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M A T E R I A L S  S C I E N C E

Direct coherent multi-ink printing of fabric 
supercapacitors
Jingxin Zhao1*, Hongyu Lu2*, Yan Zhang3*, Shixiong Yu4*, Oleksandr I. Malyi5, Xiaoxin Zhao4, 
Litong Wang1, Huibo Wang1, Jianhong Peng2†, Xifei Li2, Yanyan Zhang1,6, Shi Chen1, Hui Pan1, 
Guichuan Xing1, Conghua Lu7, Yuxin Tang1,6†, Xiaodong Chen8†

Coaxial fiber-shaped supercapacitors with short charge carrier diffusion paths are highly desirable as high-performance 
energy storage devices for wearable electronics. However, the traditional approaches based on the multistep 
fabrication processes for constructing the fiber-shaped energy device still encounter persistent restrictions in 
fabrication procedure, scalability, and mechanical durability. To overcome this critical challenge, an all-in-one 
coaxial fiber-shaped asymmetric supercapacitor (FASC) device is realized by a direct coherent multi-ink writing 
three-dimensional printing technology via designing the internal structure of the coaxial needles and regulating 
the rheological property and the feed rates of the multi-ink. Benefitting from the compact coaxial structure, the 
FASC device delivers a superior areal energy/power density at a high mass loading, and outstanding mechanical 
stability. As a conceptual exhibition for system integration, the FASC device is integrated with mechanical 
units and pressure sensor to realize high-performance self-powered mechanical devices and monitoring 
systems, respectively.

INTRODUCTION
The development of advanced fibrous energy storage devices with 
excellent knittability, splendid flexibility, and high mechanical sta-
bility is highly demanded to advance textile-based wearable electronics 
(1, 2). As one of the most promising fiber-shaped energy storage 
devices, fiber-shaped asymmetric supercapacitors (FASCs) have been 
widely applied in wearable electronics, which is attributed to their 
high-power density, long cycling stability, excellent reversibility, and 
improved energy density (3–7). Currently, the parallel, twisted, and 
coaxial architectures of FASCs have been explored to improve the 
supercapacitor performance (8–18). Compared to coaxial architec-
tures, the parallel and twisted architectures are not ideal structures 
for the electron transfer and ion diffusion within the electrode 
materials because of their larger spacing between the two electrodes. 
In addition, the parallel-shape FASCs have a massive volume struc-
ture, posing a serious challenge for the large-scale integration pro-
cess (Fig. 1A). While for twisted-shape FASCs, the negative/positive 
electrodes are more vulnerable to separate when the device is bent 
and degrade the electrochemical performance because of the increase 
in charge carrier diffusion paths (Fig. 1B). Although the coaxial FASC 
(Fig. 1, C and D) with shorter charge carrier paths can improve 
device performance, they still suffer from the same problem of the 

twisted device that the two electrodes are easier to separate and then 
to peel away from the electrode during long-time bending. This is 
mainly due to loose interface contact between each layer (positive 
electrode/electrolyte/negative electrode) in coaxial FASC devices 
during the multistep coating process, and the mismatch of Young’s 
modulus from the loose electrode contact layers is prone to crack 
during long-time or extremely mechanical bending (19, 20). Further-
more, the fabrication procedure of these coaxial FASC devices under-
goes multiple steps with the key concerns on fabrication efficiency, 
preparation cost, and scalability (8, 12, 13), which have inhibited 
their scalable production and further application in energy storage 
fields. To overcome the above challenges, the development of a direct 
and scalable approach to construct compact coaxial FASC devices 
with short charge carrier diffusion length and intimate interface 
contact alleviating the mismatch of Young’s modulus from electrode 
layers is highly demanded to achieve high-performance and mechan-
ically robust FASC devices.

As known, high-throughput three-dimensional (3D) printing 
direct ink writing technology has already been successfully used to 
construct complex structures because of its advantages such as con-
tinuous manufacturing capability, scalability, and low cost, which 
has been widely applied in various fields, such as biotechnology 
(21, 22), engineered composites (23–25), electronic devices (26–28), 
and energy storage devices (29–35). In this light, we foresee that the 
high-throughput direct 3D printing technology is a promising 
approach to construct the all-in-one coaxial FASC device with com-
pact internal structures. Although the 3D printing direct ink writing 
technology has been applied to print asymmetric supercapacitors 
recently, the full device was obtained by layer-by-layer printing and/or 
coating process by using different electrode inks/electrolytes, since 
the traditional direct ink writing technology is based on single-ink 
printing, which can only write one electrode at one time (14). There-
fore, an ideal 3D printing ink writing technology enabling visco-
elastic multi-ink extruding from one single nozzle to directly build 
all-in-one coaxial FASC devices is highly desired for building a 
compact and seamless coaxial FASC device.
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As a conceptual exhibition, an all-in-one 3D printing coaxial FASC 
device was rationally designed via 3D printing direct coherent multi- 
ink writing (DCMW) (Fig. 1E) via designing the structure of the 
coaxial needles and regulating the rheological property and the feed 
rates of the multi-ink. That is, the internal structure of the multicore- 
shell needles is designed by following the principle of the charge match 
of the different electrodes, and the rheological properties of the 
multi-inks should match each other with the gradual increase of feed 
rates from the innermost layer to the outermost layer during 3D print-
ing. The compact four-layer structure of the as-prepared device 

shortens the ion diffusion path, improving the electrochemical per-
formance and mechanical durability of the device under bending. 
In our proof-of-concept FASC device, the V2O5 nanowires (NWs)/
multiwalled carbon nanotubes (MWCNTs) and vanadium nitride (VN) 
NWs/MWCNTs are served as positive and negative electrodes, re-
spectively. The as-printed FASC device embraces a large operating 
voltage of 1.6 V, a high areal specific capacitance (CA) of 152.7 mF cm−2 
[with a volumetric specific capacitance (CV) of 27.8 F cm−3 and a 
gravimetric specific capacitance (Cg) of 59.3 F g−1], and an ultrahigh 
areal energy density (EA) of 54.3 Wh cm−2 [with a volumetric energy 

