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Helical graphene oxide fibers as a stretchable
sensor and an electrocapillary sucker†
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Fibers made from carbon nanotubes or graphene are strong and conductive; encoding helical structures

into these fibers may render useful properties such as high stretchability. Here, we directly spin freestand-

ing graphene oxide (GO) films into helical fibers consisting of uniformly arranged loops with tunable

diameters, under controlled environmental humidity. Reduced GO fibers with a helical shape are

stretched elastically with a reversible electrical resistance change for many strain cycles. Stretchable

temperature sensors built on helical fibers work at large strains (up to 50%) and high temperature (up to

300 °C), with a reliable deformation-independent response. The GO fibers also contain through-channels

inside with suitable pore size, which can take up an aqueous electrolyte quickly under a low bias, resulting

in a fiber-shaped, on–off switchable electrocapillary sucker. Our multifunctional helical and hollow GO

fibers have potential applications in stretchable fiber-shaped sensors, actuators and nano-fluid systems.

Introduction

Macroscopic, continuous fibers made from carbon nanotubes
(CNTs) or graphene have shown a wide range of applications
in electronics, sensors, actuators, energy and environmental
areas.1–13 Graphene-based fibers represented an emerging
research field and were fabricated from exfoliated graphene
oxide (GO) sheets by methods such as wet-spinning a liquid-
crystalline dispersion,14–18 hydrothermal cross-linking,19,20

and dry-film scrolling.21 Nanomaterials including CNTs and
Ag nanowires were introduced into the GO solution to spin
reinforced fibers with improved mechanical and electrical pro-
perties.22–25 There were many efforts in tailoring the fiber
structure, for example, by freeze-drying wet-state GO fibers
which produced internally oriented pores,26 and by coaxial
two-capillary wet-spinning which resulted in hollow tubes that
may find use in micropumps and catalysis.27 However, current
wet-spun GO fibers usually adopted a straight shape with
limited stretchability. Hence, recently reported stretchable con-
ductive wires or strain sensors were mainly based on buckled

GO fibers or dip-coated GO sheets adhered on elastomer sub-
strates, rather than using freestanding fibers.25,28,29 Encoding
helical structures into the originally straight GO fibers, as
already done in CNT yarns,30–32 would be a desired way to over-
come the challenge and facilitate the design and construction
of high performance stretchable and wearable electronics.

Wet-spinning techniques generally produced straight rather
than helical-shaped fibers, since it would be difficult to apply
torsional force on the extruded GO solution and dried GO
fibers tend to break upon large-degree twisting. Previously, we
directly fabricated helical CNT yarns consisting of uniform
micro-loops by spinning a piece of the as-grown single-walled
nanotube spiderweb.30 Recently, a dry-film scrolling method
was adopted to spin GO fibers which could be self-coiled over
a finite length.21 However, only a small number of helical
loops could be embedded in the straight portion, making it
difficult to explore relevant properties and applications.

Previously, only straight GO yarns have been synthesized
and their applications as stretchable nano-textiles are rather
limited. Here, we report self-coiled (versus straight) GO fibers
with uniform microstructure and tunable diameter, enabling
novel applications such as fiber-shaped stretchable sensors
and water suckers. We successfully encode uniformly arranged
GO loops along the entire length of the fiber by a humidity-
assisted freestanding strip-scrolling process, whereas the con-
ventional dry film scrolling method only produces a small
number of helical loops along the straight fiber. The resulting
helical GO fibers were elastic within moderate tensile strains,
with a reversible electrical resistance change during cyclic
stretching. We thus constructed a stretchable temperature
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sensor working at a wide strain and temperature range and
producing a stable response that was independent of the fiber
deformation. Compared with over-twisted CNT helical yarns,
the GO fibers made by scrolling flat strips have a unique
through-channel structure internally, thus we also built an
electrocapillary sucker to take in an aqueous electrolyte under
low voltage in an on–off controllable manner. The related
mechanism for electrocapillary suction was analyzed.

