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Smart materials and structures with fast, reversible, control-
lable shape changes in response to environmental stimuli
have attracted tremendous attention due to their remarkable
potential in applications ranging from robots and sensors to
memory chips.!l Although it poses a considerable challenge,
responsive behavior, especially in a predefined fashion, has
become a key function for advanced artificial actuating and
shape-memory structures and devices.”! Graphene-based
structures exhibit many exciting properties® that could
benefit such actuation systems.! In this context, we have
constructed electrochemical actuators based on unimorph
and bilayer graphene films, and three-dimensional graphene
skeletons.’! However, most of these aforementioned actua-
tors are based on simple displacement or deformation, and do
not display sophisticated motion and precise shape control in
a predefined manner.

Recently, we, along with other groups,'® have successfully
fabricated graphene fibers (GFs) by directly assembling
graphene oxide (GO) through a dimension-confined hydro-
thermal strategy and a large-scale spinning method. These
new types of fibers possess the common characteristics of
fibrillar materials like the mechanical flexibility required for
textiles, yet are unique in that they are lightweight and easy to
functionalize in comparison to conventional carbon fibers.
These remarkable features endow them with prominent
advantages for the development of unconventional, flexible,
stimulus-responsive structures, especially in fiber form, for
weavable intelligent devices. To the best of our knowledge,
however, smart actuators based on GFs have not been
reported.
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Herein we describe the rational design and fabrication of
graphene/graphene oxide (G/GO) fibers which are region-
asymmetric as a result of the positioned laser reduction of
freshly spun GO fibers. Remarkably, the G/GO fibers display
complex, well-confined, predetermined motion and deforma-
tion once exposed to moisture. Apart from their application
as a single-fiber walking robot, shape-memory G/GO fibers
will play a vital role for the construction of the woven devices
and smart textiles as we shall see later.

The laser-assisted reduction of GO has been demon-
strated to be a facile and efficient approach for the region-
specific conversion of GO into G and provides an oppor-
tunity for the region-selective reduction of GO fibers in
a well-controlled manner. As shown in Figure 1a, an asym-
metric G/GO fiber can be conveniently fabricated by scan-
ning a laser beam along a preformed GO fiber such that the
scanned area is converted to G (also called reduced GO) and
the unexposed region remains unchanged. During the laser
scanning, the color change from yellow-brown for GO to
black for the scanned surface on the GO fiber was observed
clearly (Figure 1b). Meanwhile, distinctive features also
appear in the scanning electron microscopy (SEM) image
(Figure 1¢). The laser-reduced region looks normal under
electron irradiation, suggesting that the reduced GO is
electrically conductive, but the scanned and unscanned
regions have similar surface morphologies (Figure S1).

To roughly estimate the conductivity, we investigated the
current-voltage (I-V) curves of the surfaces of a laser-
reduced GO fiber and the initial GO fiber (Figure 1d). The
plot for the laser-treated fiber has a significantly higher slope
than that for the GO fiber, which leads to a conductivity of
roughly 2 x 108 Qm™" for the G surface, nearly two orders of
magnitude greater than that of the GO surface (ca. 5x
10" Qm™).

Figure 1e,f show the typical side view of the initial GO
fiber and the asymmetric G/GO fiber, respectively. The black
boundary (G region) along the G/GO fiber is clearly observed
(Figure 1f), while it is absent for the GO fiber (Figure 1¢).
The laser-induced G region makes up approximately one-
third of the surface area of the fiber with a reduction depth of
about 15-20 pm, which is predetermined by the laser control
system (see the Supporting Information). The asymmetry of
the G/GO fiber is also evident in SEM images (Figure S2).