Fig. 1. Diagrammatic drawing of the fabrication process of various FASC devices. Schematic diagram of the comparison of the preparation process of the conven-
tional FASC device with (A) parallel, (B) twisted, (C and D) coaxial architectures, and (E) our development of three-dimensional (3D) printing coaxial FASC device via a 
direct coherent multi-ink writing (DCMW) technology.
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density (EV) of 9.9 F cm−3 and a gravimetric energy density (Eg) of 21.1 Wh 
kg−1] at a high mass loading of 16.4 mg cm−2. This performance is 
surpassing most of the currently reported 3D printing supercapacitor 
devices (table S1, Supplementary Materials). Impressively, the device 
exhibits splendid flexibility and excellent mechanical performance 
with capacitance retention of 95.5% after 5000 cycles of repetitive 
bending, which is better than traditional coaxial (87.1%) or twisted (78.2%) 
architecture asymmetric supercapacitors. In addition, our 3D printing 
coaxial FASC device can provide the power to realize the self-powered 
mechanical device and monitoring system, exhibiting stable power 
output and press sensing performance, respectively. This strategy 
offers a universal strategy to design on-demand fibrous energy storage 
devices for high-performance wearable electronics.

RESULTS
Fabrication process of an all-in-one 3D printing coaxial FASC 
device and the rheological properties of the inks
First, the positive (V2O5 NWs) and negative electrodes (VN NWs) 
were synthesized for building the high–energy density FASC device 
because of their high theoretical capacities and broad operating po-
tential windows (14). To uncover the microstructure and morphology 
of the samples, we used field-emission scanning electron microscopy 
(FESEM) and transmission electron microscopy (TEM). Figure S1A 
[scanning electron microscopy (SEM) image], fig. S1B (TEM image), 
and fig. S1D [x-ray diffraction (XRD)] clearly depict the formation 
of the V2O5 NWs (diameter, ≈200 nm; length surpass, 10 m) (Sup-
plementary Materials). A lattice distance of 0.34 nm is obtained in 
the high-resolution TEM image (fig. S1C, Supplementary Materials), 
which belongs to the (110) crystallographic plane of the V2O5. 
Energy-dispersive spectroscopy mapping (fig. S1E, Supplementary 
Materials) further confirms the formation of the V2O5. To survey the 
surface element of the prepared samples, we applied x-ray photo-
electron spectroscopy (XPS). Figure S1F reveals the formation of the 
V2O5 product. Three characteristic peaks at 517.5, 524.8, and 530.3 eV 
are shown in fig. S2 (A and B) (Supplementary Materials), which 
belong to the binding energy of V 2p3, V 2p1, and O 1s electrons, 
respectively (10,  36,  37). In addition, the structural characteriza-
tions (SEM and TEM) of the sample confirm the formation of the 
VN, which are shown in fig. S3 (A to D) (see details in section S1.2, 
Supplementary Materials).

The preparation diagrammatic drawing of the 3D printing coaxial 
FASC device is depicted in Fig. 1E. The video of the fabrication pro-
cess for printing the device is provided in movie S1 (Supplementary 
Materials). The desired 3D printing coaxial FASC devices are ratio-
nally designed on the basis of the following considerations. First, the 
multicore-shell printheads were designed and fabricated for con-
structing the 3D printing device, and the feed rate (see details in 
section S1, Supplementary Materials) is gradually increased from 
the innermost layer to the outermost layer for maintaining the same 
printing rate. Second, printed electrode material “inks” were fabri-
cated by regulating the proportion of the active substances (V2O5 or 
VN NWs) and MWCNTs to obtain the homogeneous, highly viscous, 
and optimized elastic ink. Meanwhile, the viscousness of the gel elec-
trolyte inks should be less than that of the electrode material inks. 
Moreover, the viscosity roughly matches so that the printing rate does 
not interfere with each other. Third, the quick solidification process 
is necessary to form the 3D printing coaxial FASC device. Last, the 
inner structure (surface area and diameter) of the printed device 

was confirmed by following the principle of charge match of the 
negative and positive electrodes. On the basis of these considerations, 
the as-fabricated coherent multi-inks [V2O5 NWs/MWCNTs, VN 
NWs/MWCNTs, and polyvinyl alcohol (PVA)/KOH] with good rheo-
logical behavior served as the 3D printable inks as demanded (Fig. 2A). 
After 3D printing, the as-fabricated coaxial FASC device can be achieved 
via the fast solidification of polyvinylidene fluoride (PVDF)/N-methyl- 
 2-pyrrolidone (NMP), and then NMP solvents were removed by 
washing with ethanol and water and dried at room temperature 
(Fig. 2B). The introduction of PVDF is mainly to increase the vis-
cosity of the NMP solvent and reduce the slip of the coaxial device 
in the solidification bath, thus better maintaining device morphology. 
To obtain the printable MWCNT-based and electrolyte inks for 
achieving an all-in-one 3D printing coaxial FASC device, the compo-
sition and rheology behavior (such as highly viscous, non-Newtonian 
fluids) of the inks need to be tuned so that the inks can be success-
fully extruded, and the self-supporting pattern is well maintained. 
Figure 2C exhibits the apparent viscosity of the dispersed MWCNT 
suspensions as a function of shear rate, indicating that the MWCNT 
suspension at 200 mg ml−1 is non-Newtonian fluid with shear-thinning 
behavior, which is suitable to the extrusion processing of the print-
able ink (16). Compared with the pristine MWCNTs, the MWCNT-
based hybrid inks (V2O5 NWs/MWCNTs or VN NWs/MWCNTs) 
embrace the slightly higher apparent viscosity with strong shear- 
thinning behavior when the V2O5 or VN NWs were added, which 
results from the orientation of the MWCNTs and electrochemical 
active substances (V2O5 or VN) during the 3D printing extrusion 
process (Fig. 2, D and E). Obviously, all the ink behaviors are well 
explained by the Herschel-Bulkley model (38)

