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accurately designed form by varying the moving speed of the 
translation stage and the rotary speeds of the two motors. [ 19 ]  
The MWCNT sheet can be closely attached onto the rubber 
fi ber mainly due to Van der Waals forces between the MWCNTs 
and the substrate. The helical angle of the wound MWCNT 
sheet can be fi xed across the fi ber when the precession velocity 
of the MWCNT sheet is equal to the moving velocity of the 
translation stage, i.e., the equation  Y / X  = 2π r ·cot α  is satisfi ed, 
where  Y ,  X , and  r  correspond to the velocity of the translation 
stage (cm/min), the rotary speed of the motor (revolution/min), 
and the radius of the rubber fi ber (cm), respectively.  

 Figure S1 shows scanning electron microscopy (SEM) 
images of a rubber fi ber with a diameter of 500 µm before and 
after being wound with MWCNT sheets. The thickness of the 
MWCNT sheath can be controlled by varying the helical angle. 
For the MWCNT sheet spun from the array, an average thick-
ness of approximately 18 nm was observed. Many layers of 
MWCNT sheets are attached to the rubber fi ber, and the layer 
number ( N ), which is determined by the helical angle and 
width of the MWCNT sheet, is used to control the thickness 
of the sheath on the elastic conducting fi ber. The layer number 
can be calculated from the equation  N  = Z /(2π r  · cos α ), where  Z  
is the width of the MWCNT sheet. For an MWCNT sheet with 
a helical angle of 60° and a width of 1 cm, the layer number 
 N  is calculated to be 12.6, which corresponds to a thickness of 
MWCNT on the rubber fi ber of approximately 220 nm. There-
fore, the thickness can be accurately tuned by varying the hel-
ical angle and width of the MWCNT sheet. The thickness can 
also be increased by repeatedly winding the MWCNT sheet 
onto the rubber fi ber. 

 The conducting fi bers produced are highly stretchable 
and fl exible. These fi bers could be wound onto a substrate 
or knotted into various forms (Figures  1 b and  1 c). Even after 
repeated stretch by 100% (Figures  1 d- 1 f), no obvious changes 
in the structure of the fi bers were observed. In addition, the 
electrical resistance of the fi ber remained almost unchanged 
during the stretching process (Video S2). As an application 
demonstration, two elastic conducting fi bers were used as con-
ducting wires to lighten a light emission diode with a stable 
performance under stretching (Video S3). 

 To systematically study the electrical properties of these 
elastic fi bers, we compared MWCNT sheets with increasing 
helical angles of 15, 30, 45, 60, and 75° but with the same thick-
ness of approximately 440 nm (Figures S2a, S3a, S4a, 2a, and 
S5a). Continuous and uniform sheaths were produced, and 
the MWCNTs were highly aligned along the helical direction 
(Figures S6a, S7a and 2b). For the aligned MWCNT sheath, the 
total electrical resistance is derived from two main parts, i.e., 
the resistances of individual MWCNTs and the contact resist-
ances among them. As MWCNTs exhibit a very low resistivity 
of 10 −6  Ω·cm, the fi ber resistance is dominated by the contact 

  Stretchable electronics enable applications that are impossible 
to achieve from rigid silicon-wafer-based technologies. Exam-
ples range from artifi cial skins and various implants in the body 
to wearable communication facilities that require stretchability 
and fl exibility. [ 1–4 ]  In particular, the development of stretchable 
microdevices with an applicable production method is key to 
meeting the ongoing requirements toward smaller and lighter 
facilities. [ 2 ]  

 Elastic conductors are essential components of stretch-
able optoelectronic and electronic devices. [ 1,5–15 ]  Metallic fi lms 
on elastic substrates with fracture or buckling structures are 
generally used. [ 5–7 ]  Conducting polymers can be also buckled 
to form stretchable electrodes. [ 1,8–10 ]  Recently, nanomaterials 
of large aspect ratios such as carbon nanotube and graphene 
have been coated into fi lms where they are bridged during the 
stretch, and a high conductivity and stability were achieved by 
this strategy. [ 1,4,10–13 ]  The use of elastic conductors for organic 
solar cells had been attempted with energy conversion effi cien-
cies of 1.2%–2.0%. [ 1 ]  

 In this study, we have developed a new and general method 
to produce novel stretchable, wearable photovoltaic textiles 
based on elastic, electrically conducting fi bers. The fi ber elec-
trodes were fi rstly prepared by winding aligned multi-walled 
carbon nanotube (MWCNT) sheets on rubber fi bers with high 
and stable electronic properties under stretch. A modifi ed Ti 
wire as a working electrode was then twisted onto the elastic 
MWCNT fi ber, followed by coating photoactive materials to 
make a wire-shaped dye-sensitized solar cell (DSC). The wire-
shaped DSCs were fi nally woven into the desired stretchable, 
wearable photovoltaic textile. The DSCs demonstrated high 
energy conversion effi ciencies of 7.13% that could be well 
maintained under stretch. 

