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S
tandard two-dimensional (2D) elec-
tronic textiles (e-textiles), also known
as intelligent textiles or smart ones, is a

novel type of high-tech products resulting
from the integration of electronics and tex-
tiles or clothing.1,2 Smart textile systems
span the range of applications including
agro-textiles, energy, telecommunications,
displays, etc.2�7 Conventional smart textiles
can be made by weaving or knitting of the
insulating fibers and other fibers with addi-
tional functions (e.g., electrical or optical
conductivity) together.8Weaving is a process
that interlaces two perpendicular sets of
yarns, while knitting is a method in which
yarns are arranged into consecutive loops
(stitches) on a knitting needle. Both knitted
and woven smart textiles are mechanics
strong and deformation resistant, but the
processing procedures are more compli-
cated and facility costs are higher in compar-
ison with either nonwoven or nonknitted
textile fabrics. Furthermore, conductive fi-
bers and their 2D frameworks within smart
textiles are of particular interest for textile

integration,5,9 but either woven or knitted
processing of these conductive fibers can
only provide interconnects with limited con-
ductivity as large contact resistance has ex-
isted between the interconnected fibers.
Therefore, nonwoven, nonknitted smart tex-
tileswithhighmechanical performance, high
deformation resistance, and high electrical
conductivity are highly desirable for the next
generation applications.
Graphene, the first 2D nanostructure with

superior electrical, mechanical, and optical
properties,10�19 is expected to serve as
lightweight, highly conductive nanobuild-
ing blocks for the flexible textiles. Graphene
oxide (GO), a single sheet of graphite oxide,
is an intermediate during wet chemistry
synthesis of graphene via the method of
oxidation�exfoliation�reductionofgraphite
powder.11,20�22 It has been reported that
macroscopic graphene-based woven fabrics
or networks have been directly fabricated by
chemical vapor deposition (CVD);23�25 how-
ever, this process suffers from high tempera-
ture and substrate-etching, and thus limits its
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ABSTRACT Direct spinning of the graphene oxide (GO) dispersions from a moveable spinneret along

the programmed track, i.e., a “programmable writing” technique, was developed to make nonwoven,

nonknitted, graphene-based networks with excellent mechanical properties. The resulting GO networks

can be successfully converted into reduced GO (RGO) ones with better mechanical properties as well as

excellent electrical conductivity via thermal/chemical reduction. In situ welded junctions formed during

processing of the spun fibers have made the resulting networks with the integral structure, and

outstanding mechanical properties and high electrical conductivities of the spun fibers and their web

integrations have provided a great opportunity to remotely sense the external mechanical stimuli via

electrical signal monitoring.
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large-scale applications. This has driven researchers to
develop superior strategies to make the graphene-
based networks via the following steps:26,27 (1) wet
spinning of GO fibers from a fixed-position spinneret,
(2) weaving or knitting of the as-made GO fibers into
the corresponding networks, and (3) converting of the
GO networks into graphene ones by using thermal or
chemical reduction. According to this strategy, the
resulting 2D webs with mechanically strong, electri-
cally conductive fibrous graphene building blocks
have been obtained,;26�28 however, fiber spinning
from fixed-position spinneret has had the result that
the weaving or knitting is an absolutely necessary step
for the resulting graphene-based networks (i.e., lack of
programming power to directly make graphene-based
complex structures with the spun GO fibers), and that
the interconnected junctions among the graphene
fibers are extremely weak in mechanics and ultralow
in conductivity in comparison with the fibrous building
blocks themselves, as weaving or knitting process
cannot provide the most intimate connection, which
might cause serious problems when these graphene-
based webs were embedded in the insulating fabrics.
For instance, the graphene-based networks with
mechanically weak interconnections could be discon-
nected when the whole fabric was subjected to ran-
dom mechanical forces, while the poor conductivity
existed in the junctions of the networks could be easily
fused when the current passes through and could
cause slow response when external stimuli have been
applied. These serious problems would lead to the
performance of the resulting e-textiles notmeeting the