   =  ()  =  + K     n   (1)

where , , , and  represent shear thinning, apparent viscosity, 
shear rate, and shear stress, respectively. Accordingly, all the inks 
conform to the shear-thinning behavior, and the values of the 
viscosity are suitable for printing. Figure 2 (F to H) displays the dy-
namic mechanical analysis (DMA) of the as-prepared inks with 
oscillation range from 0.1 to 103 Pa at 1.0 Hz. The storage and loss 
moduli of the inks demonstrate the stored energy from the elastic 
contribution and the dissipated energy from the viscous contribu-
tion, respectively. The symbols of the storage and loss moduli are 
filling shapes and open shapes, respectively. The point of intersection 
of the storage and loss moduli is called the yield point. The storage 
moduli of all the inks (MWCNTs, V2O5 NWs/MWCNTs, and VN 
NWs/MWCNTs) are greater than their loss moduli under the value 
of the yield point, reflecting a solid-like behavior. On the basis of the 
solid-like property, the ink materials can maintain shape when it 
leaves the nozzle after being extruded, making it possible to achieve 
the coaxial structure of the fiber device. The loss moduli of all the 
inks decrease lower than the elastic moduli, indicating a fluid-like 
behavior. Within this region, the inks mainly show viscous defor-
mation, which is attributed to the extrusion process of 3D printing. 
Moreover, the good rheological property of the electrolyte ink is 
also obtained (fig. S4, Supplementary Materials). On the basis of 
the excellent rheological behavior (such as highly viscous, non- 
Newtonian fluids) of the MWCNT-based and electrolyte inks, 
an all-in-one 3D printing coaxial FASC device is expected to be 
successfully fabricated.
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Characterization of the 3D printing coaxial FASC device
For probing the structure of the as-prepared device, schematic illus-
trations of the cross-sectional view and cross-sectional SEM images 
of the V2O5 NW/MWCNT fiber, V2O5 NW/MWCNTs@gel electro-
lyte fiber, V2O5 NW/MWCNTs@gel electrolyte@VN NW/MWCNT 
fiber, and the coaxial FASC device by 3D printing DCMW technology 
are demonstrated in Fig. 3 (A to H). The cross-sectional SEM images 
in Fig. 3E and fig. S5B exhibit the single V2O5 NW/MWCNT fiber 
with a diameter of 250 m, and the single fiber embraces a relatively 
compact structure without the big pores (Supplementary Materials). 
The SEM images of the pure MWCNTs and VN NW/MWCNT 

fibers are shown in fig. S5 (A and C) (Supplementary Materials). The 
phase composition and chemical states of the VN NW/MWCNT 
ink are confirmed by XRD and XPS (figs. S6 and S7, Supplementary 
Materials), and the Raman spectra of the V2O5 NW/MWCNT and 
VN NW/MWCNT inks are depicted in fig. S8 (A and B, respectively), 
which reveal the characteristic peaks of VOx and VOx deposited on 
VN, and the typical peak of crystalline carbon (Supplementary 
Materials) (39, 40). It is revealed that the V2O5 NW/MWCNT fiber 
is uniformly encapsulated by the gel electrolyte (Fig. 3F) with the 
porous structure (fig. S9, Supplementary Materials). This can lead 
to the single fiber making close contact with the gel electrolyte and 

Fig. 2. Rheological performance of the as-fabricated inks. (A) 3D printing extrusion process of the printable coaxial FASC device. (B) 3D printing coaxial FASC device 
is achieved by subsequent solidification process. Rheological properties of pure MWCNT, V2O5 NW/MWCNT, and VN NW/MWCNT slurry inks. (C to E) Apparent viscosity as 
a function of shear rate for pure MWCNT, V2O5 NW/MWCNT, and VN NWs/MWCNT inks, respectively. (F to H) Storage modulus, G′, and loss modulus, G″, as a function of 
shear stress for pure MWCNT, V2O5 NW/MWCNT, and VN NW/MWCNT slurry inks, respectively.
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the ease of electrolyte penetration. Figure 3G exhibits the cross- 
sectional SEM image of the VN NW/MWCNTs@PVA/KOH gel 
electrolyte@V2O5 NW/MWCNT fiber; the diameter of the fiber is 
about 390 m. The cross-sectional SEM image of the 3D printing 
coaxial FASC device is shown in Fig. 3H, the diameter of the as- 
printed device is about 400 m, and the printed outer gel electrolyte 
can effectively prevent the peeling off of the electrode materials. In 
addition, various complicated patterns (Fig. 3, I to N) were printed 
by 3D printing DCMW technology, which demonstrates its compe-
tence to fabricate 3D printing coaxial FASC device with high accu-
racy and scalability, and the stress-strain performance results show 
the excellent flexibility and mechanical strength of the printed fiber 
electrodes and devices (fig. S10, Supplementary Materials). Moreover, 
the high Brunauer-Emmett-Teller (BET) surface area of the as-prepared 
V2O5 NW/MWCNT fiber and VN NW/MWCNT fiber can obtain 
high values of 114.8 and 121.2 m2 g−1, respectively (fig. S11, A and 

B, Supplementary Materials). The mesopore structures of the V2O5 
NW/MWCNT fiber and VN NW/MWCNT fiber were obtained on the 
basis of the pore size distribution (fig. S11, C and D, Supplementary 
Materials), which is a benefit for the transport and diffusion of electro-
lyte ions during the fast charge/discharge process.