Results and discussion

The fabrication process of helical and chemically reduced GO
(rGO) fibers involved the following steps (as illustrated in

Fig. 1a, see the Experimental section for details). First, a
ca. 2 wt% aqueous GO solution (sheet sizes of 150–200 μm, ESI,
Fig. S1†) was delivered onto a polytetrafluoroethylene plate,
spread by using a cylindrical rod, dried and then lifted off as a
freestanding film (area of 450 cm2) (Fig. 1b). The thickness of
the wet GO coating was defined by the raised adhesive tapes
(0.1–0.2 mm) at the two ends of the rod, and after complete
drying it decreased to an appropriate range (1 to 2 μm) for easy
lift off. A roller blade was used to cut the dry film into narrow
strips with smooth edges, while the strip width (1 to 10 mm)
would determine the diameter of the as-spun fibers. A smooth
edge was important since macroscopic defects or fluctuation
of the strip width would cause undesired fracture during sub-
sequent spinning. Both the large-area film and cut strips

Fig. 1 Fabrication of helical GO and rGO fibers. (a) Illustration of the process involving: (1) spreading a GO solution over a Teflon plate and drying
into a solid film, (2) cutting the film into strips with different widths by using a roller blade, (3) applying humidity by mist spraying, (4) spinning the
suspended strip into a helical fiber, and (5) converted into rGO fibers by chemical reduction. (b) Photos of a 450 mm2 dried GO film and cut strips
with widths of 1 to 6 mm, and a transparent film placed on the logo of Zhengzhou University. (c) A rolled-up GO film and a strip made into simple
knots. (d) A suspended GO strip which became sagged and slightly curled after applying a humidity of 80%, and straightened again in the dry state.
(e) Photo of a 24 mm long freestanding helical rGO fiber.
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showed certain flexibility, and could be rolled up or made into
simple knots (Fig. 1c).

Those GO strips were suspended and twisted by using an
electrical motor, similar as the dry-film scrolling process
reported earlier.21,30 However, the processability of GO strips
was relatively poor compared with more flexible single-walled
nanotube yarns. Here, we found that a suitable environmental
humidity and relatively fast spinning (∼1500 revolutions per
minute) were critical factors for successful over-twisting and
formation of helical structures over a long fiber length; the
strips tended to break during the process under less or little
humidity. We applied a desired humidity (80%–90%) around
the GO strip by mist spraying for a while (30 s), and then
carried out the fast spinning process immediately. At this
humidity, the initially straightened GO strip became sagged
and slightly curled, a favorable condition to avoid premature
breaking during subsequent twisting (Fig. 1d). The sagged
strip was straightened again when it was dried completely,
indicating that the humidity-induced shape change in the GO
strips was a reversible process. Water adsorption by the hydro-
philic GO strips was the main reason for the observed volume
expansion and self-curling. Here, a controlled humidity intro-
duced by mist spraying is the key factor for obtaining uni-
formly coiled GO fibers along the entire length without early
breaking, whereas the previous dry film scrolling method
usually produces only a short coiled segment in the fiber.21

Previously, we obtained helical CNT yarns by over-twisting a
piece of nanotube spiderweb.30 Likewise, here the GO strip
was converted to a helical fiber through continued over-twist-
ing, and generally we obtained 3–5 cm long freestanding fibers
in which tiny helical structures could be distinguished by the
naked eye (Fig. 1e).