practical requirement, and thus, the novel strategies
have to be developed as soon as possible to provide
the solutions for such severe problems.
Herein, we have presented a “programmable writ-

ing” technique to make nonwoven, nonknitted, gra-
phene-based networks by direct spinning of the GO
dispersions from a moveable spinneret along the
programmed track. The resulting GO networks with
excellent mechanical properties have been success-
fully converted into reduced GO (RGO) networks with
better mechanical properties as well as excellent elec-
trical conductivity. The joint points formed by in situ

welded effect have made the graphene-based net-
works with integral structures, in which the sufferable
shear force of the junction is at least twice as high as
that of the fiber. High electrical conductivity combining
with outstanding mechanical flexibility has provided
a facile way for RGO fibers and their web integrations
to sense external mechanical stimuli by using electrical
signals. The work presented here, to the best of our
knowledge, is the first report on the programmable
spinning of the graphene-based networks from the
moveable spinneret, and in situ welded junctions
among interconnected graphene-based fibers are the
first observations among the graphene-based hierarch-
ical assemblies. Our work also gives much inspiration to
directly write any other complex networks based on
various nanoscale building blocks as writable inks.

RESULTS AND DISCUSSION

Programmable writing of GO/RGO fibers for sensible
networks is illustrated in Figure 1. Viscous GO dispersion

Figure 1. Programmable writing of GO/RGO fibers for sensible networks: (a) schematic diagram for the programmable
writing of the graphene-based 2D networks with graphene oxide (GO) inks from a moveable spinneret; (b) the resulting GO
networks with in situwelded junctions on the substrate; (c) the corresponding reduced graphene oxide (RGO) network made
by thermal or chemical reduction of the resulting GO network; and (d) brightness of the bulb connected to the RGO networks
changing with the pulsed mechanical stimulus, indicative of the sensible attribute of the resulting RGO networks.
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was filled in the pen-like injection syringe, which was
fixed to amotor as shown in Figure 1a. GO sheets could
be considered as negatively charged macromolecules
due to ionization of carboxylic acid groups at the edges
of the sheets.29�31 When the GO dispersion was in-
jected into the coagulation bath containing oppositely
charged molecules (e.g., cetyltrimethylammonium
bromide (CTAB), multivalent metal ions, etc.), there
was interfacial self-assembly between the negatively
charged GO sheets and positively charged coagulation
molecules at the beginning,32,33 and then the sheets
curled and folded into a fibrous structure. By control-
ling the motor that moves the injection syringe along
the predetermined track, we could easily obtain GO
2D-web at the bottom of the coagulation bath as
shown in Figure 1b. The way we make GO 2D-web
here is quite similar as the way people write with the
usual inks on blank paper, so we call it “direct writing
with GO ink”. After step of purification, ambient drying,
and thermal/chemical reduction of the GO 2D-web in
sequence, the resulting RGO 2D network was success-
fully obtained as shown in Figure 1c. The sensing ability

of the resulting RGOnetworkwas reflected in changing
brightness of the bulb connected to the RGO networks
with the pulsed mechanical stimulus as illustrated in
Figure 1d.
First, the capability of direct writing with GO disper-

sion, as illustrated in the making of GO fibers as shown
in Figure 2, has been further investigated in detail.
Ultralarge GO sheets were synthesized according to
modified Hummers' method without ultrasonic treat-
ment.11 The thickness of GO sheetmeasured by atomic
force microscopy was ∼0.8 nm (Figure S1), indicating
the monolayer attribute of obtained GO sheets existed
in water.22 The average lateral size of the GO sheets
was 30 μmwith a relatively wide distribution (Figure S2)
ranging from dozens of micrometers (up to 102 μm) to
several micrometers (down to 5 μm). Relatively small GO
sheets with the average lateral size of 17 μm (Figure S3)
were easily obtained from large GO sheets by using
ultrasonication. Both GO sheets with above different
lateral sizes could be used as the GO inks in our direct
writing for fibers. However, when further decreasing
the lateral size of GO sheets down to ca. 35 nm, we can