 The preparation of an elastic conducting fi ber is schemati-
cally shown in  Figure    1  a and experimentally demonstrated 
in Video S1. The two ends of an elastic fi ber, such as rubber 
fi ber, are attached to two motors. A spinnable MWCNT array 
that is synthesized by chemical vapor deposition [ 16–18 ]  is fi xed 
onto a precisely motorized translation stage. A continuous 
MWCNT sheet is drawn out of the array and attached onto the 
rubber fi ber with an angle that is defi ned as α. The MWCNT 
sheet is closely bundled onto the rubber fi ber according to the 
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resistance. The contact resistances of the fi bers along the axial 
direction are increased with increasing helical angle, so the 
fi ber resistance is accordingly increased from 0.27 to 2.4 kΩ/cm 
when the helical angle is increased from 15° to 75° (Figure S8). 
However, the conducting fi ber is more stable in terms of both 
structure and conductivity at a higher helical angle. Figures S2b, 
S3b, S4b, 2c and S5b show MWCNT sheaths with increasing 
helical angles after stretch by 50%. The uniformly aligned 
structures of the MWCNTs are severely damaged at low helical 
angles of 15 and 30° and slightly damaged at 
45°, whereas they are well maintained at high 
helical angles of 60° and 75°. Figures S6, S7, 
2b and 2d show three typical fi bers at helical 
angles of 30°, 45°, and 60° before and after 
stretch, respectively. A wrinkled structure 
along the MWCNT-aligned direction is pro-
duced for all of the fi bers after stretch. How-
ever, the wrinkles become fewer and smaller 
as the helical angle increases. 

 The electrical resistances of conducting 
fi bers with increasing helical angles are also 
compared while being stretched. Figure S9 
shows the changes in the resistance values 
during the fi rst stretch and release process 
with a deformation of 50%. The resistance 
values did not completely recover to the ini-
tial values for all fi bers, possibly due to the 
formation of wrinkled structures ( Figures    2  d, 
S6b and S7b). The differences in resistance 
before and after stretch are reduced with an 
increasing helical angle, which is explained 
by the different degrees in the structure evo-
lutions. The fi ber resistances after stretch are 

only slightly increased by less than 5% at high helical angles 
of 60° and 75°. Importantly, the wrinkled structures of the 
MWCNTs after the fi rst stretch are well maintained during the 
following stretching cycle. This repeatable behavior is similar to 
some planar stretchable conductors, where wrinkled structures 
are designed to realize the stretchability. [ 6 ]  However, the natu-
rally formed wrinkles in the elastic fi ber appear at the nanoscale 
and are stable during deformation. As a result, the fi ber resist-
ances remain almost unchanged for all helical angles after fur-
ther stretch for the measured number of cycles of over 100.  

 Although the resistances remain unchanged upon rever-
sion to the original state after stretch, they may be increased 
at a stretched state, and the degree of increase depends on the 
helical angle: we found increases in resistance of 128, 91, and 
56% at increasing helical angles of 15°, 30°, and 45°, respec-
tively, after a deformation of 50% (Figure S10). By contrast, 
no changes in resistance were observed for fi bers with helical 
angles of 60° and 75° during the 50% stretch; with a further 
stretch to a deformation of 100%, the resistance was slightly 
increased but was fully recovered after relaxation of the stretch 
(Figure S11). The elastic conducting fi bers with a helical angle 
of 60° show the best overall performance and were used for the 
following study. 

 In addition to the helical angle, the resistances of the 
elastic fi bers can also be tuned by varying the sheath thick-
ness (Figure S12). Most of the decrease in resistance occurs 
at thicknesses of up to 1.20 µm, and then further slight reduc-
tions in resistance occur with further increases in thickness. 
The MWCNTs are more closely bundled with each other and 
more uniformly attached onto the rubber fi ber with increasing 
thickness below a critical point, and the structures will not be 
strongly affected after reaching this critical point. The resist-
ances are reduced from 2.24 to 0.13 kΩ/cm as thickness 
increases from 220 nm to 4.4 µm for fi bers with a helical angle 
of 60°. For a helical angle of 45°, the resistance decrease from 
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 Figure 1.    Elastic conducting fi bers. a) Schematic illustration of fabrica-
tion of elastic conducting fi bers. b,c) Photographs of the elastic con-
ducting fi bers in different forms. d–f) An elastic conducting fi ber before 
and after stretch by 50% and 100%, respectively.

