The total thickness of the x-PDMS replicas was
approximately 1 cm. Next, the uncured Sylgard 184 was placed in an
oven for approximately 12 h at 70 °C to ensure the Sylgard 184 was
cured. Test pattern features, (Figure 2) were fabricated from an ETFE
daughter mold that was formed from thermally imprinting from a
silicon master mold. x-PDMS granddaughter molds of the test patterns
were formed in the same manner as the polycarbonate molds.

Imprint Lithographic Patterning on Fabrics. Using tape, the
fabrics were attached to a sheet of PET to ensure the fabric remains
flat to minimize thickness variations. Next, a resin was poured over the
fabric, and allowed to sit for 1 min to allow the resin to evenly spread
over the surface. The polycarbonate mold was directly applied to the
surface of the uncured resin. Another sheet of PET was placed on top
of the mold and then a slight pressure of 370 Pa (0.054 PSI) was
applied to ensure even spreading throughout the composite. In the
case of polyurethanes, an x-PDMS daughter mold of the polycarbonate
master or an ETFE daughter mold (depending on the pattern) was
used and the composite was allowed to sit for 24 h before removing
the mold. The x-PDMS composites used the polycarbonate master or
ETFE daughter mold directly (depending on the pattern) and cured
for 72 h at room temperature, and then cured in an oven for 15 min at
70 °C. Room temperature cures were preferable because of the
thermal expansion coefficient mismatch between the resins and carbon
fiber. For NOA 63 composites, NOA 63 was poured into an x-PDMS
daughter polycarbonate mold or granddaughter test pattern mold and
exposed under UV (λ = 365 nm) for 15 min, until the pattern was

Figure 1. (a) Schematic of the fabrication of a patterned fiber composite. (b) Picture of a patterned carbon fiber/x-PDMS composite. (c) Cross-
section SEM images of a Carbon Fiber/x-PDMS composite (top), a more magnified image of the resin/fiber interface (middle) and the imprinted
750 nm gratings.
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completely solidified. Next, the same mold was removed from the
cured NOA 63 film. Uncured NOA 63 was then poured on a fabric,
spread, and then the x-PDMS mold that was just used was placed on
top of the uncured resin and exposed to UV light. After 15 min, the
samples were turned over and cured for an additional 15 min to ensure
that the backside of the sample was completely cured.
Mechanical Testing of Fabrics. Bending modulus was measured

in a three-point bend configuration (span length = 1.92 cm) where the
sample was 4 cm in length, 1.2 cm wide, and had various thicknesses
(ranging from 0.1 to 2 mm) depending on the fabric used. The sample
was cycled five times at a rate of 1 mm/min to a displacement of 1
mm. Tensile modulus was measured under uniaxial extension. The
substrates and composites were cut into a dog bone geometry with a
length of 2.6 cm and a width of 0.46 cm and extended at a rate of 1
mm/min until failure.
Cyclic Testing of Fabrics. Rectangular samples (1.2 cm wide × 6 cm

long) were cut and taped in between polycarbonate clamps. One side
of the fabric composite was clamped to a fixed support and the other
end was clamped to a Black & Decker JS660 Orbital Jig Saw. Samples
of x-PDMS, PET, and plain weave carbon fiber-x-PDMS composite
were evaluated in the cyclic testing. Each sample was subjected to 5000
bending cycles in which the patterned features were under
compression, then flipped upside down and an additional 5000 cycles
were performed with the features under extension; both loadings were
performed at an approximate frequency of 10 Hz, controlled by
adjusting the voltage applied to the apparatus

■ RESULTS AND DISCUSSION

The scope of this study was to demonstrate the ability and
advantages of fabrics as a substrate and to understand the
materials properties of fabric composites in order to create
tunable composites for use as flexible substrates. Inspired by
previous work by our team, we aimed to further evaluate the
mechanism in which these composites can be very resistant to
tensile forces but maintain high flexibility.36 Our method of
creating these fabric composites is described in Figure 1a, and
allows for surface patterning via imprint lithography. By
imprinting directly into the resin and curing, stable patterns
are formed without the need to account for surface instabilities
(Figure 1b), unlike many polymer substrates where surface
modification is required to provide stable coatings.9 The
dimensions of the line pattern mold for our sample was
measured by AFM and had a line width of 400 nm with a
periodicity (λ) of 750 nm, a height of 150 nm. After imprinting,
we found, λ remained the same at 750 nm; however the line
width was reduced to 350 nm, Figure 1c. The residual layer of
x-PDMS underneath the patterned face is 38 μm ± 18 μm. An
SEM image of the fabric composite cross section (Figure 1c)
illustrates the penetration of the resin through the fabric and
the resulting line pattern formed on the surface. Imprint
lithography can be used for the rapid replication of features37