Electrochemical and flexible performance of the 3D printing 
coaxial FASC device
To realize a high–energy density 3D printing coaxial FASC device 
for a flexible wearable device, we selected the proper electrochemical 
performances of the positive (V2O5 NWs/MWCNTs) and the nega-
tive (VN NWs/MWCNTs) electrodes by the principle of the charge 
match. It is worth noting that the as-printed coaxial FASC device 
embraces outstanding electrochemical performance by designing 
and adjusting the diameter of the positive and negative aspects of the 
coaxial needles. The electrochemical performances of the positive 

Fig. 3. Structures of the electrode and 3D printing coaxial FASC device. (A to D) Schematic illustrations of the cross-sectional view of the V2O5 NW/MWCNT fiber, V2O5 
NWs/MWCNTs@gel electrolyte fiber, V2O5 NWs/MWCNTs@gel electrolyte@VN NW/MWCNT fiber, and the 3D printing coaxial FASC device struts. The cross-sectional SEM 
images of (E) V2O5 NW/MWCNT fiber, (F) V2O5 NWs/MWCNTs@gel electrolyte fiber, (G) V2O5 NWs/MWCNTs@gel electrolyte@VN NW/MWCNT fiber, and (H) the 3D printing 
coaxial FASC device by DCMW. (I to N) The printed FASC device with different patterns. Scale bars, 50 m (E and F), 100 m (G and H), and 10 mm (I to N). Photo credit: 
(I to N) Hongyu Lu, Xi’an University of Technology.
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and negative electrodes are exhibited in figs. S12 and S13, respec-
tively (Supplementary Materials). To confirm the working voltage 
of the fabricated device, the cyclic voltammetry (CV) curves of the 
negative/positive electrode were tested. The specific operating voltage 
windows of the positive and negative electrodes are −1.2 to −0.2 V 
and 0 to 0.4 V (fig. S14, Supplementary Materials), respectively. 
Thus, the 3D printing coaxial FASC device owns a high working 
voltage of 1.6 V. The cross-sectional schematic diagram of the 3D 
printing coaxial FASC device is exhibited in Fig. 4A. Figure 4B 
shows that the loop region of the CV curves of the 3D printing 
coaxial FASC device enlarges with the increase in operating voltage 
range (1.0 to 1.6 V) at a scan rate of 75 mV s−1. The obtained 
CV curves (Fig. 4B) embrace a quasi-rectangular shape without ob-
vious redox peaks, which indicates excellent capacitive behavior 
(12, 13, 41–44). To further assess the electrochemical properties of 
the fabricated 3D printing coaxial FASC device, we also performed 
galvanostatic charge/discharge (GCD), CV, and electrochemical 
impedance spectroscopy (EIS) analysis. The CV curves of the 
as-prepared electrochemical device are demonstrated in Fig. 4C, 
which retains the quasi-rectangular shape with the scan rate in-
creasing from 5 to 100 mV s−1 with an operating voltage window 
from 0 to 1.6 V, thus indicating an ideal electrocapacitive reversible 
behavior (45, 46). Impressively, the almost symmetric triangular 
shapes and excellent rate capability are obtained for the as-prepared 
FASC device (Fig. 4D), revealing the desired capacitive behavior 
(47–49). Correspondingly, the EIS fitting result (fig. S15, Supple-
mentary Materials) also indicates the fast charge carrier diffusion in 
the device, since the diffusion impedance is almost a straight line 
and the angle with the real resistance axis is about 70° in the low- 
frequency area. The ultralow equivalent series resistance (1.27 ohms) 
and low self-discharge rate (fig. S16) are the main reasons for the 
excellent electrochemical properties.

The correlations between areal specific capacitance, capacitance 
retention, and the operating current density of the 3D printing co-
axial FASC device are demonstrated in Fig. 4E. The calculated areal 
specific capacitance of the as-printed device decreases slowly with 
the increasing current density, leading to excellent rate capability. 
From Fig. 4F, the fabricated 3D printing coaxial FASC device differs 
from previous reports in several aspects (7, 10, 14, 50–56). First, the 
specific capacitance of the whole device surpasses most of the con-
ventional fiber-shaped supercapacitors. In addition, the electro-
chemical performances are slightly decreased with the marked 
increase in the device’s length (fig. S17, Supplementary Materials). 
Then, the as-printed device embraces better cyclic stability than 
most of the fiber-shaped supercapacitor device, and the capacitance 
retention of the electrochemical device can achieve 93.1% after 
12,000 cycles (fig. S18, Supplementary Materials). Moreover, the 
device performances, such as areal energy and areal power densities, 
are revealed in Fig. 4F; the detailed comparison of the areal, volu-
metric, and gravimetric specific capacitance with corresponding areal, 
volumetric, and gravimetric energy/power densities is provided in 
fig. S19 and table S1 (3, 5–11, 14, 16–18, 51–56). Impressively, the 
printed device delivers the highest EA of 54.3 Wh cm−2 at a PA of 
801.4 W cm−2, which exceeds most of the reported literature values 
(7, 10, 14, 50–56). From the perspective view of flexible and wear-
able energy storage devices, our 3D printing coaxial FASC device 
demonstrated both high flexibility and high energy storage capability. 
Figure S20A demonstrates the CV curves of the device under differ-
ent bending angles (0° to 180°) at a scan rate of 75 mV s−1 (optical 