After HI treatment, the fiber color changed from brown (for
GO fibers) to black (rGO), and the resulting rGO fibers showed
an electrical conductivity of ∼50 S cm−1 which could be
further improved by doping or thermal annealing. Raman and
X-ray diffraction characterization on the GO and rGO films
(before spinning) revealed a certain increase of the 2D band
after HI reduction and a corresponding decrease of the inter-
sheet distance from 8.26 Å (2θ = 10.7°) down to 3.65 Å (2θ =
24.4°), indicating the removal of functional groups and closer
stacking of GO sheets (Fig. S2†). We also fabricated helical
rGO fibers with different lateral sizes (loop diameters) ranging
from 150 to 500 μm, as characterized by scanning electron
microscopy (SEM) images (Fig. 2a). Along each fiber, the
helical loops had similar sizes indicating a rather uniform
microstructure, while small gaps were present between adja-
cent loops, and the loops were slightly tilted (with an angle of
∼60°) along the fiber axis. Statistical measurement on
30 helical fibers revealed a linear relationship between the
straight fiber diameter (d ) and loop diameter (D, which is
larger than d due to the helical path) as D ≈ 1.46d (Fig. S3†).

The surface topography of helical GO and rGO fibers was
characterized by high-magnification SEM images. Fig. 2b
shows a 13.5 mm long GO fiber containing 70 loops through
the length (∼5 loops per mm), in which d = 137 μm and D =

250 μm. On the loop surface, many wrinkles along the twisting
direction were observed, which represent a typical morphology
of GO films/coatings dried from a suspension. After chemical
reduction, the rGO fibers show similar morphology and main-
tain the initial helical structure (Fig. 2c). There seemed to be
traces of inward collapsing on the loop surface (some local
regions appear to be flattened), indicating closer packing of
rGO sheets due to a decrease of the inter-sheet distance during
reduction. Both the GO and rGO fibers possessed a continuous
and smooth surface (skin), a distinct morphology created by
the dry-film scrolling.

Mechanical and electromechanical tests on these helical-
shaped GO and rGO fibers revealed some distinct properties.
As seen from the uniaxial tensile stress–strain (σ–ε) curves, the
GO fibers generally reached strains of ε = 20% to 30% before
fracture (Fig. 3a). Larger fracture strains (ε = 40% to 50%)
were observed in the rGO fibers, but accompanied by reduced
modulus (Fig. S4a†), and their ultimate strengths were gener-
ally very low (<10 MPa) due to the following reasons. First, the
dry-film scrolling method produced GO fibers with large
diameters (100–500 μm) with hollow cavities, thus weaker
than wet-spun thinner yet very dense fibers. Second, the stress
concentration was more severe in over-twisted helical struc-
tures compared with straight fibers. We observed that the
helical loops were stretched and separated from each other
during continuous elongation. It was the loop separation that
produced and accommodated such significant deformation,
and a helical rGO fiber could be stretched to large tensile
strains (ε = 60%) without breaking (Fig. 3b). A flat cross-
section was revealed after tension fracture, indicating a brittle
failure following loop separation (Fig. S4b†). In comparison,
previously reported dry-scrolling GO fibers with straight shape
and thinner diameters (d < 200 µm) also showed brittle frac-
ture, whereas those with bigger diameters (d > 340 μm) exhibi-
ted a different mechanism, characterized by progressive
helical crack propagation from the fiber surface to the core,
resulting in a cone-shaped fracture surface (after reduction,
the fracture strains reduced significantly).21 In addition, the
helical shape resulted in structure elasticity and the fibers
could be repeatedly stretched like a spring within moderate
strain. Static uniaxial tension tests on GO and chemically
reduced rGO fibers at different strains (ε = 10% and 20%)
revealed considerable hysteresis between loading and unload-
ing curves during initial cycles, and the rGO fiber produced a
residual strain of ∼7% at the second cycle (Fig. 3c and d). So
why do the helical rGO fibers typically have lower modulus
and are more flexible than GO fibers? The modulus (or spring
constant) of the helical fibers is enabled by the ease of loop
separation, which is different from the behavior of the other
straight GO and rGO fibers (modulus determined by the inter-
action between GO sheets). Since the loop morphology
remains similar in GO and rGO fibers under SEM, we propose
that the reduction process (immersing in HI acid at 90 °C for
12 hours) may release some torsional stress in the twisted
loops induced during fabrication, thus the loops can be separ-
ated more easily (leading to lower modulus and larger strain).
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This is also proved by the fact that we could feel that the
fibers became soft after chemical reduction.

