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       Strain sensors are used to detect the electrical shift upon 
mechanical deformations and have found broad applications 
in infrastructural and automobile health monitoring. [  1  ]  Existing 
commercial products are mainly based on bulky technologies 
which are cheap but can only detect low strains within a few 
percent due to the very limited stretchability of metal and semi-
conductors. [  2,3  ]  However, strain sensors that are capable for the 
detection of high strain (>50%) are of compelling interest for 
emerging applications such as human-friendly interactive elec-
tronics. For example, the movements of human joints will gen-
erate strains as high as 55% upon stretching and contracting, [  4  ]  
which far exceeds the detection limit (ca. 5%) of conventional 
strain sensors. High-strain sensors are in imperative demands 
for unprecedented applications beyond the existing markets, [  4  ]  
such as wearable health-monitoring patch, robotic sensory skin 
and tele-surgery electronic glove, which all require high-strain 
sensing capabilities that cannot be achieved by simple exten-
sion of conventional technology. 

 Nanoscale materials were shown to be promising building 
blocks for innovative strain sensors with enhanced perfor-
mances, and devices based on several representative nano-
structures such as nanoparticles, [  5  ]  nanowires, [  6  ]  nanotubes [  4  ]  
and graphene [  7  ]  have been reported. Especially, graphene 
nanosheets with extraordinary electrical and mechanical prop-
erties [  8–11  ]  have been extensively studied for strain sensing appli-
cations. [  12–18  ]  Piezoresistive monolayer and few-layer graphene 
has been used for strain detection, [  12,14,15,17,18  ]  however, the 
graphene layers can only be stretched to a very limited extent 
ca. 6%. [  15  ]  Proper structural design such as creating buckled 
structures for originally rigid materials, a strategy that has been 
widely used for stretchable electronics, [  19,20  ]  can be employed to 
improve the stretchability of graphene to 25–30%, [  15,16  ]  which 
unfortunately is still unsatisfying for effi cient human-motion 
detection where the maximum strain exceeds 50%. 

 The development of high-strain graphene sensors remains 
technically challenging. In this report, we present an innovative 
strategy to fabricate graphene sensors with detection limit up to 
100%. Three-dimensional (3D) macroporous nanopapers com-
posed of crumpled graphene and nanocellulose were embedded 
in stretchable elastomer matrix to fabricate the strain sensors. 

To date, very limited reports on graphene sensors with stretch-
ability above 50% can be found. Chen et al. reported the fabri-
cation of 3D graphene foams by growing graphene on copper 
or nickel foam substrate and then etching away the metal tem-
plate. [  13  ]  The graphene foam embedded in elastomer can be 
stretched to 95% before mechanical fracture. Excellent stretch-
ability was achieved despite that the method requires high-cost 
chemical vapor deposition (CVD) growth and time-consuming 
etching processes. [  13  ]  With the ever-increasing demands of 
facile, low-cost and scalable nanofabrication techniques, devel-
opments of alternative routes to graphene high-strain sensors 
are of growing interest. Herein we suggest that our methods 
based on solution-processable graphene are signifi cantly advan-
tageous than the previous method in terms of fabrication com-
plexity, production costs and scalability. The present method-
ology developed paves the way for practical applications of high-
performance graphene-based piezoresistive devices. 