images of the device under different bending angles are shown in 
fig. S21). Obviously, the shapes of the CV curves have no noticeable 
changes, which indicate that the printed electrochemical device em-
braces splendid flexibility and excellent mechanical stability. Figure 
S20B depicts the capacitance retention and specific capacitance of 
the printed coaxial FASC device under different bending angles at 
the current density of 1.0 mA cm−2, manifesting the specific capac-
itance of the as-printed device almost has no decay and the capaci-
tance retention of 97.9% is obtained when the bending angle reaches 
180°. In addition, the occlusive areas of the CV curves of the as- 
printed device have no substantial deviation when the number of 
bends reaches the 5000th cycle at a scan rate of 75 mV s−1 (Fig. 4G). 
Moreover, the capacitance retention of the printed coaxial FASC 
device can attain 95.5% of the original specific capacitance after 
5000 bending cycles with a bending angle of 90° when the current 
density is 2.0 mA cm−2 (Fig. 4H). The outstanding bending perform-
ance is mainly due to the inner and outer PVA gel layers, which take 
full advantage of the mechanical properties of the wet gel and well 
maintain the working condition of the device. In addition, the outer 
layer of the PVA wet gel also prevents the internal electrolyte from 
evaporating, resulting in better cycling performance of the de-
vice. As expected, the 3D printing coaxial FASC device shows low 
charge transfer resistance and high ionic diffusion behavior (fig. S22, 
Supplementary Materials), which is due to the compact four-layer 
structure and shortening of the ion diffusion path within the all-in-
one coaxial structure. In addition, the capacitance retention of the 
device is better than that of the as-fabricated FASC device with 
twisted and traditional coaxial architectures after numerous bend-
ing (bending angle is 90°) (fig. S23A, Supplementary Materials). The 
SEM images of the different devices before and after bending prove 
the mechanically robust structure from our FASC device (Fig. S23, 
B to G, Supplementary Materials). This performance manifests that 
the 3D printing coaxial FASC device embraces excellent device per-
formance with excellent mechanical property due to the compact 
structure with a short charge carrier diffusion path. The outstand-
ing mechanical durability is attributed to the intimate interface contact 
among the positive electrode/electrolyte/negative electrode layers in 
coaxial FASC devices by the DCMW technology, and the compactly 
integrated electrode structure can alleviate the mismatch of the 
Young’s modulus from each layer under extreme or repeated bend-
ing. To demonstrate the feasibility of powering the electronic devices, 
a fully charged 3D printing coaxial FASC device with the shape of a 
dragon can illuminate a 1.5-V red light-emitting diode (LED) 
(Fig. 4I). Moreover, two 3D printing coaxial FASC devices with 
gridding shapes in series can illuminate a 3.0-V blue LED, demon-
strating the flexibility and wearable capability of 3D printing devices 
(fig. S24, Supplementary Materials).

Construction of the self-powered and self-monitoring 
systems and the actual applications in energy storage 
and conversion
To evaluate this 3D printing coaxial FASC device with high energy 
density for actual application, we integrate the FASC devices with a 
solar cell and electric motor to realize the self-powered system, 
which can convert solar energy into electric energy and, lastly, into 
mechanical energy (Fig. 5A). To obtain a device with higher energy 
density to drive the mechanical unit, we constructed the chip-based 
FASC device by realizing the 3D printing coaxial FASC device in 
series and the chip-based FASC devices charged by a solar cell that 
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can drive the pinwheel for continuous rotation (fig. S25 and movie 
S2, Supplementary Materials). Meanwhile, the water pumping 
system can pump more solution when integrating the chip-based 
FASC device into the solar cell to construct the self-powered system 
(fig. S26; Fig. 5, B and C; and movies S3 and S4), and the volume of 

the pumping solution of the self-powered system is more than the 
device with solar cell only (Fig. 5D). To assess the endurance ability 
of the self-powered system, the electric car is actuated with and 
without the chip-based FASC devices. From fig. S27A and movie S5, 
the electric car with solar cell can merely run a short distance because 

Fig. 4. Electrochemical performance of the 3D printing coaxial FASC device. (A) Schematic diagram of the assembled device. (B) Cyclic voltammetry (CV) curves of 
the obtained device operated under different voltage windows. (C) CV curves of the device at different scan rates. (D) Galvanostatic charge/discharge (GCD) curves of the 
device at different current densities. (E) Rate capability of the device. (F) Comparison of electrochemical performance of this 3D printing coaxial FASC device with previous 
FASC devices (7, 10, 14, 50–56). Note to the terminology: CA, areal specific capacitance; EA, areal energy density; PA, areal power density. (G) CV curves obtained at the dif-
ferent bending cycles at a scan rate of 75 mV s−1. (H) Capacitance retention after 5000 cycles. (I) Photograph of a red 1.5-V LED illuminated by a fully charged 3D printed 
coaxial FASC device. Photo credit: (I) Hongyu Lu, Xi’an University of Technology.
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of the lack of external energy supply. In contrast, the electric car 
with the solar cell and the chip-based FASC devices can run a longer 
distance and even up the ramp, demonstrating enhanced durability 
for future application in self-powered electric vehicles (figs. S27B 
and S28A, and movie S6, Supplementary Materials). Furthermore, 
sightseeing cable cars with a self-powered system embrace faster 
running speed than that with solar cell only, and the self-powered 
system can drive the sightseeing cable car with larger resistance to 
run farther distance, demonstrating the endurance capability of the 
integrated device (figs. S28B and S29; Fig. 5, E to G; and movies S7 
and S8). In addition, the practical functionality of a modern wear-
able electronic device is important in our daily life. For example, 
people usually monitor their health status at any time by using the 
sensors. However, most of the sensors suffer from a limited lifetime, 
and thus, they have to be charged or replaced frequently. Therefore, 
our self-energy monitoring system can solve the aforementioned 