Since the helical rGO fibers were conductive and also
elastic within moderate strains, we performed electromechani-
cal tests by simultaneously recording the two-probe electrical
resistance during cyclic stretching. The fiber resistance (over a
gauge length of 1 cm) decreased from initially 287.5 Ω to 279.6
Ω at a tensile strain of ε = 20%, and then increased to ∼294 Ω
after complete unloading (Fig. 3e). Since the fibers were made
by scrolling a piece of dry GO film, empty space existed

between the curved film exhibiting a porous cross-section mor-
phology.21 When the fiber was stretched and loops separated,
the lateral shrinking caused by Poisson’s ratio would reduce
such space and enhance the contact between curved film por-
tions. This in turn decreased fiber resistance upon stretching.
Such a resistance change was repeated for 1000 cycles, with
periodic oscillation between the maximum value at ε = 0 (∼294
Ω) and the minimum value at ε = 20% (∼277 Ω) (Fig. 3f). Since
the loop separation was mainly responsible for the de-
formation, the induced resistance change (about 5%) was

Fig. 2 Structural characterization of helical GO and rGO fibers. (a) SEM images of helical GO fibers with uniform loops and different diameters
(from 150 to 500 µm). There is no intentional control on the left-handed or right-handed chirality during spinning; all the samples were spun in the
same rotation direction. (b) SEM image of a 13.5 mm long GO fiber, and high-magnification images showing wrinkled surface morphology. (c) SEM
images of the same fiber in (b) after chemical reduction.
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relatively small, but could be highly reversible over many
cycles. This property is promising in developing stress or
strain sensors, as well as stretchable devices.

Prompted by the above results, we configured a helical rGO
fiber-based temperature sensor which could work at either
relaxed or stretched states. It relied on a single rGO fiber
placed on a hot plate (as the heat source) with electrical wiring
at two ends to monitor the resistance change during the
heating or cooling process (Fig. 4a). When the entire fiber (a
length of 1.5 cm) was heated uniformly, the relative change of
resistance (ΔR/R0, where R0 is original resistance at room

temperature, T = 30 °C) was recorded in situ. In a relaxed form,
the fiber showed a stable resistance of 193 Ω at 30 °C, which
was decreased to 188 Ω upon heating to 100 °C, corresponding
to a ΔR/R0 of −2.6% (Fig. 4b). The value of ΔR/R0 increased to
−5.4% and −10.4% for ultimate heating temperatures of 200
and 300 °C, respectively. The negative proportional R–T
relationship indicated a semiconductor behavior dominated
by carrier hopping among the stacked rGO sheets, as also
observed in graphene fibers by other groups.33,34 After that, we
stretched the helical rGO fiber to a large strain (ε = 50%), and
observed similar sensing behavior during heating to different

Fig. 3 Mechanical and electrical properties of helical rGO fibers. (a) Tensile stress–strain curves for two GO fibers and a rGO fiber with different
diameters. (b) Photos of a helical rGO fiber stretched by using a tweezer to strains of 30% and 60%, respectively. (c) Static cyclic tensile stress–strain
curves of a GO fiber stretched to maximum strains of 10% to 20% (two cycles), respectively. (d) Static cyclic tensile stress–strain curves of a chemi-
cally reduced rGO fiber. (e) Electrical resistance recorded over 5 cycles during repeated stretching between ε = 0 and 20%. (f ) Oscillation of the fiber
resistance at two strain limits (ε = 0% and 20%) over 1000 cycles showing reversible resistance change during repeated stretching.
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target temperatures (100, 200, 300 °C), with reproducible
resistance change during heating and cooling cycles (Fig. 4c).
We also compared the response of this rGO sensor by stretch-
ing the fiber to different strains from ε = 0 to 50%; the evol-
ution of ΔR/R0 was independent of specific strains within the
tested range (Fig. 4d).