 Fabrication processes of the graphene nanopapers are shown 
in  Figure   1 a. Flexible nanopapers based on crumpled graphene 
and nanocellulose were fi rst fabricated and then embedded in 
elastomer matrix to obtain stretchable nanopapers (defi ned as 
the stretchable electrode with embedded fl exible nanopaper). 
Crumpled graphene was mixed with nanocellulose (weight 
ratio 1:1) and vacuum fi ltrated using polycarbonate (PC) fi lter 
membrane (pore size 220 nm). Uniform composite fi lms were 
obtained after fi ltration due to the simultaneous extraction of 
solvent from the evenly distributed track-etched pores in the 
fi lter membrane. The fi lm can be peeled off from the fi lter 
membrane when dried as a free-standing fl exible nanopaper, 
as shown in Figure  1 b-c. Mechanical strength of the composite 
nanopaper is signifi cantly improved as compared with the 
loosely packed pure graphene fi lm without nanocellulose addi-
tion (Figure S1, Supporting Information), which tend to crack 
and delaminate from the fi lter membrane and prohibit their 
further processing into stretchable form. A graphene to nano-
cellulose weight ratio of 1:1 (graphene content 50  wt %) was 
found to be suitable for strain sensing applications. No observ-
able performance variations were found when the graphene 
content was varied in the range of 33 wt% (1:2) and 67 wt% 
(2:1). However, further variations beyond this range were found 
to be detrimental to device performances. For example, the 
nanopaper became quite rigid when the graphene content was 
decreased to 17 wt% (1:5) and exhibited poor stretchability (easy 
to crack and fracture). The composite nanopaper behaved like 
pure graphene fi lm when the graphene content was increased 
to 83 wt% (5:1) and exhibited poor processability.  

 The fl exible nanopaper was impregnated with polydi-
methylsiloxane (PDMS) to fabricate stretchable nanopapers.   DOI:  10.1002/adma.201304742  
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Representative images of the stretchable graphene nano-
papers are shown in Figure  1 d,e. Successful embedding into 
the elastomer matrix is only possible for the crumpled graphene 
nanopaper with 3D macroporous structure ( Figure   2 ). Figure  1 f 
shows a straightforward comparison demonstrating the struc-
tural differences of crumpled graphene nanopaper, planar gra-
phene paper [  21  ]  and commercial graphite paper. Deionized (DI) 
water was dropped on top of the respective paper substrates, 
and the water droplet on crumpled graphene nanopaper was 
quickly adsorbed suggesting the porous nature of the nano-
paper, however, substrates made of planar graphene and com-
mercial graphite are compact and do not allow effi cient liquid 
penetration (Figure  1 f). Fabrication of stretchable graphene 
structures for high-strain sensors was found to be only feasible 
for the macroporous nanopaper from crumpled graphene and 
nanocellulose composite.  

 Scanning electron microscopy (SEM) characterizations of 
the fl exible and stretchable nanopapers are shown in Figure  2 . 
Top view SEM images (Figure  2 a–c) clearly revealed the rough 
and porous surface of the nanopaper from crumpled graphene. 
However, SEM characterizations of the planar graphene paper 
and commercial graphite paper showed compact top sur-
faces which prohibited elastomer infi ltration and embedding 
(Figure S2, Supporting Information). A representative high-
magnifi cation view of the crumpled graphene is shown in 
Figure  2 c. Although the sizes and morphologies of the crum-
pled graphene are not as uniform as those graphene balls, [  22  ]  
the heavily wrinkled structures have similar effects in con-
structing loosely-stacked fi lms with suffi cient void spaces for 
liquid penetration, in contrast to planar graphene paper where 

      Figure 1.  a) Schematic illustrations of the fabrication processes for stretchable graphene nanopapers. b–e) Example images of the free-standing fl exible 
nanopaper (b,c) and stretchable nanopaper (d,e). f) Water adsorption comparison of crumpled graphene paper, planar graphene paper and commercial 
graphite paper. The scale bars in (b–f) are 10 mm. 

      Figure 2.  Structural characterizations of the fl exible and stretchable nano-
papers. a–c) Top view SEM images of fl exible nanopaper showing the 
macroporous structure based on crumpled graphene and nanocellulose. 
d) Cross-sectional view showing that the fl exible nanopaper is porous 
throughout the entire thickness. e,f) Top view and cross-sectional view of 
the stretchable nanopaper with fully embedded structure. 
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paper and only ca. 60% resistance changes 
were observed at 100% strain. While it is 
desirable to minimize the resistance changes 
upon stretching when they are used as elec-
trodes to maintain consistent device perfor-
mances, the requirements are essentially 
the opposite for strain sensor applications, 
where higher resistance changes are pur-
sued to improve the sensitivity. We suggest 
that stretchable graphene nanopapers with 
>10 times higher relative resistance change 
(at 100% strain) are superior candidates for 
strain sensing applications, considering 
the signifi cantly improved piezoresistive 
responses than their 1D counterparts such as 
CNTs and AgNWs.  

