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Responsive behavior, which is intrinsic to natural systems, is becoming a key requirement for
advanced artificial materials and devices, presenting a substantial scientific and engineering
challenge. We designed dynamic actuation systems by integrating high–aspect-ratio silicon
nanocolumns, either free-standing or substrate-attached, with a hydrogel layer. The nanocolumns
were put in motion by the “muscle” of the hydrogel, which swells or contracts depending on the
humidity level. This actuation resulted in a fast reversible reorientation of the nanocolumns from
tilted to perpendicular to the surface. By further controlling the stress field in the hydrogel, the
formation of a variety of elaborate reversibly actuated micropatterns was demonstrated. The
mechanics of the actuation process have been assessed. Dynamic control over the movement and
orientation of surface nanofeatures at the micron and submicron scales may have exciting
applications in actuators, microfluidics, or responsive materials.

Adaptive materials and devices that
change properties and function in re-
sponse to external stimuli are the focus

of research in fields ranging from medicine and
biology to chemistry, physics, materials science,
and engineering. A wide range of artificial re-
sponsive materials, mostly involving polymers,
has been reported (1–9). Hydrogels are prom-
inent examples of such materials. Their elastic
networks swell in water, allowing one to achieve
the desired degrees of polymer hydration and
volume changes. A variety of gels that are re-
sponsive to humidity, pH, temperature, electric
field, light, and ion strength have been designed
(1–7) and patterned by means of lithography
(8, 9). These responsive gels have been shown to
have potential applications in microfluidics, tis-
sue engineering, and as shape-memory materials,
artificial muscles, valves, and actuators (1–9).

Synthetic routes and fabrication strategies
leading to new-generation, dynamically tunable
materials are often inspired by biological systems
that show a wide range of adaptive responses.
Recently, a number of studies have demonstrated
that various physicochemical properties of biolog-
ical materials that are generally vital for survival
arise from the presence of highly developed sur-
face nano-roughness and exquisite nano- and
microfeatures (10–12). Nano- and microstruc-
tures that develop on the surfaces of gecko feet,
lotus leaves, and cicada and butterfly wings; for
example, provide these organisms with excep-
tional adhesive, self-cleaning, water-repelling,
and photonic properties.

Several efforts have been made to artificially
produce nanostructured surfaces in polymeric
materials that mimic biological structures and
functions (13, 14). The intrinsic flexibility of
polymers frequently leads to undesired design
outcomes, because the features in soft materials
are poorly controlled in general and are often
susceptible to irreversible collapse (15). We re-
ported an alternative approach to the fabrication
of nanostructured surfaces, in which regular
arrays of well-defined nanostructures with fea-
ture sizes of ~100 to 300 nm and aspect ratios
reaching 100 were formed in silicon bymeans of
the Bosch process (16). These structures are
stable and their geometry is highly controlled.
This rigidity, however, makes them unsuitable
for use in adaptive materials and devices. A
more promising approach is to create materials
based on a hard/soft combination that capitalize
on the properties of both elements. Stable super-
hydrophobic surfaces have been fabricated by
using polyelectrolyte multilayers overcoated
with silica nanoparticles (17). Interesting exam-
ples of chemically, magnetically, and light-
responsive photonic crystals, which were made
by dispersing rigid colloidal particles into hydro-
gels, have been reported (18, 19). Rodlike build-
ing blocks consisting of gold and polymer
domains have been shown to self-assemble into
a variety of superstructures (20).

We propose here to use the combination of
soft and hard elements to enable reversible
actuation of rigid surface nano- and micro-
structures that are set in motion by the polymer
layer. We integrated a hydrogel (Fig. 1A) with
an array of isolated, high–aspect-ratio rigid
structures (AIRS) (Fig. 1B) into hydrogel-AIRS
assemblies (HAIRS) (Fig. 1, C to E). The AIRS
provide rigidity, structure, and precision, where-
as the hydrogel provides responsive behavior.

We anticipated that the combination of the two
would offer substantial dynamic responses based
on geometrical rearrangements of the hydrogel-
actuated nanostructures.