problems (the digital photo is shown in fig. S30). In this integrated 
device, the as-fabricated 3D printing coaxial FASC device can pro-
vide power to the pressure sensor based on bioinspired multiscale 
structured polydimethylsiloxane (PDMS) and polypyrrole (PPy)/
PDMS stamps (Fig. 6A and fig. S31). The as-fabricated pressure sen-
sor can achieve a low pressure of 1.0 Pa, high sensitivity of 70 kPa−1 
(detection range, <500 Pa), and fast response time (loaded/uploaded 
time corresponds to 40 and 50 ms, respectively) owing to the existence 
of the multiscale architecture (fig. S32 and Fig. 6, B to E). Meanwhile, 
no evident performance degradation is observed after 600 loading/
unloading cycles, demonstrating the excellent cycle stability (Fig. 6, F to H). 
To investigate the sensing capability of the pressure sensor, the pressure 
sensor is attached to the wrist and fingertip of the tester (an adult 
female 175 cm in height and 60 kg in weight), and the response signals 
are detected before and after exercise. Figure 6 (I and J) clearly depicts 
that both the big and small signals can be monitored, indicating the 

Fig. 5. Applications of the self-powered system. (A) Schematic diagram of the self-powered system of energy storage and conversion. The solar energy is converted 
into electrical energy and then into mechanical energy. (B) Photographs of water pumping prototype with solar cell only; less solution is obtained without extra energy. 
(C) Photographs of water pumping prototype with the self-powered configuration including chip-based FASC device and solar cell; more solution is obtained with ener-
gy storage. (D) Relationship between volume of the pumping solution and time of the solar cell and self-powered system, respectively. (E) Photographs of the running of 
a sightseeing cable car with solar cell only. The sightseeing cable car can run the short distance without extra energy storage. (F) Photographs of the running of the 
sightseeing cable car with the self-powered configuration including chip-based FASC device and solar cell. The sightseeing cable car can run the long distance with en-
ergy storage, demonstrating longer durability. (G) Relationship between the running distance and time of the sightseeing cable car with self-powered system and solar 
cell only, respectively. The running speed of the sightseeing cable car with self-powered system is faster than that with solar cell only. Photo credit: (B, C, E, and F) Jingxin 
Zhao, University of Macau.
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Fig. 6. The sensing performance of the as-fabricated self-energy monitoring system including the 3D printing coaxial FASC device and pressure sensor; the 
FASC device provide the power to the pressure sensor. (A) Schematic diagram of the fabrication process of the self-energy monitoring system. (B) Sensitivity of the 
pressure sensor in the self-energy monitoring system. (C) Response signal of the pressure sensor under the 10-Pa pressure in the self-energy monitoring system. The re-
sponse time of the pressure sensor was tested by placing a weight on the pressure sensor, which is covered by a glass slide to obtain a uniform pressure distribution 
firstly. (D and E) Magnified waveforms of the response/relaxation time extracted from (C), respectively. (F) Current change of the pressure sensor after repeated loading/
uploading the 0.25-kPa pressure in this self-energy monitoring. (G and H) Magnified waveforms of the first 50 s and the last 50 s obtained from (F), respectively. (I and J) 
Response signal of the pressure for the fingertip and wrist pulses before and after exercise. The skin stickers were used to fix the pressure sensor on the fingertip and wrist 
to obtain a stable pulse signal. (K) Response signal of the pressure sensor for five different tones of kalimba piano.
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excellent pressure-sensing performance. In addition, the different 
signals of the purchased kalimba piano can be observed in Fig. 6K, 
which can be expected to be used in sound recognition. Thus, an 
all-in-one coaxial solid-state FASC device with high energy density 
will become a prospective candidate to be used in more new fields 
such as artificial intelligence, robotics, and sensing.

DISCUSSION
In summary, we developed a 3D printing direct coherent multi-ink 
writing technology to directly fabricate an all-in-one coaxial solid- 
state FASC device with an ultrahigh areal energy/power density by 
designing the internal structure of the multicore-shell needles and 
regulating the rheological property and the feed rates of the multi-
inks. Benefitting from our design of coaxial core-shell configura-
tions, the FASC device with short charge carrier diffusion path has 
high specific capacitance of 152.7 mF cm−2 (CV of 27.8 F cm−3 and 
Cg of 59.3 F g−1) and splendid areal energy density of 54.3 Wh 
cm−2 (EV of 9.9 F cm−3 and Eg of 21.1 Wh kg−1), as well as an out-
standing long cycling life with high capacitance retention of 93.1% 
after 12,000 cycles. Furthermore, the compact structure of the 
printed coaxial FASC device embraces splendid flexibility and me-
chanical stability performance with capacitance retention of 95.5% 
after 5000 cycles of repetitive bending, which is superior to tradi-
tional coaxial or twisted architecture asymmetric supercapacitors. 
Benefitting from the excellent electrochemical performance, the 3D 
printing coaxial FASC devices can serve as on-demand energy storage 
units to drive pinwheels, pumping prototypes, electric cars, and 
pressure sensors with improved performance. Our developed tech-
nology offers a highly versatile and powerful solution to design 
high-performance on-demand fiber-shaped energy storage devices 
for advanced wearable electronic applications.