 Piezoresistive effects of elastic conduc-
tors arise primarily from two aspects: [  28  ]  i) 
intrinsic piezoresistivity of the fi ller; ii) pie-
zoresistivity due to the change of the contact 
conditions for electron conduction, such as 
break of contacts, contact area and spacing 
variations upon stretching, etc. The intrinsic 
piezoresistivity of monolayer and few-layer 
graphene has been demonstrated. [  15,29  ]  How-
ever, the hexagonal mesh of graphene can 

only be stretched to ca. 6% before fracture [  15  ]  thus the intrinsic 
piezoresistivity will not be the dominant effect for our stretch-
able nanopapers with ultrahigh stretchability up to 100%. The 
stretchable graphene nanopaper is composed of stacked crum-
pled graphene with quasi-spherical morphology. The graphene 
“spheres” separate apart from each upon stretching, leading to 
smaller contact areas, larger interspacings or even break of con-
tacts at high strains, all of which contributes to the resistance 
increase upon stretching. The distinct piezoresistive behaviors 
of CNT and AgNW elastic conductors can be understood based 
on the structure-dependent percolative contacting behaviors. 
CNTs and AgNWs in the percolative fi lm have much more con-
tacting nodes with each other owing to the high aspect ratio of 
1D structures. Upon stretching, the strains can be effi ciently 
accommodated by the intersliding and rearrangement of NWs 
but meanwhile suffi cient contacting nodes are well maintained. 
Consequently, smaller resistance changes were observed for 
CNT and AgNW elastic conductors as compared with graphene 
nanopapers. 

 Gauge factor is a characteristic parameter representing 
the sensitivity of the strain sensors and can be derived from 
( R −  R  0 )/( R  0   ε  ), where   ε   is the strain. Gauge factors as a func-
tion of strains for the four types of elastic electrodes are shown 
in Figure  3 d. The gauge factors for stretchable nanopaper 
increased from 1.6 at 10% strain to 7.1 at 100% strain. The rela-
tively higher gauge factor upon further stretching arises from 
the more severe separation between crumpled graphene at 
higher strain. However, the stretchable CNT and AgNW elec-
trodes maintained relatively low gauge factors (ca. 0.65 for CNT 
and ca. 0.5 for AgNW) within the strains of 0–100%. Although 
fl exible nanopapers exhibit much higher gauge factors from 
502 at 1% strain to 2427 at 6% strain (Figure  3 d inset), the 

the fl at nanosheets tend to be closely packed to minimize the 
surface energy. [  21,22  ]  Cross-sectional view of the nanopaper is 
shown in Figure  2 d. The nanopaper maintains its porous struc-
ture throughout the entire thickness, ensuring that the fl ex-
ible nanopaper can be fully embedded in the elastomer matrix, 
which was verifi ed by SEM characterizations of the samples 
after PDMS infi ltration (top view in Figure  2 e and cross-
sectional view in Figure  2 f). 

 Comparative strain sensing properties of the fl exible and 
stretchable nanopapers are shown in  Figure   3 . Relative resist-
ance changes versus strains are shown in Figure  3 c. Nanopa-
pers in fl exible form can only be stretched to a very limited 
extend (maximum 6% strain) and will break upon further 
stretching (Figure  3 a), resulting in an infi nite resistance change 
(Figure  3 c). On the contrary, the stretchable nanopaper can be 
stretched up to 100% without mechanical failure (Figure  3 b), 
a signifi cantly improved stretchability after PDMS embedding. 
Note that the stretchability is only limited by the mechanical 
fracture limit of PDMS, which is thickness-dependent [  23–25  ]  
and was found to be ca. 100% for substrates of 1 mm thick in 
our case. The stretchability can be further improved by using 
elastomer substrates with higher stretchability such as Ecofl ex 
which can be stretched to 300%. [  26  ]  A relative resistance change 
[( R  −  R  0 )/ R  0 ,  R  0  is the resistance at 0% strain] of 710% was 
observed at 100% strain for stretchable nanopapers. 1D nano-
structures such as carbon nanotubes (CNTs) and silver nanow-
ires (AgNWs) were widely used as elastic conductors in stretch-
able electronics. [  4,24,25,27  ]  For comparison, stretchable CNT and 
AgNW electrodes with fully embedded structures (Figure S3, 
Supporting Information) were also fabricated and compared 
with graphene nanopaper, as shown in Figure  3 c. The relative 
resistance changes of CNT and AgNW electrodes are much less 