and fabrics can in principle be easily scaled to large volumes in
roll-to-roll fabrication processes. Furthermore, this patterning
technique can be extended to a number of fabrics and resins,
shown in Figure 2. x-PDMS and polyurethane are two examples
of thermally curable materials that can be used with various
organic and inorganic fabrics (Figure 2a−f). The formation of a
planar substrate is not limited to thermally cured resins; UV
curable resins such as Norland Optical can also be utilized
(Figure 2g).
To test the stability of the patterned lines under mechanical

deformation, we cycled the composite to a bending radius of
3.1 mm through a rapid deformation (10 Hz) over 10 000
testing cycles (see Figure S2 in the Supporting Informastion).
SEM micrographs of the sample before and after the cyclic

testing show no apparent change in the size or shape of the
patterns after testing (Figure 3). Although the sample was bent
to a small radius (∼3 mm), the maximum strain imposed on
the patterned features was only 5.7% because of this samples
thickness (360 μm), which is well within the elastic limits of x-
PDMS.15,22 Testing the mechanical properties of free-standing
samples of x-PDMS with comparable thicknesses was not
possible due to extensive sagging and self-adhesion in the
flexure test. Furthermore, the features on the patterned
composite did not change regardless if the applied strain was
compressive or extensional.
Next, we compared the fabric composite mechanical

properties to other commonly used materials, such as cellulose
paper, x-PDMS and PET, by subjecting them to tensile and
bending strains (see Figure 4). The tensile modulus (ET) of the
samples was determined from a uniaxial extension test and
measuring the slope of the stress−strain data. The non-
composite x-PDMS (average thickness = 1.75 mm) and PET
(average thickness =0.12 mm) substrates were tested and their
tensile properties were commensurate with previously reported
values with a tensile modulus of 1.2 MPa and 3.7 GPa,
respectively.6,7,13,15,38 Incorporation of x-PDMS into cellulose-
paper caused a reduction in the tensile modulus of the sample
from 1.1 GPa in cellulose-paper (average thickness = 0.18 mm)
to 0.8 GPa in the cellulose-x-PDMS composite (43% vol. paper,
average thickness = 0.24 mm). For composites with non-
ordered microstructures (e.g., cellulose-paper/x-PDMS) the
modulus of the composite (Ec) generally followed the rule of
mixtures39

Figure 2. Macroscopic photographs of some of the fabrics and resins
that can be implemented: (a) E-glass/x-PDMS, (b) Kevlar-carbon
fiber/x-PDMS, (c) plain weave carbon fiber/x-PDMS, (d) Nylon/x-
PDMS, (e) E-glass/polyurethane, (f) cellulose paper/x-PDMS, (g) E-
glass/Norland Optical 63.
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where f is the volume fraction of the fibers and EF and ER are
the modulus of the fiber and resin, respectively. Accordingly, by
embedding cellulose paper in a lower modulus material like x-
PDMS, the modulus of the composite is reduced.
For composites with ordered microstructures, such as those

created with woven fabrics, anisotropic mechanical properties
are expected. The carbon fiber fabrics are composed of 7 μm
fibers assembled into bundles which are elliptical in shape. The
plain weave fabric bundles are approximately 0.5 mm and 0.06
mm and the unidirectional fabric bundles are approximately
1.95 and 0.625 mm, for the major and minor axes, respectively.
A unidirectional carbon fiber/x-PDMS substrate (composite
thickness = 0.45 mm, 22 vol % carbon fiber) was tested in two
directions to examine the in-plane anisotropy. In the first case,
the fibers were oriented orthogonal (transverse) to the pulling
and in the second case, the fibers were oriented parallel (axial)
to the pulling direction. Straining the composite in the
transverse direction distributes the stress between the matrix
and the fibers, causing the deformation to primarily occur in the
soft x-PDMS matrix.39 This allows the composite to deform

easily, similar to x-PDMS, with a tensile modulus of 32.9 MPa.
When the sample was strained axially, the tensile modulus was
6.5 GPa. The significantly higher modulus is due to the fact that
the fiber and resin go into a state of equal strain.39 Since there is
a large modulus mismatch (EF ≫ ER), the majority of the stress
is supported by the fiber. An even higher tensile modulus is
obtained in the plain weave carbon fiber composite (composite
thickness = 0.24 mm, 34 vol % carbon fiber) with a modulus of
10.5 GPa. Here, the weave pattern helps to reinforce the fabric
against tensile strain.40 By measuring the tensile modulus, we
gained an understanding of the energy density that is required
to stretch these composites. To guide material design, we
wanted to contrast this energy storage to the energy required to
deform the same volume in a bending geometry.
The composite bending moduli (EB) of the materials were

determined using a linear elastic relationship for a simply
supported rectangular beam with the load concentrated in the
center as

=E
kL
bt4B

3

3 (2)

Figure 3. (a) SEM image of a plain weave carbon fiber/x-PDMS composite before cyclic testing; (b) SEM image of same sample after cyclic testing
for 10 000 cycles at 10 Hz frequency.