To achieve these designs, the hydrogel was
formed in the confinement between AIRS and a
secondary substrate (Fig. 1C) (21). Polyglycidyl
methacrylate (PGMA) partially modified with
acrylic acid, which forms an anchoring interface
that is rich in reactive epoxy groups (22), was
chemisorbed on one of the substrates. A layer of
polyacrylamide gel (PAAG) grafted to the sub-
strate via PGMA was formed by photo- or
thermo-initiated in situ radical copolymerization
of acrylamide and N,N'-methylene-bisacrylamide
as a cross-linking agent (fig. S1). The AIRS used
in our experiments consisted of square arrays of
vertically oriented, uniform nanocolumns with
diameters d = 100 to 300 nm, heights h = 5 to
8 mm, aspect ratios h/d = 15 to 80, and perio-
dicities p = 2 to 4 mm (Fig. 1B).

We developed two hybrid architectures using
either free-standing (HAIRS-1) or attached
(HAIRS-2) nanocolumns. The key element of
the HAIRS-1 design is the use of hydrogel-
embedded silicon nanocolumns that detach from
the original AIRS silicon wafer (Fig. 1D). To
achieve the HAIRS-1 structure (fig. S2), the an-
choring layer of chemisorbed PGMAand acrylic
acid was applied to the second surface, whereas
the AIRS remained unmodified. The prepolym-
erizate solution was introduced between AIRS
and the modified confining surface. After polym-
erization, the two surfaces were separated by
applying shear stress to the “sandwich” that re-
sulted in the complete breaking of the columns
at the base. The detached columns remained em-
bedded in the hydrogel film grafted via PGMA
to the confining surface. This procedure was
followed by rinsing and drying of the hydrogel
to remove unreacted monomers and the sol-
vent, causing the contraction of the film and the
associated slanting of the unattached nano-
columns (Fig. 2, A and B). The surface revealed
domains with non-uniform tilt directions, con-
ceivably induced by inhomogeneity of the
hydrogel film and/or local-surface defects. The
tilt angle a of the columns observed in several
experiments was 608 to 758, and the exposed
length lwas 1.5 to 2.5 mm. Exposure to humidity
led to swelling of the hydrogel and relaxation of
the drying stresses. As a result, the tilted col-
umns moved to their original orientation per-
pendicular to the surface (Fig. 2C). Upon drying,
the columns returned to their tilted state. By
adjusting the humidity level using the humidity
chamber (and thus regulating the degree of
hydration and the related volume change of the
hydrogel), we can control the tilt angle of the
nanocolumns.

To measure the actuation time, the process
was recorded with a high-speed video camera
(21). When a water droplet is placed on a dry
sample, the switching to the perpendicular
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orientation is extremely fast (~60 ms). Movie S1
depicts the process slowed down by about a
factor of 7. The reverse transformation to the
tilted state caused by unassisted drying of the
sample takes ~4 s. Movie S2 depicts the re-
verse process slowed down by a factor of 2.
The latter reorientation can be accelerated, if
needed, by using airflow in the system and/or
by increasing the temperature. The actuation
cycle was repeated on the same sample more
than 20 times immediately after the preparation
and more than 25 times 6 months later. No
deterioration or change in the response time
was observed, demonstrating a remarkable
stability and robustness of the designed actua-
tion system.

When the anchoring layer of chemisorbed
PGMA and acrylic acid is applied to the AIRS
substrate and the confining surface is unmod-
ified, the hydrogel film is grafted to the nano-
structured surface (fig. S2). In this HAIRS-2
design (Fig. 1E), the hydrogel-embedded nano-
columns remain attached to the original substrate
and bend upon the drying of the polymer film

(Fig. 3A). The actuation cycle is similar to that
described for HAIRS-1: Exposure to humidity
causes the hydrogel to swell and relax, thus
returning the nanocolumns to their perpendicular
orientation. To visualize the reorientation process
and the dependence of the tilt angle on the degree
of hydration and/or humidity, we placed a droplet
of water on the HAIRS-2 surface and took an
optical micrograph of the drying edge (Fig. 3B).
The water content and the swelling of the hy-
drogel gradually decrease across this region,
inducing a progressive increase in the tilt angles
of the nanocolumns.