      Figure 3.  a,b) Flexible nanopaper can only sustain a very limited strain of 6% (a), but stretch-
able nanopaper can be stretched up to 100% (mechanical fracture limit of the PDMS substrate) 
(b). c,d) Plots of relative resistance change (c) and gauge factors versus strain (d) for fl exible 
nanopaper, stretchable nanopaper as well as stretchable CNT (blue circles) and AgNW (pink 
triangles) electrodes. 
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range of 35–45%. Proper functioning of the graphene elastic 
conductors for effi cient human-motion detections are clearly 
visible. Human-interactive electronics based on unconventional 
stretchable and wearable technologies have attracted consider-
able attention recently. [  20,32–35  ]  Our data glove based on stretch-
able graphene nanopaper represents an important branch of 
electromechanical devices and can be used for fi ne-motion con-
trol in robotics and other virtual realities. Existing interactive 
data gloves mainly rely on sensing elements of optical fi bers 
or metal strain gauges. [  36  ]  However, our innovative graphene 
devices are advantageous in terms of fabrication costs and 
complexity, and they do not impose stretchability limits of the 
motion of the hands.  

 Our strategy for the successful fabrication of highly stretch-
able graphene nanopapers presents several key advancements: 
i) graphene with unique crumpled morphologies was shown to 
be essential for successful embedding into elastomer matrix. 
The fabrication of stretchable graphene sensors is only feasible 
for crumpled graphene fi lm with 3D macroporous structure. 
The compact surfaces of planar graphene paper or commercial 

limited stretchability (6%) restricts their applications for high-
strain detections. The gauge factors for our stretchable gra-
phene nanopaper (achieved >7 at 100% strain) are comparable 
with previous graphene-based strain sensors. For example, 
buckled graphene on elastomer substrates (stretchability 
25–30%) exhibited gauge factors in the range of 2–4. [  15,16  ]  Gra-
phene foam showed a gauge factor of ca. 2 at the maximum 
strain. [  13  ]  Higher gauge factors were reported but only for 
devices with very limited stretchability, analogous to our fl exible 
nanopaper. For example, a gauge factor of 300 was reported for 
nanographene fi lm deposited on mica substrate, although the 
stretching limit was as low as 0.4%. [  17  ]  

 The stretchable graphene nanopaper sensors are capable of 
all-directional sensing. Example images showing the strains 
from the X, Y and Z directions are shown in  Figure   4 a–c, 
respectively. Corresponding response behaviors of the strain 
sensors are shown in Figure  4 d. Effi cient tracing and detec-
tion of strain variations from all directions is evident. The soft 
nature of elastomer substrates allows the deformation and 
hence successful detection of strains from all directions, which 
is of critical importance for applications like human-motion 
detection. For example, the simple movements of human fi n-
gers would naturally generate strain from three dimensions. 
However, proper 3D strain detection cannot be achieved using 
conventional strain sensors based on metal and semiconductors 
or previous graphene sensors based on fl exible but not stretch-
able substrates. [  30  ]  The capability of all-directional sensing also 
allows the effi cient detection of a variety forms of forces beyond 
uniaxial strain, such as torsion force, shearing force, compres-
sion force, etc. [  31  ]   