Figure 2. Directing writing of GO fibers: digital photos of the ultralong (tens of meters, a) and aligned (b) GO fibers,
SEM images of the surface (c) and cross section (d and e) of the resultingGO fibers, and stress�strain curves (f) of the resulting
GO and RGO fibers.
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still perform direct writing of GO fiber from the spin-
neret, but cannot draw it from coagulating bath and it
breaks into pieces (Figure S4). These investigations
have indicated that the capability of the direct writing
with GO sheets is size-independent in the range of
several tens of nanometers to several tens of micro-
meters. Actually, GO viscosity (higher than 3 Pa 3 s)
is a key factor to determine whether successive fibers
could be successfully written out as shown in Figure S5
(and thus to affect the microstructure of the resulting
GO fibers as shown in Figure S6), which indicated that
the capability of the direct writing with GO dispersions
is viscosity-dependent.
Ultralong (tens of meters) GO fibers without break-

age andwith swerves at each end of the bath container
perpendicular to the moving direction of the motor
could be written out continuously in the CTAB coagu-
lation bath as shown in Figure 2a. By controlling the
movement of injection syringe, we could get GO fibers
with parallel alignment as shown in Figure 2b. Similarly,
by adjusting the needle diameter, injecting rate, and
writing speed during the direct writing process, we
could get the GO fibers with various sizes in diameter
ranging from a dozen micrometer to hundreds of
micrometers (Figure S7). The surfaces of the GO fibers
show uniform alignment of wrinkles along the axis
(Figure 2c) caused by the dehydration-responsive
shrinkage during drying process.34,35 The morphology

observation at the cross section of the fibers has
revealed that the assembled GO sheets are stacked
compactly in layers with some degree of dentate
folding (Figure 2d), and closer observation has indi-
cated that the GO building blocks are stacked together
to form densely ordered lamellar microstructures with
waved morphology (Figure 2e).
For the GO dispersion with the same viscosity (50

Pa 3 s), the tensile strength of the fibers (G-GOF) as-
sembled by the GO sheets with lateral size of 30 μm is
267 MPa (Figure S6) with a Young's modulus of 14 GPa,
which is much stronger in comparison with those of
fibers (S-GOF) assembled by the GO sheets with the
lateral size of 17 μm (192MPa and 11 GPa, respectively)
due to the size-induced enhancement.35�38 In addi-
tion, the tensile strengths of the resulting GOFs have
slightly changed with the viscosity of the GO inks
(Figure S6), probably indicating that the different GO
phases have been formed before direct writing.28

Actually, these mechanical properties are very compe-
titive to the results reported elsewhere.35,39 The com-
pact internal structure of the resulting GO fibers
has leaded to their excellent mechanical properties.
After chemical reduction by using hydroiodic acid,35

the morphology of the surface and cross section of the
GO fibers was preserved (Figure S6) and the mechan-
ical performance of the resultant RGO fibers has been
further enhanced as shown in Figure 2f. Specifically,