 Figure 2.    SEM images of elastic conducting fi bers with a helical angle of 60°. a,b) Before 
stretch at low and high magnifi cations, respectively. c,d) After stretch by 50% at low and high 
magnifi cations, respectively.
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1.86 to 0.086 kΩ/cm with increasing thickness from 160 nm to 
4 µm. 

 These elastic conducting fi bers can be used to fabricate var-
ious stretchable optoelectronic and electronic devices such as 
wire-shaped DSCs.  Figures    3  a– 3 c and S13 schematically and 
experimentally illustrate the wire-shaped DSC. Here, a long, 
spring-like working electrode is prepared by growing perpen-
dicularly aligned TiO 2  nanotubes on a Ti wire by an anodizing 
method, [ 20–22 ]  and the elastic conducting fi ber is inserted into 
the working electrode as the counter electrode. Figure S14 
shows an SEM image of the outer surface of the working 
electrode. The TiO 2  nanotubes range from 70 to 100 nm in 
diameter and from several to tens of micrometers in length 
(Figure S15). The sizes of the TiO 2  nanotubes can be controlled 
by varying the experimental parameters during synthesis. [ 20 ]   

  Figure    4  a shows the  J–V  curves (measured under AM 1.5 
illumination) of wire-shaped DSCs using elastic conducting 
fi bers with different thicknesses of MWCNT layers as counter 
electrodes and the same Ti wire with TiO 2  nanotubes (30 µm 
in length) as the working electrode. The effective area was cal-
culated according to Figure S16 and described in the Supple-
mentary Information. The open-circuit voltages ( V  OC ) of all the 
devices were 0.71 V, whereas the short-circuit current density 
( J  SC ) and fi ll factor (FF) increased from 8.13 to 16.00 mA/cm 2  
and from 0.23 to 0.61, respectively, when the thickness of the 
MWCNT layer was increased from 220 to 1.10 µm. In addition, 
the three photovoltaic parameters remained almost unchanged 
with further increases in the thickness of the MWCNT layer 
(Table S1). The maximum energy conversion effi ciency (η) 

achieved 7.13% with a pitch distance of the twisted working 
electrode to be 560 µm that was mainly studied in this work. 
Note that the pitch distance could be varied while with close 
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 Figure 3.    a) Schematic illustration of a stretchable DSC. b,c) SEM images 
of a stretchable DSC with pitch distances of 560 and 164 µm, respectively. 
d,e) A stretchable DSC before and after stretch by 30%, respectively.

 Figure 4.    Photovoltaic performance of stretchable DSCs. a) J–V curves 
of DSCs using elastic conducting fi bers with MWCNT sheets of different 
thicknesses as the counter electrodes and the same Ti wire impregnated 
with 30-µm-long TiO 2  nanotubes as the working electrode. b) Electrocata-
lytic characterization of the elastic conducting fi bers with MWCNT sheets 
of different thicknesses. c) J–V curves of a stretchable DSC before and 
after stretch for 20 cycles at a strain of 30%.
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energy conversion effi ciencies, e.g., 7.05% at ∼164 µm where 
the two neighboring parallel units were almost contacted with 
each other (Figures  3 c, S17 and S18).  

 Cyclic voltammetry was also used to investigate the above 
wire-shaped DSCs (Figure  4 b). Two pairs of oxidation/reduction 
peaks were observed in each curve, with the left pair of peaks 
corresponding to the redox reaction of I 3  − /I − . Generally, a lower 
peak-to-peak voltage separation ( V  pp ) and a higher peak current 
density ( J  p ) indicate a better catalytic activity at the counter elec-
trode. [ 23–25 ]  Although the  V  pp  value for the fi ber with increasing 
sheath thickness is similar,  J  p  rises with the increasing thickness 
of MWCNT layers from 0.22 to 3.30 µm. Based on the  J–V  curve 
and cyclic voltammogram, the optimal thickness for the sheath 
is 1.10 µm. 

 The design of the elastic counter electrode and spring-
like working electrode enables the DSC to be highly stretch-
able. Figures  3 d and  3 e and Video S4 show a DSC wire that 
was stretched by 30% and then released to the initial state 
with high stability. The spring-liked working electrode and 
elastic fi ber counter electrode were simultaneously stretched 
and returned, and no obvious damage had been found in 
structure for the wire-shaped DSC during the process. The 
stretchability has been further quantitatively studied by 
tracing the  J–V  curve during deformation. Figure  4 c shows 
the  J–V  curves of a DSC wire cell before and after stretch by 
30% for 20 cycles. The evolutions of the three main photovol-
taic parameters are further summarized in Figure S19.  V  OC  
remained almost unchanged,  J  SC  decreased slightly by 3%, 
possibly due to the peeling off of a few of TiO 2  nanotubes, 

whereas the FF was slightly increased by 5% as the infi l-
tration of the electrolyte into MWCNTs improved, thus 
decreasing the resistances between the MWCNTs during the 
stretching process. As a result, the  η  values remained almost 
unchanged. 