MATERIALS AND METHODS
Preparation of V2O5 and VN NWs
V2O5 was synthesized via a facile hydrothermal process and sub-
sequent annealing according to the following steps. In a typical fab-
rication procedure, 0.70 g of the NH4VO3 powders was added to 
30 ml of distilled water and then stirred for 25 min at room tem-
perature. The solution appears as a clear yellow solution. Then, H2SO4 
was added into the above solution (pH 1  to 2). The solution was 
transferred into an 80-ml Teflon-lined autoclave. The autoclave 
was then maintained at 200°C for 24 hours. The as-prepared product 
was washed with deionized water and ethanol several times and vacuum 
dried overnight. Then, the as-prepared V2O5 NWs were annealed at 
600°C in NH3 gas for 1 hour to obtain the VN NWs structure.

Preparation of inks
To fabricate the MWCNT-based hybrid inks, the pseudocapacitance 
substances (V2O5 NW or VN NW powder) (200 mg) and MWCNTs 
(1000 mg) (Chinese Academy of Sciences, Chengdu Organic Chem-
istry) were added into NMP (10 ml), and the substances were well 
dispersed in the hybrid suspensions by mechanical agitation and 
subsequent ultrasonication. Last, the electrode inks were concen-
trated to 200 mg ml−1. To obtain the PVA/KOH gel electrolyte ink, 
10 g of PVA powder and 10 g of KOH were added into 80 g of de-
ionized water, and then gel electrolyte ink was used in the printing 
process.

3D printing coaxial FASC device by a 3D printing DCMW 
technology
MWCNT-based inks and gel electrolyte inks were used to construct 
a 3D printing coaxial FASC device using a robotic deposition device 
(TH-206H, Tianhao Technic, China). The 3D printing coaxial FASC 
device was extruded from a coaxial spinneret with no substrate and 
printed the designed pattern on textiles.

The inks of four injection syringes are V2O5 NWs/MWCNTs, 
PVA/KOH, VN NWs/MWCNTs, and PVA/KOH, respectively, which 
were connected to the inner (diameter, 250 m), the second layer 
(diameter, 270 m), the third layer (diameter, 390 m), and the outer 
(diameter, 400 m) channels of a coaxial spinneret, respectively. The 
coaxial spinneret was then fixed onto a 3D printer. Thus, the four 
inks were synchronously injected to form the coaxial FASC device. 
The feeding rates of the four ink nozzles were maintained at 10, 15, 
20, and 25 ml/hour. The print path of the coaxial spinneret was exactly 
controlled at a rate of 20 mm/s using a programmed procedure. 
Last, the 3D printing coaxial FASC device was formed. The various 
patterns composed of the coaxial FASC devices were directly printed 
onto the fabric substrate. After printing, the coaxial FASC device 
or the fabric substrate can be immersed in a PVDF coagulation 
bath (50 mg ml−1) to remove the solvent followed by washing with 
ethanol and water and dried for 24 hours at room temperature. In 
addition, the single fiber electrode (V2O5 NW/MWCNT positive 
electrode or VN NW/MWCNT negative electrode) was obtained by 
a single spinneret, the feeding rate of the single ink nozzle was 
maintained at 15 ml/hour, and it can be immersed in a PVDF/NMP 
coagulation bath (50 mg ml−1); then, NMP solvents were removed 
by washing with ethanol and water, and dried for 24 hours at room 
temperature.

FASC device with twisted architecture
The FASC device with twisted architecture was obtained by twisting 
the 3D printing V2O5 NW/MWCNT fiber@gel electrolyte and VN 
NW/MWCNT fiber@gel electrolyte.

FASC device with the traditional coaxial architecture
The FASC device with the traditional coaxial architecture was ob-
tained by a series of procedures. First, VN NW/MWCNT electrode 
material was printed in a carbon nanotube (CNT) film. Second, VN 
NW/MWCNT electrode was wrapped around a 3D printing V2O5 
NW/MWCNT fiber@gel electrolyte. Last, the second layer gel elec-
trolyte was printed in the as-prepared coaxial FASC device. The length 
and the mass loading of the FASC with twisted and the traditional 
coaxial architectures are identical to those of the 3D printing coaxial 
FASC device.

Fabrication of chip-based FASC device
The chip-based FASC device was assembled by integrating several 
FASC devices in a series. Then, two conductive copper wires were 
attached on one side of the chip in parallel.

Assembly of self-powered systems
The self-powered systems were assembled by chip-based FASC 
device, solar cell, and powered devices such as pinwheel, pumping 
prototype, electric car, and sightseeing cable car. First, the solar cell 
was used for harvesting and converted the solar energy into electric 
energy. Then, the chip-based FASC device was used in storing elec-
tric energy, and it can provide power to powered devices.
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Fabrication of self-energy monitoring configuration
First, the pressure sensor based on the multiscale structured PPy/
PDMS was achieved in accordance with our previously reported 
procedure (57). Then, the as-fabricated pressure sensor was wrapped 
around the 3D printing coaxial FASC device to form an integrated 
device. Last, the integrated device was carefully and slightly encap-
sulated with the scotch tape.