Figure 3. The changes of the electrical signalswith themechanical stimuli: (a) digital photo of the bent RGOfibers held by two
hands; (b) the relationship between the relative resistance change and the bent radium; (c) the current pulse under the bent
status of the RGO fiber; and (d) cyclic stability of the RGO fibers under the repeatedbending. Insets in (a) are the real recording
photos on how to measure the resistance�strain curves for the obtained RGO fibers.
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the G-GOF after reduction has a tensile strength of
365 MPa and a Young's modulus of 21 GPa, which are
37% and 50%higher than those of the original G-GOFs,
respectively, due to the stronger interactions existing
between the compact RGO sheets, resulting from
partial removing of the oxygen-containing groups.
The Raman spectra of GO and RGO fibers were shown
in Figure S8c. The GO fiber has characteristic peaks
at 1582 cm�1(G-band) and 1355 cm�1 (D-band). The
obvious band shifts and the increase in ID/IG ratio after
chemical treatment have confirmed reduction of GOFs.
The X-ray diffraction peak of GOFs at 2θ= 11�means an
interlayer spacing of 0.804 nm. After reduction, due to
partial removal of the oxygen-containing groups, the
interlayer spacing of graphene sheets got smaller,
which was reflected in the new diffraction peak at
2θ = 24.1� as shown in Figure S8d. The EDX spectra of
the surface and cross section of the GO and RGO fibers
were shown in Figures S9 and S10, respectively. We can
see that surface oxygen contents have decreased from
20.87% to 7.15%, and the percentage reduction in
oxygen arrives at 65.7%. However, the percentage
reduction of the oxygen located at the cross section
of the fiber has only reached 47%. The difference in
oxygen percentage reduction between the surface and
cross section is mainly due to the difference in micro-
structure. The oxygen groups located at the cross
section area are much more difficult to be reduced in
comparison with those located at the surface area.

The obtained RGO fibers after reduction exhibit high
electrical conductivity and outstanding mechanical
flexibility. The electrical conductivity of the G-RGOF is
2.7� 104 s/m, while that of the S-RGOF is 1.8� 104 s/m
(see Figure S11), and reasons for the difference in
conductivity are probably ascribed to the larger flake
size and therefore less junction resistance in the G-RGO
versus the S-RGO, as well as to different degrees of the
RGO sheet orientation and internal packing defects.35,40

The electrical conductivities of the resulting RGO fibers
are comparable to the results reported elsewhere.34,39,41

The obtained RGO fibers can be easily bent with a
certain curvature as illustrated in Figure 3a, indicating
the mechanical flexibility. High electrical conductivity
combined with outstanding mechanical flexibility has
provided a facile way for RGO fibers to sense external
mechanical stimuli by using the changing electrical
signals. As shown in Figure 3b, the electrical resistance
changes of RGO fibers were small but obvious and
monotonic when it was bent at a certain range of
bending radius, which may be attributed to increasing
“touch point” of the inner RGO sheets of the fibers.23,42

To further demonstrate the electrical sensitivity and
excellent detectability of our RGO fibers, we have
recorded current-changes of the fibers with a fixed
bending radius (3 cm) every 50 s as shown in Figure 3c,
and observed regular current pulse signals when the
bending was applied. After 100 bending�releasing
cycles with a bending radius of 3 cm, the electrical

Figure 4. Digital photos of programmable writing of GO networks: (a) the writing of the longitudinal fiber array in the
presence of the latitudinal fiber array; (b) the bent GO network on two hands; (c) the spider web-like GO network; and (d) the
obtained RGO network held by a tweezer. Inset in (d) is the lighting of the LED bulb by using the RGO network as the
conducting channel.
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resistance remains constant as shown in Figure 3d
(finally the resistance only changes ∼1.5 and the
maximum change is below 3), indicating an excellent
mechanical stability.
Direct writing with GO inks has provided an extre-

mely powerful strategy to make programmable 2D
patterns (i.e., webs) at the bottom of the coagulation
bath. In virtue of the moveable “pen nib”, we can
directly write a parallel GO fiber array at the bottom
of the coagulation bath along the latitudinal direction,
and thenwe can immediatelywrite another parallel GO
fiber array at the bottom of the coagulation bath along
the longitudinal direction (Figures 4a and S12). The
existence of the latitudinal array cannot influence the
writing of the longitudinal array, and there are a lot of
junctions (in other word, 2D network) formed between
the latitudinal and longitudinal arrays. Obviously,
neither weaving nor knitting has been used for these
2D webs owing to programmable writing with GO inks

and moveable nib. The written GO network with
mutual perpendicular fiber arrays has shown excellent
flexibility after coagulation, washing, and drying of the
obtained structure in sequence (Figure 4b). Most im-
portantly, the directly written GO webs can be easily
converted into RGO webs only via chemical or thermal
reduction, and the resulting RGO 2D webs have not
onlypreserved theflexibility of theGO2D-web (FigureS13),
which can be confirmed from the resistance�
strain curve of RGO network (Figure S14), but also
possessed high electrical conductivity, which can be
confirmed by serving as the conducting channels for
LED bulb lighting (Figure 4d) due to the integrated
structure of networks and excellent electrical conduc-
tivity of RGO fibers. The high electrical conductivity of
the integrated 2D networks is ascribed to very low
contact resistance at the in situ formed junctions,
which we will mention. Directing writing technique
can make 2D patterns not only at the bottom of the