 These fl exible fi bers and wire-shaped DSCs can be woven 
into various textiles while maintaining a high elasticity 
( Figures    5  a,  5 b and S20-S22). The resulting photovoltaic tex-
tiles had also demonstrated stable and effi cient photovol-
taic performances under stretching (Video S5). In addition, 
Figure  5 c shows the photovoltaic parameters of a photovol-
taic textile that were composed of fi ve wire-shaped DSCs con-
nected in series and parallel (Figure S22). The V OC  values 
had been increased from 0.71 to 3.31 V when they were con-
nected in series, while the photocurrents had been increased 
from 1.19 to 4.27 mA when they were connected in parallel. In 
addition, they had been maintained by ∼90% after stretch for 
50 cycles (Figure  5 d).  

 In summary, a new family of fl exible, stretchable and wear-
able photovoltaic textiles has been produced from novel elastic 
conducting fi ber electrodes through an effi cient weaving pro-
cess. Due to the low electrical resistance and high mechanical 
strength of the elastic fi bers, the resulting DSCs exhibit energy 
conversion effi ciencies of up to 7.13%. The high energy conver-
sion effi ciency and stability was well maintained under defor-
mations such as bending and stretching, so they can be widely 
used for various light-weight portable electronic devices and 
facilities. To the best of our knowledge, this work also repre-
sents the fi rst demonstration of stretchable DSCs.  
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 Figure 5.    a,b) Photographs of a fl exible and stretchable photovoltaic textile before and after stretch, respectively. c) J–V curves of the photovoltaic textile 
in series and parallel before and after stretch. d) Dependence of energy conversion effi ciency on stretched cycle number at a strain of ∼20%. η 0  and η 
correspond to energy conversion effi ciencies before and after stretch, respectively.
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  Experimental Section 
  Preparation of the Spinnable MWCNT Array : MWCNT arrays were 

grown using chemical vapor deposition with Fe (1.2 nm)/Al 2 O 3  (3 nm) 
on a silicon substrate as the catalyst at 740 °C. Ethylene was used as 
the carbon source, and a gas mixture of Ar and H 2  was used as the 
carrier gas. The fl ow rates of Ar, H 2 , and C 2 H 4  were typically 400, 30, and 
90 sccm, respectively. MWCNT arrays with thicknesses of 250 µm were 
mainly used in this work. 

  Preparation of the Working Electrodes and Fabrication of the Wire-shaped 
DSCs : A Ti wire (diameter 127 µm and purity 99.9%) was wound onto 
a rigid steel wire with diameter of 600 µm, followed by removal from 
the steel wire to form a spring-like shape. The aligned TiO 2  nanotube 
arrays were grown onto the surface of the Ti wire by an electrochemical 
anodization method in 0.3 wt% NH 4 F/ethylene glycol solution 
containing 8 wt% H 2 O at a voltage of 60 V for 6 h. [ 20–22 ]  The anodization 
was performed in a two-electrode electrochemical cell with a Ti wire 
and Pt sheet as the anode and cathode, respectively. The resulting wires 
were washed with deionized water to remove the electrolyte, followed 
by annealing at 500 °C for 1 h in air. The wires were then immersed 
in a 40 mM TiCl 4  aqueous solution at 70 °C for 30 min, followed 
by annealing again at 450 °C for 30 min. After the temperature was 
decreased to 120 °C, the wires were immersed in 0.3 mM N719 solution 
in a solvent mixture of dehydrated acetonitrile and tert-butanol (volume 
ratio of 1/1) for 16 h. The elastic conducting fi ber was then inserted into 
the spring-like working electrode wire, and both the fi ber and wire were 
transferred to a stretchable, transparent polyethylene tube. Finally, a 
redox electrolyte (containing 0.1 M lithium iodide, 0.05 M iodine, 0.6 M 
1, 2-dimethyl-3-propylimidazolium iodide, and 0.5 M 4-tert butyl-pyridine 
in dehydrated acetonitrile) was infi ltrated.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library 
or from the author. Five supporting videos show the preparation and 
electronic properties of fi ber electrode materials and the fabrication and 
stretchable properties of photovoltaic devices.  
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