To further confirm the strain-independent sensing behav-
ior, we carried out a dynamic testing protocol by stretching a
fiber sensor to a different strain each time and applying a
heating/cooling cycle (between room temperature and 200 °C)
at that particular strain (Fig. 4e). For example, a rGO fiber was
first stretched to ε = 10% (R decreased from ∼340 to 327 Ω),

then heated to 200 °C (R further dropped to 308 Ω) and cooled
to room temperature (R increased to nearly initial value). In
the second cycle, the fiber was stretched to ε = 20% and sub-
jected to the same heating/cooling process. The process was
repeated until the fiber reached a large strain (ε = 50%). One
could see that the resistance change was quite reproducible,
yielding nearly constant ΔR/R0 values at different strains in
response to environmental temperature up to 100 and 200 °C,
respectively (Fig. 4f). For even higher temperature (300 °C), the
absolute value of ΔR/R0 showed a gradual increase (from
−10.4% to −12.4%) for larger deformation (from ε = 0 to 50%).
The above results indicate that our helical rGO fibers work as

Fig. 4 Helical rGO fibers as temperature sensors. (a) Illustration of the sensor configuration in which a (stretched) fiber was placed on a hot plate.
(b) Relative resistance change in an un-stretched fiber during heating and cooling cycles from room temperature to 100, 200 and 300 °C, respec-
tively. (c) Relative resistance change in a pre-stretched fiber (to ε = 50%) during heating and cooling cycles. (d) Relative resistance change in a helical
fiber stretched to different strains (ε = 0, 10%, 30%, 50%, respectively) during one heating/cooling cycle (between 30 and 200 °C). (e) Recorded
resistance during heating and cooling a helical fiber (between 30 and 200 °C) for 5 cycles (the fiber was stretched to a specific strain at each cycle).
(f ) Calculated resistance change in the same fiber stretched to strains of ε = 0–50% and heated to temperatures of 100, 200 and 300 °C,
respectively.
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stretchable temperature sensors with a stable response under
different deformation conditions.

When the dry GO film was scrolled into a fiber, empty
space was contained within the fiber and formed through-fiber
channels, as indicated by the unique cross-sectional mor-
phology.21 Based on this through-channel structure, we con-
structed a fiber-shaped graphene sucker which could take in
water from one (bottom) end to the other end, controlled by an
applied electrical potential (illustrated in Fig. 5a, see the
Experimental section for details). Electrocapillary imbibition
in nanoporous Au and CNT sponges was reported by our team
and collaborators,35,36 but it remained unclear whether such a
graphene fiber could perform the same function. We cut rGO
fibers into 2–3 cm long segments to expose their internal chan-

nels, and dipped the open end into the aqueous electrolyte. At
this stage, water cannot enter the fiber channel naturally. As
the applied potential increased above the threshold voltage
(about −0.8 V), the electrolyte started to be sucked in as
evident from the linear increase of the sample mass (an elec-
trolyte-infiltrated fiber is much heavier than an empty fiber)
(Fig. 5b). This phenomenon was similar to electrocapillary
imbibition by CNT sponges, although here the rGO fibers
yielded slightly higher threshold voltage. Continuing the imbi-
bition process (at −1.2 V) resulted in a monotonic increase of
fiber mass and gradual saturation after several minutes (200 to
400 s) (Fig. 5c). Upon saturation, the mass change (relative to
the initial fiber mass) reached about 600–700%, indicating
that a rGO fiber had taken in more than 6 times of its own