Figure 5. Illustration of the in situ welded junctions within the written graphene-based network: SEM images of the formed
junctionswith low (a) andhigh (b)magnifications; the schematic picture on how to apply the load to an in situwelded junction
(c); stress�strain curves of various junctions existing in the graphene-based network (d); digital photo (e) and SEM image (f) of
one broken junction after applying the load.
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coagulation bath, but also onto various substrates
(i.e., plastics, see Figure S15) if these substrates can
be put into the coagulation bath. Programmable writ-
ing technique can make the resulting graphene-based
networks with more complex structures, i.e., spider
web-like network as shown in Figure 4c.
Direct writing of the specific network patterns with

GO inks has provided a very useful wet-technology
to joint GO fibers together with in situ welded
junctions. For instance, there are a lot of junctions,
as shown in Figure 5a, formed during writing of the
latitudinal and longitudinal fiber arrays in sequence
at the bottom of the coagulation bath. Closer ob-
servation in one junction as shown in Figure 5b (and
Figure S16) has indicated that there existed noobvious
boundary between two different fibers in such a junc-
tion, which indicates that the latitudinal and long-
itudinal fibers have been welded together at the
junctions after writing with the GO inks in the coagula-
tion bath. Coagulating of thewritten structures and the
subsequent drying process are probably the driving
forces for such a very effective wet-welding. The joint
points formed by in situ welded effect have made the
GO networks with integral structures, which means
that the integrated GO networks have possessed not
only excellent mechanical property between perpen-
dicular fibers, but also reasonable load transfer from
one single fiber to entire network. To confirm the
structural integrity of the resulting GO network, we
have investigated the shear strength of the junction
formed between two mutual perpendicular fibers in
the network. As shown in Figure 5c, both ends of the
junction in the lateral fiber were fixed by the glue and
the longitudinal fiber is drawn by the external load. As
shown in Figure 5d, the junction of GO fibers as-
sembled by large size GO sheets (G-GOF) has shear
strength of 11.2 MPa, higher than that (5.7 MPa) of GO

fibers assembled by small size GO sheets (S-GOF) as the
former possesses less defects, which is beneficial to the
mechanical strength of the resulting fibers and junc-
tions. After chemical reduction with hydroiodic acid,
the shear strengths of the junctions assembled by large
and small sheets are 15.7 and 7.9 MPa, respectively.
These values are higher than those before reduction as
the reduction process has resulted in the more com-
pacted packing density of the 2D sheets.40 The broken
junction was recorded by digital camera and scanning
electron microscopy as shown in Figure 5e and f,
respectively, from which we can see that the rapture
locates near the junction point of the lateral fiber rather
than the junction point itself, which indicates that
sufferable shear force of the junction is at least twice
as high as that of the fiber, as two ends of the fiber have
undertaken the shear force simultaneously.

CONCLUSION

Nonwoven, nonknitted, and flexibleGO2Dnetworks
with high mechanical performance have been fabri-
cated by using programmable writing of the GO inks
from the moveable spinneret along the designed
tracks, and subsequently converted into the corre-
sponding RGO networks with excellent electrical con-
ductivity as well as enhancedmechanical properties by
the thermal or chemical reduction process. The in situ

welded junctions formed during aging and drying of
the spun fibers have made the resulting networks with
the integral structure, and outstanding mechanical
properties together with excellent electrical conduc-
tivities have provided a great opportunity to sense the
external mechanical stimuli of the spun fibers and their
web integrations by using the electrical signals. The
resulting GO and RGO 2D networks might find various
emerging applications in many fields including elec-
tronic textiles.