Characterizations
XRD measurements were performed using an x-ray diffractometer 
using Cu K radiation (D8 Advance PANalytical X’Pert Pro). The 
morphology and microstructures of the samples were observed by a 
field-emission scanning electron microscope (S-4800) and trans-
mission electron microscope (Tecnai G2 F20 S-TWIN). The Raman 
spectra of the V2O5 NW/MWCNT and VN NW/MWCNT fibers 
were recorded using a micro-Raman spectroscope (LabRAM HR, 
with an excitation wavelength of 532 nm). XPS was performed on 
an ESCALab MKII X-ray photoelectron spectrometer with non-
monochromatized Mg-Ka x-ray as the excitation source. The bind-
ing energies in the XPS analysis were corrected by referencing C 1s 
to 284.6 eV. The nitrogen adsorption/desorption measurements 
were performed on an ASAP 2020 volumetric adsorption analyzer 
(Micromeritics, USA) at 77 K.

Electrochemical measurements
All electrochemical measurements (CV, GCD, and EIS) were exe-
cuted to accurately evaluate the electrochemical performance of the 
single electrodes and the 3D printing coaxial FASC device using an 
electrochemical working station (CHI760E, Shanghai, China). The 
single fiber electrodes (fiber positive and negative electrode) were 
pasted in polyethylene terephthalate (PET) that was stuck on the 
conductive copper tape for the electrochemical performance mea-
surement. The single-fiber electrodes (fiber positive and negative 
electrode) were tested in a three-electrode system in 1 M KOH 
aqueous electrolyte at room temperature; single-fiber electrodes (V2O5 
NW/MWCNT fiber positive electrode and VN NW/MWCNT fiber 
negative electrode), a platinum wire electrode, and a saturated calomel 
electrode (SCE) served as the working electrode, counter electrode, 
and reference electrode, respectively. The average areal specific ca-
pacitance (CA) values of the single fiber electrodes were calculated 
from the GCD curves, using the following Eq. 2

   C  A   =   I ─ [dE / dt ] × A   ≈   I ─ [E / t ] × A   (mF  cm   –2 )  (2)

where I is the constant discharge current, t is the discharge time 
interval, A indicates the area of the corresponding single fiber elec-
trodes, and E represents the voltage change after a full discharge.

In a two-electrode system, two copper wires were connected to 
two electrodes (V2O5 NW/MWCNT positive electrode and VN 
NW/MWCNT negative electrode) to test the 3D printing coaxial 
FASC device. The average specific capacitance (Cn) values of the 3D 
printing coaxial FASC device was calculated from GCD curves 
using the following Eq. 3

   C  n   =   I ─ [dE / dt ] × n   ≈   I ─ [E / t ] × n    (3)

where I is the constant discharge current, t is the discharge time 
interval, n represents the area (A), mass (m), and volume (V) of the 

3D printing coaxial FASC device, and E represents the voltage 
change after a full discharge.

The energy density and power density of the 3D printing coaxial 
FASC device were calculated using Eqs. 4 and 5

   E  n   = 0.5  C  n    (E)   2   (4)

    P  n   =    E  n   ─ t    (5)

where En indicates the areal energy density (EA), the gravimetric 
energy density (Eg), and volumetric energy density (EV); Cn rep-
resents the areal specific capacitance (CA), gravimetric specific 
capacitance (Cg), and the volumetric specific capacitance (CV); E 
demonstrates the voltage change after a full discharge; Pn manifests 
the areal power density (PA), the gravimetric power density (Pg), 
and the volumetric power density (PV); and t is the discharge time 
interval. The cycle-life tests were performed using a LAND system 
(CTA2001A, China).

The surface area (A) of the 3D printing coaxial FASC device (or 
single fiber electrodes) was calculated by  multiplied by the diameter 
(D) of the 3D printing coaxial FASC device (or single fiber electrodes) 
and the total length (L) of the 3D printing coaxial FASC device. In 
addition, the volume (V) of the 3D printing coaxial FASC device (or 
single fiber electrodes) was calculated by  multiplied by the square 
of the radius (r) of the 3D printing coaxial FASC device (or single 
fiber electrodes) and the total length of the 3D printing coaxial 
FASC device or single fiber electrodes. The length of the tested single 
fiber electrodes and the 3D printing coaxial FASC device are 2.0 and 
3.5 cm, respectively. The mass loading of the V2O5 NW/MWCNT 
fiber positive, the VN NW/MWCNT fiber negative electrode, and 
the 3D printing coaxial FASC device are 4.0, 3.3, and 16.4 mg cm−2, 
respectively.

For rational design of the FASC devices, the charge match of the 
negative and positive electrode is important, and the realization of 
the charge match of negative and positive electrodes is dependent 
on the designing of the internal structure of the coaxial multicore- 
shell nozzles. In general, for an asymmetric supercapacitor, the pos-
itive charge (Q+) should be equal to the negative charge (Q−). The 
charge (Q) is defined as

  Q = C × A × V  (6)

where C is the specific capacitance, V is the potential range, and A is 
the area of the electrode. In the 3D printing coaxial FASC device, the 
V+ and V− are 0.4 and 1.0 V, and C+ and C− are 805.6 and 671.2 mF cm−2, 
respectively. To achieve Q+ = Q− at 5 mV s−1, the area balancing 
between the two electrodes (V2O5/MWCNTs and VN/MWCNTs) 
in the coaxial FASC device should be A (V2O5/MWCNT electrode)/A 
(VN/MWCNT electrode) ≈ 2.04.

The electrical performances of the pressure sensor were also 
collected by the electrochemical workstation (CHI760E, Shanghai, 
China). The sensitivity of the pressure sensor was calculated 
using Eq. 7

  S = (I /  I  0   ) / P  (7)

where S represents the sensitivity, I demonstrates the current 
change under a constant pressure load on the pressure sensor, I0 is 
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the initial current without pressure load, and P manifests the change 
of the applied pressure.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eabd6978/DC1
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