The bright parts in Figure 1c,e,f for the GO surfaces have
obvious high O content with an O/C atomic ratio of
approximately 1:3 as verified by energy-dispersive X-ray
spectra (EDS; Figure 1g). However, the laser-induced G
regions have a much lower O level (O/C~1:8), indicating
a high degree of GO reduction by the laser irradiation.
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Figure 1. a) Representation of positioned laser reduction on one side
of a GO fiber. The black region corresponds to the laser-induced G
region along the brown GO fiber. Photomicrograph (b) and SEM
image (c) of the top surface of the as-prepared asymmetric G/GO
fiber. d) I-V curves for a laser-induced G fiber and an untreated GO
fiber with a length of 1 cm. e,f) Photographs (side view) of the initial
GO fiber and the asymmetric G/GO fiber, respectively. g) EDS analysis
of the initial GO fiber and the laser-induced G region. h) C1s XPS
peaks of initial GO and laser-induced G recorded with a thin film.
Scale bars: 50 um.

Raman spectra also indicate that the GO fiber was reduced
and its conjugated structures were partly restored (Figure S3).
To further confirm the effectiveness of the laser reduction of
GO, we also carried out X-ray photoelectron spectroscopy
(XPS) analysis on a GO thin film scanned with a laser under
conditions similar to those applied for the reduction on the
GO fiber. We found that in the laser-induced G region the
oxygen-containing groups had been removed significantly
compared to the initial GO (Figure 1h and Figure S4). The
C1s spectrum of the original GO (Figure 1 h) reveals four
types of carbon-containing bonds: C=C/C—C (284.7 V), C—
O (hydroxy and epoxy groups, 286.6 eV), C=0O (carbonyl,
288.3eV), and O—C=0 (carboxyl, 289 eV). For the laser-
induced G sample, however, the C—C bonds become domi-
nant (Figure 1h); the O/C atomic ratio is roughly 1:9, which is
similar to the previously mentioned EDS result and again
verifies the efficient reduction of GO by laser irradiation. In
good agreement with the XPS results, X-ray diffraction
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(XRD) patterns confirm that the typical diffraction peak of
GO at approximately 11° has completely disappeared for the
laser-induced G (Figure S5).

The G/GO fibers are flexible enough for arbitrary
deformation (Figure S6) and have a high tensile strength of
up to 100 MPa, similar to that of pure GO fibers (Figure S7),
which will benefit the applications in fiber and textile devices.
Due to the oxygen-rich functional groups of GO and the
unique stacking of GO sheets, water has a stronger affinity
with the GO layers than with the G structure, and the
relatively fast and reversible expansion/contraction of GO
layers is evidenced through the adsorption and desorption of
water vapor.®! Therefore, the asymmetric G/GO fiber devel-
oped in this study should behave as a moisture-sensitive fiber
actuator (Figure 2a).
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Figure 2. a) Representation of the possible bending of a G/GO fiber
exposed to different relative humidities. b—d) Photographs of a G/GO
fiber (2 cm in length) under different relative humidities. e) Plot of the
curvature of a G/GO fiber versus RH. f) Durability test for a G/GO
fiber undergoing repeated changes in relative humidity. g,h) Photo-
graphs of three-wire moisture tentacles made of the G/GO fibers on

a sunny and a rainy day, respectively; scale bars: 5 mm.

As expected, a rapid bending to the G side occurs once the
G/GO fiber (Figure 2¢) is exposed to moist air with a relative
humidity (RH) of 80% (Figure 2d), while the fiber recovers
to the initial state when it returned to the ambient conditions
(Figure 2c and Movie S1). This process is fully reversible with
an average motion rate of approximately 8°s™!, indicating the
reliable shape-memory feature of the G/GO fiber. Since the
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G/GO fiber was obtained by laser reduction of a GO fiber
under lab conditions (RH=25%), a decrease in the RH will
lead to the deformation of the G/GO fiber to the GO side
(Figure 2b) due to the contraction of GO layers caused by
loss of adsorbed water.