METHODS

Synthesis of GO Sheets with Different Sizes. Large GO sheets with
average lateral sized of 30 μmwere synthesized from expanded
graphite (CX-200, Qingdao Tianheda Graphite Co., Ltd., Qingdao,
China.) by amodifiedHummers'method.11,43 To obtainGOsheets
with various sizes, ultrasonication was used to process the large
GO sheets synthesized above and theGO sheetswith the average
lateral size of 17 μm were obtained by 2 min sonicating with a
Branson Digital Sonifier (S450D, 30% amplitude).

Direct Writing of GO Fibers. Two GO spinning dopes (30 and
17 μm) with the same viscosity (50 Pa 3 s) were injected into the
stationary coagulation bath (200 μL/min). The injector moved back
and forth at a rate of ∼3 cm/s. The chosen coagulation bath was
ethanol/water (1:1 v/v) solutionwith 0.4 wt%CTAB. After 30min of
immersion in coagulation bath, the GO gel fibers were transferred
into thewater and ethanol bath towash away the residual coagula-
tion solution, and the washed GO fibers were collected onto the
bracket. The resulting products were dried at room temperature in
air for 12 h and then dried at 60 �C under vacuum for 12 h again.

Direct Writing of GO Networks. The GO network in the spinning
process was realized by adjusting the positions of the nozzle

horizontally and vertically, which was carried out in the coagu-
lation bath of 0.05 wt % CTAB. The use of CTAB in such a quite
low concentration at this step is to avoid rapid solidification of
single fibers. Then, the as-prepared GO network was transferred
into deionizedwater for 5min and into 0.4wt%CTAB for 30min
in sequence. After washing off the residual coagulation solu-
tions mentioned above, the GO network was obtained. The
resulting products were dried at room temperature in air for
12 h and then dried at 60 �C under vacuum for 12 h again.

Conversion of the GO Fibers and Their Networks. Dried GO fibers
and networks were immersed into the 45% hydriodic acid
solution at 80 �C for 12 h. After the sample cooled to room
temperature, both fibers and networks were washed with water
and ethanol in sequence and dried at 100 �C under vacuum for
12 h. Through this chemical reduction process, both RGO fibers
and networks were obtained.

Characterization. The SEM images were taken on a Hitachi
S4800 field-emission SEM system with the acceleration voltage
of 5 kV and Quanta 400 FEG field-emission SEM system with
the acceleration voltage of 10 kV. The AFM observations were
performed with a Dimension 3100 in the tapping mode. The
samples for AFM observations were prepared by spin-coating of
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diluted alcoholic dispersion of GO onto freshly exfoliated mica
substrate at 500 rpm. The viscosity of GO solutions was mea-
sured using a NDJ-9SN precision viscometer (speed 6/12/30/
60 rpm, range (10�1) � 105 mPa 3 s) purchased from Shanghai
Precision and Scientific Instrument Corporation, Shanghai,
China. The electrical properties were measured using standard
four-probe method with an electrical measurement system
connecting with a Keithley 2400 multifunctional source-meter
and a Lakeshore low temperature system. The electromechani-
cal stability of RGO fibers was test by a homemade two-point
bending device (as shown in Figure 3a), where the radius of
curvature was set to 3 cm and the bend speed was about one
cycle per 50 s. Tensile tests were conducted using an MTS Nano
Bionix Universal Testing System. The samples weremounted on
paper tabs with a gauge length of 7 ( 1 mm. The extension
speed was 0.001 mm/s. The phase composition was character-
ized by a Bruker D8 Advance X-ray diffractometer equipped
(XRD) with Cu KR radiation generator (0.151 nm, 40 kV, 40 mA)
and Raman spectra with a Renishaw RM3000 Raman micro-
scope (laser: 514 nm with a 2 μm spot size).
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