Fig. 5 Electrocapillary suction by helical rGO fibers. (a) Illustration of the setup in which an rGO fiber was suspended under a microbalance and the
fiber end was in contact with the electrolyte (1 M KOH). A bias E was applied on the Cu wire connecting the rGO fiber. Inset shows the internal
through-channel structure made from the scrolled film, with a distance “d” between scrolled film portions. (b) Recorded fiber relative mass change
(Δm/m) when sweeping the potential from 0 to −1.2 V (5 mV s−1), revealing a threshold voltage of about −0.8 V in order to initiate electrolyte
suction. (c) Continued electrocapillary suction process under −1.2 V until saturation. (d) On–off switching of electrolyte suction by applying two
potentials (E = 0 and −1.2 V) alternatively during the process. (e) Contact angle (78°) of a water droplet on a planar rGO film. (f ) Mass change versus
time (square rooted) recorded during spontaneous oil imbibition. (g) SEM images of a cut helical fiber cross-section showing parallel internal chan-
nels created between the scrolled rGO film.
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weight of water. The imbibed water should go through the
inner channels as the outer surface was not wet (tested by
filter paper) after the imbibition process.

Furthermore, the electrolyte imbibition in our rGO fibers
could be switched “on” and “off” by the applied bias. During
the process, the relative mass change increased rapidly under
a potential of E = −1.2 V (corresponding to the “on” state in
which water was flowing into the fiber continuously), which
was immediately shut off by removing the voltage (Fig. 5d).
During the “off” state, the mass change was negligible, indicat-
ing that the electrolyte front within the fiber channels had
stopped moving upward. The on/off states were repeated by
alternating two different potentials (E = 0 or −1.2 V) period-
ically. In this regard, the rGO fibers containing nanoscale
inner pipes acted as a fast and efficient (large capacity) electro-
capillary sucker, and water suction could be turned on and off
controllably. The −1.2 V is a suitable voltage for KOH electro-
lyte, without producing hydrolysis or degrading the material
properties, as demonstrated in carbon nanotube sponges.36 If
there are functional groups generated under high voltage, then
the entire graphene fiber should possess those groups thus the
surface wetting properties would change correspondingly. But
here the mass increase is very large and water suction could be
turned off and on controllably, thus removing the influence of
functional groups.

In order to estimate the effective channel size (d, empty
space formed due to the dry film twisting) within an rGO fiber,
we carried out spontaneous oil (cyclohexane) imbibition in the
same fiber and plotted the mass change (m) versus the square
root of time (t ) (Fig. 5f). Based on the model of planar Poi-
seuille flow, the electrocapillary imbibition through the space
between two plates can be described by the kinetic formula:37

h ¼ m
ϕρA

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ cos θd

3η
t

s
; therefore; m ¼ ϕρA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ cos θd

3η
t

s
¼ C

ffiffi
t

p

ð1Þ

where h is the height of the rising electrolyte (or oil) front, ρ is
the density (1.05 g cm−3 for the aqueous electrolyte, and 0.78
g cm−3 for oil), A is the cross-sectional area of the fiber (0.2 mm2

given a fiber diameter of 0.5 mm), γ is the surface tension of
water or oil, θ is the contact angle between water (or oil) and
the rGO surface, d is the through-channel size or spacing
among the twisted rGO film (illustrated in Fig. 5a), η is the vis-
cosity (1.05 mPa s for the aqueous electrolyte, 0.99 mPa s for
oil) and ϕ is the porosity. Thus, the proportionality, C in eqn
(1), is dependent on the fiber cross-sectional area and physical
properties of the imbibed liquid. Fitting the m–t (square
rooted) curve yielded a slope of C. For spontaneous oil imbibi-
tion, the oil–rGO contact angle could be treated as θ = 0. There-
fore, from the oil imbibition data (Fig. 5f, C ≈ 1.8 × 10−4 (g s1/2))
and eqn (1), we obtained an effective channel size on the
order of d ≈ 100 nm. SEM characterization on the cross-
section of a cut rGO fiber revealed internal cavities (gaps)
between the scrolled rGO film formed during the spinning
process; these are parallel through-channels extending along

the entire fiber length (Fig. 5g). Significant over-twisting was
applied onto the helical fibers during fabrication, which was
critical for obtaining tightly arranged film scrolls and narrow
channels in-between for efficient electrocapillary imbibition.