The bending degree of the G/GO fiber is reflected by the
mean angle of curvature () and the 0 change in response to
different RH is presented in Figure 2e. As can be seen, the as-
prepared G/GO fiber rapidly bends from 0° to 140° when the
RH increases from 25% to 80%. When the RH is less than
that under ambient conditions (RH =25%), the G/GO fiber
gradually moves in the opposite direction with a bending
angle of roughly —30° at RH =10 %. The deformation of the
G/GO fiber towards the G side at RH=25% is more facile
than that towards the GO side at RH=25%, probably
because of the tensile strength from the moisture-insensitive
G layers. It was found that the increased reduction of GO
could lead to improved actuation response (Figure S8). After
1000 cycles of repeated humidity alteration between 10 % and
80 %, the response performance remained stable (Figure 2 f).
Good durability has also been observed for G/GO fiber at
different relative humidities (Figure S9). These results vali-
date the highly reliable actuation behavior of the G/GO fiber.

Making use of the sensitive response of the G/GO fibers,
we further designed the three-wire moisture tentacles. As
shown in Figure 2 g h, the tentacles stand gracefully in a sunny
day, while they lower their heads when rain is coming. The G/
GO fibers are available for the construction of various devices
with specific applications such as the moisture-triggered claw
in Figure S10 and Movie S2.

We also designed region-specifically asymmetric G/GO
fibers for use as complex deformation-predefined actuators.
As shown in Figure 1 a, the reduction of GO occurs on the GO
fiber in a well-controlled “spot reduction” upon laser
irradiation. We generated a 0.5-1 mm long G region along
the GO fiber (Figure 3a,b; see Figure S11). In this case, the
moisture-insensitive G region deforms like a hinge to allow
the reversible folding of the fiber at this point due to the
expansion/contraction of the GO fiber in response to the
humidity variation (Figure 3c). Indeed, a folded structure
appears (Figure 3e) when the regionally reduced GO fiber is
exposed to moisture (RH=80%); the fiber subsequently
recovers to its initial state after the applied moisture bias is
removed.

By rational design and localization of the laser-induced G
regions along the GO fiber, more sophisticated shape changes
can be achieved. As exemplified in Figure 3 f-i, three G
regions were positioned on the two sides of GO fiber
(Figure 3 f), which will lead to three kinks in the GO fiber
upon exposure to moisture (Figure 3g). The spontaneously
formed “hook” is validated experimentally in Figure 3 h,i.

The programmable, positioned reduction of GO fibera by
laser scanning is indeed powerful for the manufacture of
tailored fiber actuators. As shown in Figure 3j-m, alternating,
asymmetric G/GO segments along the fiber will produce “S”-
shaped actuation. More interestingly, a G/GO fiber with
a spiral reduction pattern initially lying on glass slide was
rapidly transformed into a self-supporting spring structure at
RH =80% (Figure 3n—q, Figure S12, and Movie S3).
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Figure 3. Schematic diagrams and photographs of different designed
G/GO fibers and their reversible deformations with changes in
humidity. a) The initial GO fiber. b,f,j,n) GO fibers with region-confined
laser reduction. In (b) and (f) the length of reduced regions is about

1 mm, in (j) it is about 2 cm. ¢,g,k,0) The corresponding predefined
deformations upon exposure of the fibers in (b,f,j,n) to moisture.
d,h,|,p) Photographs of GO fibers corresponding to the states in
(b,fj,n). e,i,m,q) Deformations of the fibers in (d,h,l,p) at RH=280%.
Scale bars: in (d,e,p,q): 5 mm;in (h,l,m): 1 cm.

The structure-defined deformation provides the opportu-
nity for the versatile manipulation of G/GO fibers. An
example included in Figure S13 is the reversible transforma-
tion of parallel lines of predesigned G/GO fibers to form the
letters “OK” in response to a change in relative humidity. The
pliability of G/GO fibers also facilitates weaving them into
a self-supported, stable textile structure (Figure 4a), which
bends when exposed to moisture while maintaining the fiber
network (Figure 4 a). When the moisture is removed, the bent
textile recovers its shape almost completely (Figure 4b).
These results indicate the great potential applications of G/
GO fibers in stimulus-responsive textiles.