We further capitalized on these new actua-
tion systems by expanding their capabilities to
form reversibly actuated micropatterns with
complex geometries. Because the tilt direction
of the nanocolumns in the HAIRS-1 design de-
pends on the local defects on the confining sur-
face, we anticipated that this orientation could be
controlled by deliberately introducing a topo-
graphic pattern onto this surface. Indeed, a high-
ly uniform tilt direction of the nanocolumns was
achieved by using a confining surface that was

patterned with lines (Fig. 4A). Avariety of more
complex patterns can be achieved by using an
underlying substrate of corresponding topogra-
phy. One such example is given in Fig. 4B,
where a honeycomblike pattern on the confining
surface controls the formation of a complex
structure in which arrays of radially oriented
columns form “microflowers” that follow the
geometry of the templating surface. An array of
“microtraps,” in which every group of four at-
tached nanocolumns of the HAIRS-2 design is
held together by a hydrogel, is depicted in Fig.
4C. Such complex patterned movements would
be impossible in the reported artificial-muscle
systems, in which the polymers are actuated by
an electric or magnetic field. Even more im-
portant, these patterns are reversible, in contrast
to the cases of structural rearrangement and as-
sembly reported in (20, 23). Structures shown in
Fig. 4, B and C, open and close depending on

Fig. 1. (A) Schematic presentation of the structure and composition of the PAAG film grafted to the
Si/SiO2 substrate via the PGMA anchoring layer. (B) Scanning electron micrograph (SEM) of a sample
AIRS structure composed of an array of silicon nanocolumns. An inset on the right reveals a banding
pattern (scalloping) that is characteristic of the Bosch fabrication process. The band width is ~200 nm.
(C) Hydrogel synthesis in the confinement of the AIRS and a secondary substrate (a glass slide or a
silicon wafer, either flat or topographically patterned) separated by a spacer of the desired thickness
that regulates the size of the polymer film. (D) Hybrid HAIRS-1 design. The nanocolumns, embedded
into the hydrogel layer grafted to the PGMA-modified confining surface, break from the original wafer
upon the separation of the confining substrates and become fully transferred onto the secondary
surface. The surface topography changes from an array of highly tilted to vertically oriented
nanocolumns. (E) Hybrid HAIRS-2 design. The hydrogel film is attached directly to the AIRS silicon
wafer. Nanocolumns remain attached to the surface and bend upon drying.

Fig. 2. Microscopy study of the HAIRS-1 design.
(A) SEM image of a dry sample viewed perpen-
dicular to the surface reveals tilted columns
organized in domains with different tilt direc-
tions. The top inset shows a zoom-in view per-
pendicular to the surface. The number of 200-nm
bands n on the emerging portion of the nano-
columns and the length of the column projections
a were monitored to determine the length l of the
exposed nanocolumns (l = 200n, measured in
nm) and their tilt angle (sin a = a/l). The SEM of
the cross section (bottom inset) clearly shows the
tilted nanocolumns partially embedded into the
hydrogel layer. Scale bars in insets, 2 mm. (B and
C) Optical micrographs, imaging the same region
of the HAIRS-1 system in a dry (B) and a wet (C)
state, show the reorientation of the nanocolumns
from a tilted to a vertical position upon the ex-
pansion of the hydrogel. Also see movies S1 and
S2 and fig. S3.
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the humidity level, as illustrated in Fig. 4, D and
E. Their movements resemble the responsive
behavior of carnivorous plants or pedicellaria
(multijawed microforceps-like structures found
on echinoderms), whose movement between the
open and closed states functions in feeding and
defense and as an antifouling mechanism, pre-
venting the settlement and growth of microorga-
nisms (24). These biological structures essentially
exist as arrays of environmentally responsive ac-
tuators, as do our artificial dynamic patterns. The
potential of these unique structures for various
applications is now being explored (25).