Based on the water imbibition result shown in Fig. 5c
(which was then converted to m–t1/2 plot), and by taking a
channel size of 100 nm, we calculated a water–rGO contact
angle of θ ≈ 46° for the imbibed water within the fiber during
the “on” state. This value was smaller than the macroscopically
measured contact angle (77°–78°) by placing a water droplet
on rGO films (before scrolling) (Fig. 5e). The reduction of
contact angle indicated enhanced affinity between water and
rGO as a bias was applied, which was favorable for water
suction. Although electrocapillary imbibition in nano-porous
gold and carbon nanotube sponges has been studied,35,36 here
we use a flexible graphene fiber rather than bulk porous
materials. Furthermore, their porous structures are different.
The nano-porous gold was formed by electrochemical cor-
rosion of the Ag–Au alloy with a bicontinuous structure, and
the nanotube sponges contain interconnected pores among a
three-dimensional nanotube network. In comparison, our thin
rGO fibers possess a unique through-channel structure inside
(formed during film scrolling) which facilitates fast and con-
trollable electrolyte suction and transport along the fiber.
These graphene-based fiber-shaped water pumps or valves
might be integrated into wearable textiles and micro/nano
fluid systems for a variety of applications.

Conclusions

In summary, we fabricate helical GO and rGO fibers by spin-
ning thin graphene oxide films under controlled humidity.
These fibers contain uniform loops and high stretchability.
Based on their helical shape and through-channel structure, a
deformation-independent temperature sensor and an electro-
capillary sucker have been demonstrated. Fabrication of
helical GO/rGO fibers with much larger lengths might also be
realized in the traditional wet-spinning process by extruding
flat GO ribbons continuously,38 and simultaneously applying
twists. In the future, other materials such as CNTs might be
introduced into the GO film to improve the processability and
make hybrid helical fibers with tailored electrical and mechan-
ical properties. Also, other materials such as nanoparticles or
polymers that are more sensitive to a temperature change
might be introduced into the rGO fibers to enhance the sensor
response (resistance change). The internal through-channel
structure, including the channel shape and size, also could be
engineered for exploring electrocapillary applications.

Experimental section
Synthesis of GO sheets

Graphene oxide was prepared from expanded graphite by a
modified method based on Hummers’ method, with improved
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efficiency of the oxidation process, easy temperature control
and without generating toxic gas.39 In the first step, expanded
graphite (5 g) and KMnO4 (25 g) were slowly added into a
mixture of 360 mL of H2SO4 and 40 mL of H3PO4 placed in an
ice bath. After mechanical stirring for 2 hours, the suspension
was placed in a 40 °C water bath and continually stirred for
another 5 hours. Then, the dark brown mud mixture was
cooled to room temperature and dispersed in 600 mL de-
ionized water in an ice bath. After that, 50 mL 30% H2O2 was
added into the mixture and allowed to stand for one night for
sufficient reaction. The bright yellow GO suspension was
washed with HCl (5 vol%) three times and then rinsed with de-
ionized water until the pH value reached 6 after centrifugation.
A liquid crystalline aqueous solution containing 150–200 μm
wide GO sheets was obtained with a concentration of
ca. 20 mg ml−1.