The excellent humidity-responsive bending/unbending
ability of the G/GO fibers enabled us to build a new type of
microfiber walking devices. Unlike the conventional film-
based walking devices that move along open spaces,”” the G/
GO fiber walker can travel in a narrow slit. As shown in
Figure 4c, we put the G/GO fiber walker between two glass
slides with a gap of roughly 1 mm, which is also supported by
a ratchet substrate (Figure S14) like that used with other
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Figure 4. Responsive textile and walking robot. a) Photographs of

a hand-woven textile-like network of G/GO fibers exposed to
RH=80% at different exposure times, and b) a photograph of the
same fiber after moisture has been removed. The textile is composed
of short GO fibers and long G/GO fibers with the G sides at the front
of the network. c) Photograph of the G/GO fiber walker within the
narrow slit between two glass slides on the ratchet paper. d) The initial
state of the G/GO fiber walker, which is manually bent a little in
advance to have a standing pose. €) A series of photographs of the G/
GO fiber walker crawling on the ratchet paper in response to the “on”
and “off” states of applied moisture. The G side of G/GO fiber is
placed downwards. RH(“on” state) =80%, RH(“off” state) =25%.
Scale bars in (a,b): 5 mm; in (c,d)=1cm.

walkers.”1 TInitially, the G/GO fiber walker stands there
under ambient conditions (Figure 4d). Once the relative
humidity increases, its back end shifts due to the increased
bending (Figure 4 ¢, stage 1). During the stretching process
induced by the removal of moisture, the front end of the G/
GO fiber walker slides forward while the back tip is fixed by
the indentations on the rough surface of the substrate
(Figure 4e, stage 2). With the alternation of the relative
humidity, the device walks unidirectionally step by step with
a moving rate of 4 mm per cycle (Figure 4e, stages 1-4, and
Movie S4) despite the absence of systematical device opti-
mization. In principle, the moving speed and motion of this
proof-of-concept prototype for the walking robot could be
readily improved by regulating the frequency of the humidity
alternation and also the device length. It should also be noted
that the walking G/GO fiber may also work in open space
since it can deform to a self-supported structure during
humidity alteration (Figure 30,q).

To understand the deformation of the G/GO fiber, we
quantitatively investigated the changes in the length of the
GO fiber and its laser-reduced counterpart. As shown in
Figure 5, the GO fiber displayed a fast (about 10s) and
rhythmic length change by roughly 5% in response to the
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Figure 5. The length changes of the GO fiber and laser-induced G fiber

in response to the alternation between RH=25% and RH=280% (L
and AL are defined as the length and length change of the fibers).

humidity changes, while the G fiber exhibited a negligible
strain fluctuation (ca. 0.25 % ). The length change for the GO
fiber is 20 times that of its laser-treated counterpart, indicat-
ing the deformation of G/GO fiber is mainly determined by
the shape change of GO. On the basis of the double-layer
model (Figure S15), the curvature () of the G/GO fiber is
roughly estimated to be up to about 2000° at RH=80%
without considering possible influences such as the interac-
tion of the bilayers and their inherent mechanical rigidity, the
columnar structure of the G/GO fiber, and the change in
diameter with applied humidity (Figure S16). Preliminary
experimental data show that a2 cm long G/GO fiber can bend
roughly 140° (Figure 2), implying that there is considerable
room to further enhance the actuator performance through
the structural optimization.

In conclusion, the asymmetric G/GO fiber structures
obtained by positioned laser reduction of GO fibers display
complex, well-controlled motion and deformation in a prede-
termined manner once exposed to moisture. This work not
only offers a strategy for producing region-asymmetric G/GO
fibers, but also demonstrates that they can be deformed
deliberately and can walk as a single-fiber robot along
a channel. The unique G/GO fibers provide a new platform
for the development of the woven devices and smart textiles
beyond those demonstrated in this preliminary study.
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