Figure 4. (a) Schematic of the tensile and bending tests and the relevant geometric parameters in those mechanical tests; (b) corresponding tensile
and bending moduli for the composites and samples tested.
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where L is the length of the span, b is the width of the sample, t
is the thickness of the sample, and k is the experimentally
determined bending stiffness of the sample. PET had the
highest bending modulus (6.8 GPa), whereas x-PDMS had the
lowest bending modulus (1.3 MPa), which is similar to the bulk
modulus of x-PDMS. Cellulose paper/x-PDMS composite
modulus (0.6 GPa) was lower than pure cellulose (1.2 GPa),
again due to the incorporation of a lower modulus matrix.
Similar to the tensile testing, the modulus of the carbon fiber
composites was dependent on the direction of the fibers with
respect to the orientation of the span length. When the
composite was bent in the transverse direction with respect to
the fibers, the matrix properties dominated the bending
behavior, and the modulus (7 MPa) approached that of x-
PDMS. However, when the fibers were aligned axially to the
span length, the bending stiffness was raised substantially and
the unidirectional carbon fiber exhibited a much higher
modulus at 1.5 GPa. The plain weave carbon fiber fabric had
a relatively high bending modulus (0.7 GPa); however, this
value is more than an order of magnitude lower than its tensile
modulus (10.5 GPa).
By understanding the differences in the moduli for tension

and flexure, we can implement these properties in order to
design materials for appropriate flexibility. In Figure 5, the ratio

of the tensile modulus to the bending modulus is shown for the
composites and materials tested. As expected, x-PDMS and
PET approach unity as these are homogeneous materials with
no reinforcement or other material affecting the anisotropy of
the film. For these types of materials, the bending flexibility
comes at the cost of reducing the modulus of the material or
keeping a very thin geometry. Both cellulose paper and
cellulose paper/x-PDMS also exhibited a ratio that approached
unity, which was also expected because the fibrous network was
not an ordered microstructure like the other fabric materials.
The plain weave carbon fiber exhibited the largest tensile to
bending ratio of 14.8, which is a combination of several factors
of the composite. Having a matrix with a much lower modulus
is crucial for the fiber composite to retain this high difference of

stretching to bending. The tensile strain is limited by the stiffer
component of the composite when the sample is strained
axially. However, in bending, the composite bending modulus is
not only a property of modulus mismatch and relative volume
fraction, but also the position of the components. In particular,
the position of components relative to the neutral axis is a
factor in determining bending resistance. The neutral axis for
our composites is determined by a relationship

∫ ∫+ =E ydA E ydA 0
A A

F R
F R (3)

where y is the distance of the centroid of the material to the
neutral axis of the composite, AF and AR are the cross-sectional
area of the fiber and the resin, respectively. In our composites,
the neutral axis is centered on the middle of the fabric. When
the composite is in flexure, the fibers are subjected to the least
amount of strain and the matrix will have a larger strain. The
greater strain is therefore present in the lower modulus x-
PDMS, thus requiring little energy to bend to a given radius of
curvature. This allows substrates to possess a higher thickness,
yet maintain similar flexibility.
The anisotropy and direction of the fabric also allows for

stiffness control in the plane of the substrate.41,42 Because of
the symmetry of the plain weave carbon fiber, the mechanical
properties are symmetric within the plane of the fabric. The
asymmetric weave pattern (i.e., unidirectional fibers) allows
these properties to be different within the plane of the fabric,
depending on the alignment of the fibers.41,42 For the
unidirectional carbon fiber composite, there was a substantial
difference between the modulus when the composite was
strained axially versus transversely relative to the fiber direction.
Therefore, if the substrate needs to accommodate strain in one
direction of the plane, it can easily be tailored to do so while
strongly resisting in the other direction within the same plane.
This control of the tensile stress distribution of the composite
within the plane is not available in homogeneous planar
substrates.

■ CONCLUSIONS
We have described a versatile and facile method for producing
patterned, flexible composite substrates. By using imprint
lithography, patterning is incorporated directly into the
composite fabrication step, eliminating the need for planariza-
tion required in conventional flat substrates. These 400 nm
patterns are mechanically stable after 10 000 rapid deformation
cycles in both extension and compression. A number of fabric
and resin combinations were tested to demonstrate the
versatility of this method. Compared to commonly used
flexible substrates, these elastomer−fiber composites have
superior tensile moduli while still maintaining comparable or
superior bending flexibility. By varying the fiber alignment, in-
plane anisotropy was observed in the tensile and bending
modulus that can be easily adjusted by changing the fabric
geometry (unidirectional vs plain weave). We anticipate that
this will provide superior attributes in load-bearing applications
that are not possible with current materials, such as Sylgard 184
(x-PDMS) and PET. Finally, we have demonstrated the
superior in-plane strain resistance that can be achieved while
maintaining high flexibility. Fabric reinforcement provides the
ability to resist tension strongly, yet allow comparable or
superior flexibility given a set geometry. We anticipate these
features to provide robust materials for flexible electronics as
well as biomedical devices.

Figure 5. Graph of the ratio of the tensile and bending modulus of the
materials tested.
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