Spinning of helical GO and rGO fibers

The as-prepared GO aqueous solution (20 mg mL−1) was
coated on a Teflon baseboard and spread into a uniform gel-
state film by sliding a Teflon bar over the baseboard surface.21

The gel thickness was controlled by the number of plies of the
adhesive tape wrapped around the Teflon bar ends, which sep-
arates the bar and baseboard at a predefined distance. After
drying at room temperature, the free-standing GO film was
peeled off from the baseboard and cut into long strips with
the desired widths by using a roller blade. To spin the fibers,
one end of the GO strip was fixed to the shaft of an electrical
motor controlled by a DC power supply, while the other end
was connected to a metal block which can move freely on a
smooth glass. A mist spraying was applied to the GO strip for
30 seconds producing an environmental humidity of 80%. The
suspended wet-state GO strip was spun into a straight yarn
and then over-twisted into a helical structure like a spring, at
1500 rpm. The helical GO fibers were reduced by HI acid at
90 °C for 12 hours and washed with deionized water to obtain
conductive rGO fibers.

Structural characterization

The morphology and structure of helical GO and rGO fibers
were characterized by SEM (JEOL JSM-6700F), X-ray diffraction
(XRD) with Cu Kα radiation (λ = 1.5406 Å), and Raman spec-
troscopy (Renishaw-inVia Reflex) using a 514 nm wavelength
laser.

Mechanical and electrical measurement

Uniaxial tension and cyclic tests were carried out in a single-
column testing instrument (Instron 5843) equipped with 10 N
load cells and specially designed grips for fiber-shaped
samples. The two ends of a helical GO or rGO fiber were glued
onto a paper window by polyvinyl alcohol while keeping the
fiber straight, and then installed onto the grips carefully. For
tension tests, the elongation rate was set as 1 mm min−1. For
cyclic tests, the strain rate was set to be 20% min−1 for
maximum strains of 10% to 50%. Electrical measurements
were performed simultaneously. Silver wires were fixed to the

fiber ends by high purity silver paint, and then connected to
the digital source meter (Keithley 2635A). Electric current
flowing through the fiber during mechanical tests was
recorded under a constant bias (1 V), and the two-probe resist-
ance was calculated based on the applied voltage and
measured current.

Electrocapillary suction based on helical rGO fibers

The three-electrode system consists of a helical rGO fiber sus-
pended on a copper wire as the working electrode (WE), a
commercial Ag/AgCl in 3 M KCl as the reference electrode
(RE), and a CNT sponge as the contour electrode (CE).36 The
rGO fibers were cut by using scissors into 1–2 cm long seg-
ments to expose internal cavities, and the outer fiber surface
was covered by thin PTFE tape to prevent the influence of
outside meniscus and a possible evaporation effect. The fiber
was suspended under a microbalance (ME36S, Sartorius,
Germany) via cotton, and placed over a liquid reservoir con-
taining a 1 M KOH aqueous electrolyte. To start the test, the
electrolyte reservoir was raised by a motorized laboratory
stage to contact the fiber bottom. The mass change of the
fiber during imbibition was recorded at the rate of 1 s−1. The
formation and development of the outside meniscus contrib-
ute to the abrupt mass increase shortly after contact, which
has been subtracted from all data. A potential of −1.2 V was
purged for 10 seconds, and then the potential was main-
tained at 0 V for 2 minutes to stabilize the outside meniscus
prior to each measurement before the test potential was
applied.

Temperature sensors based on helical GO fibers

A helical rGO fiber was placed on a heating station enclosed in
the test circuit of a thermal tester (CGS-1TP, Beijing Elite.
Tech.). The two fiber ends were connected to a source meter by
silver wires and silver paint, under a constant bias of 4 V. First,
the test was carried out at room temperature to calculate the
initial 2-probe resistance. Then, the resistance change was
monitored when the fiber was heated uniformly to target
temperatures of 100, 200, and 300 °C, respectively, and the
temperature was recorded by the instrument simultaneously.
After reaching the target temperature, the resistance was kept
stable for certain time and then heating was stopped to let the
fiber cool down naturally to room temperature. The relative
resistance change during heating and cooling was obtained.
This process was repeated to test the cyclic behavior and
device stability.
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