From a mechanical viewpoint, there is a major
difference between the HAIRS-1 and HAIRS-2
systems in the way that the nanocolumns are
deformed. In the case of the HAIRS-1 system,
the columns correspond essentially to stiff ele-
ments loaded under compression, whereas the
shrinking hydrogel exerts tensile forces. This
type of design was recognized long ago for its

enormous potential in architectural construction
by Buckminster-Fuller, who coined the term
“tensegrity” (26), and the concept was later pro-
posed as a mechanical model for the cell
cytoskeleton (27). Such tensegrity structures
consisting of stiff rods connected by soft springs
under tension are currently being investigated in
the context of mechanics for their inherent shape
memory and related potential as actuators (28).
The HAIRS-1 system is a realization of tenseg-
rity at the microscale, where the nanocolumns
redirect the tensile forces from the gel (which a
priori would just lead to a reduction of the gel-
layer thickness) into a lateral actuation (Fig. 1D).
The movement x is controlled by the volume
change of the gel and the length of the nano-
columns. If vw and vd represent the volume of
the gel in the wet and the dry state, respec-
tively, then cos a = vd/vw and sin a = x/h, so

that x ¼ h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðvd=vwÞ2

q
. With the dimen-

sions typically used in this study, the lateral
actuation is on the order of x = 4 to 8 mm.Amore
complex topography of the confining surface,
alternative (for example, nonquadratic) arrange-
ments of the array of nanocolumns, the use of
nanostructures of a different shape (such as
blades), or a combination thereof allow for a
variety of reversible patterned movements at the

micrometer scale (Fig. 4, A and B), which might
be technically exploited, such as in the context
of microfluidics or photonics (25).

HAIRS-2 systems go beyond the concept of
tensegrity, in the sense that the beams do not stay
straight and carry compressive loads, but instead
they bend (Fig. 1E). Typically, the stiffness of
thin beams is much less in bending than in
compression (assuming that no buckling oc-
curs). As a consequence, a large fraction of the
deformation energy is stored in the bent columns,
which tend to go back to their straight shape
when the tensile stresses from the gel are released
upon rewetting. The amount by which each col-
umn bends is a measure of the force exerted by
the gel. This is in contrast to the HAIRS-1 sys-
tem, where the force developed by the gel has
no direct influence on the structure after dry-
ing. Using simple beam theory, we estimated
the force f at which the bending of the silicon
nanocolumns in the HAIRS-2 design occurs
(figs. S4 and S5). This force depends very
strongly on the aspect ratio. For an 8-mm-high
column with an aspect ratio of either 80, 40, 20,
or 10, the bending occurs at ~50 nN, ~500 nN,
~8 mN, or 100 mN, respectively. Moreover, the
strain at the base cannot exceed the fracture strain
of silicon. The consequence is that columns with
a small aspect ratio can only undergo relatively

Fig. 3. Microscopy study of the HAIRS-2 struc-
ture. (A) Low-magnification SEM (left) and high-
magnification SEM (right) show the hydrogel layer
that forms characteristic onionlike or conical
features at the bottom of the nanocolumns. (B)
Optical micrograph of the drying edge of the
HAIRS-2 structure taken perpendicular to the
surface. The clarification of the actuation mech-
anism is shown schematically below the micro-
graph. A dashed line in the schematic corresponds
to the focal plane in the image. The degree of
hydration or swelling of the polymer layer de-
creases gradually across the sample from left to
right. Correspondingly, the nanocolumns gradu-
ally change their orientation from perpendicular
to tilted. The whole range of the orientations is
depicted, thus providing a still image of the entire
reorientation process.

Fig. 4. SEM and optical images showing highly controlled pattern formation in the HAIRS designs.
All the structures reversibly switch to the original vertical orientation of the nanocolumns upon
rewetting. (A) Uniform orientation of the titled nanocolumns in the HAIRS-1 structure templated by
the patterned confining surface that is bearing lines. The direction of the lines is indicated by an
arrow. (B) Regular array of microflorets in the HAIRS-1 structure templated by the substrate
bearing a honeycomb pattern. (C) An example of a complex HAIRS-2 pattern, showing an array of
microtraps, in which every group of four attached nanocolumns is held together by the hydrogel.
(D and E) Optical micrographs imaging microtraps shown in (C) in a dry (D) and a wet (E) state. The
switching of the nanocolumns from bent fourfold clusters to a vertical orientation is clear.
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small bending and then must break, whereas
columns with an aspect ratio of 80 can fully bend
to touch the surface without breaking. An aspect
ratio of at least 20 is needed for sufficient
bending of each beam to touch its neighbors to
obtain the structure shown in Fig. 4, C and D.
This mechanical assessment makes it possible to
design a hydrogel/nanocolumns combination that
enables a desired degree of directed actuation.

We have developed hybrid architectures in
which arrays of high–aspect-ratio silicon nano-
columns, either attached or free-standing, are
embedded into a hydrogel film and are actuated
into highly controlled, complex microstructures
upon contraction and/or swelling of the polymer.
The actuation is fast, reversible, reproducible,
and robust. We believe that these architectures
may lead to a variety of applications, including
actuators, controlled reversible-pattern forma-
tion, microfluidics, reversible switching of the
wetting behavior, tunable photonic structures,
artificial muscles, and release systems (25).
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Electromechanical Resonators
from Graphene Sheets
J. Scott Bunch,1 Arend M. van der Zande,1 Scott S. Verbridge,1 Ian W. Frank,2
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Nanoelectromechanical systems were fabricated from single- and multilayer graphene sheets by
mechanically exfoliating thin sheets from graphite over trenches in silicon oxide. Vibrations with
fundamental resonant frequencies in the megahertz range are actuated either optically or
electrically and detected optically by interferometry. We demonstrate room-temperature charge
sensitivities down to 8 × 10−4 electrons per root hertz. The thinnest resonator consists of a single
suspended layer of atoms and represents the ultimate limit of two-dimensional
nanoelectromechanical systems.

Theminiaturization of electromechanical de-
vices promises to be as revolutionary in
the coming decades as the miniaturization

of electronic devices was in the previous ones.
Devices ranging from nanoscale resonators,
switches, and valves have applications in tasks
as diverse as information processing, molecular
manipulation, and sensing. The prototypical nano-
electromechanical system (NEMS) is a nanoscale
resonator, a beam of material that vibrates in
response to an applied external force (1, 2). The
ultimate limit would be a resonator one atom

thick, but this puts severe constraints on the ma-
terial. As a single layer of atoms, it should be
robust, stiff, and stable.

Graphite consists of stacked layers of
graphene sheets separated by 0.3 nm and held
together by weak van derWaals forces (3). It has
extremely high strength, stiffness, and thermal
conductivity along the basal plane. In addition,
graphite can be exfoliated onto an insulating
substrate, producing micron-sized graphene
sheets with thicknesses down to a single atomic
layer (4–8). Thus far, research on these thin
graphene sheets has focused primarily on their
electronic properties. We demonstrate a method
of suspending single- and multilayer graphene
sheets over trenches and show that such sheets
can be mechanically actuated. This work also
makes a detailed study of the mechanical proper-

ties of these graphene resonators, including
resonance frequency, spring constant, built-in
tension, and quality factor.

Suspended graphene sheets are fabricatedwith
a peeling process similar to that reported previ-
ously (5–7). In our case, the graphene sheets are
mechanically exfoliated over predefined trenches
etched into a SiO2 surface (Fig. 1) (9). The result
is a micron-scale doubly clamped beam or
cantilever clamped to the SiO2 surface by van
der Waals attraction. Some devices have prepat-
terned gold electrodes between the trenches to
make electrical contact (Fig. 1, A and D).

A noncontact mode atomic force microscope
(AFM) was used to quantitatively measure the
thickness of the sheets on the substrate next to the
trench, as shown in the inset in Fig. 1D. However,
for sheets thinner than 2 to 3 nm, such mea-
surements are unreliable (10–12). For these we
used spatially resolved Raman spectroscopy to
determine the number of layers (Fig. 1C) (10–12).
The graphene sheet in Fig. 1B has an AFM-
determined height of 0.9 nm. By comparison
with previous results (10–12), the shape of the
Raman peak near 2700 cm−1 suggests the sheet
is two layers thick over the area lying on the
SiO2 substrate (Fig. 1C), whereas the section
suspended over the trench is a single graphene
layer.

All resonator measurements are performed at
room temperature and a pressure of <10−6 torr
unless otherwise indicated. The resonators are
actuated by using either electrical (Fig. 1A) or
optical modulation. In the case of electrical
modulation, a time-varying radio frequency (rf )
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