 Application of the graphene strain sensors for human-
motion detection is demonstrated. The proof-of-concept device 
includes fi ve independent sensors implanted on a feather glove 
to detect the bending and stretching of fi ngers. An overview 
image of the data glove and images showing the stretching and 
bending states of fi ngers are shown in  Figure   5 a. The sensors 
were designed into U-shaped to facilitate electrical measure-
ments. Figure  5 b shows the response behaviors of the strain 
sensors when the fi ngers were repeatedly bended and stretched 
at a frequency of 1 Hz. Measured strains for the fi ve inde-
pendent strain sensors during fi nger movements lied in the 

      Figure 5.  Wearable strain sensors for fi nger movement detections. 
a) Photographs of the data glove with fi ve implanted sensors. The bending 
and stretching states of the glove fi nger during testing are also shown. 
Scale bars: 2 cm. b) Relative resistance changes for the fi ve independent 
strain sensors. 

      Figure 4.  a–c) Example images of the graphene nanopaper sensors 
stretched in the X-, Y- and Z directions. d) Corresponding response 
curves for stretching in three directions. 
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matrix to obtain stretchable nanopapers. The stretchability 
was successfully improved from 6% for fl exible nanopaper 
to 100% for stretchable nanopaper. The high-strain sensors 
based on stretchable nanopaper exhibited a gauge factor of 
7.1 at 100% strain, which is >10 times higher than stretchable 
CNT and AgNW sensors. Compared with conventional metal 
and semiconductor based devices, the stretchable nanopaper 
sensor also allows all-directional sensing which is critical for 
effi cient human-motion detections. Prototype devices were 
also demonstrated by implanting graphene nanopaper sensors 
on data gloves for fi nger movement detection. The facile, low 
cost and readily scalable method allows practical fabrication of 
graphene high-strain sensors for emerging human-interactive 
applications.  

  Experimental Section 
  Flexible Nanopaper : Crumpled graphene is commercially available 

and used as received (Time Nano, China, product number: TNRGO, 
thickness 0.5–3.74 nm, fl ake size 0.5–3  μ m, purity >99 wt%, specifi c 
surface area 500–1000 m 2  g −1 ). The fabrication method for crumpled 
graphene is briefl y described as below. Graphene oxide sheets were 
fi rst prepared from natural graphite fl akes using modifi ed Hummers 
method. [  43  ]  The graphene oxide dispersion (in aqueous solution) 
was dried in a vacuum oven until the water content dropped to ca. 
10–20 wt% and then placed into a quartz tube furnace kept at 1200 °C 
with inert N 2  atmosphere. The graphene oxide was reduced at 1200 °C 
for 5 min before moved to the room temperature region of the quartz 
tube furnace. The crumpled morphologies are likely to be induced by 
the capillary compression forces of water during the drying processes, 
as have also been observed in previous report where heavily crumpled 
graphene balls were obtained by the rapid drying of aerosol droplets 
containing graphene. [  22  ]  Nanocellulose fi bril (The University of Maine, 
Process Development Center, USA, diameter 20 nm, length 1  μ m) 
was dispersed in aqueous solution with a concentration of 3 wt%. 
As-received graphene and nanocellulose was mixed in DI water (weight 
ratio 1:1) and stirred at 500 rpm for 10 min. The mixture solution was 
then fi ltered using PC fi lter membranes (Millipore GTTP, pore size = 
220 nm) to get a uniform fl exible nanopaper. The nanopaper was 
rinsed with ethanol (99.9%, Merck KGaA, Germany) after fi ltration. The 
nanopaper on fi lter membrane was leave in air at room temperature for 
30 min to dry. The fl exible nanopaper can be separated from the fi lter 
membrane to obtain free-standing fi lm. 

  Stretchable Nanopaper : The fl exible nanopaper on fi lter membrane 
was put in a glass petri dish for PDMS infi ltration. The PDMS base and 
curer (Sylgard 184, Dow Corning, USA) was mixed (weight ratio = 10:1) 
and poured on top of the fl exible nanopaper. The petri dish was then 
degassed in a vacuum desiccator for 30 min to allow suffi cient PDMS 
infi ltration before curing at 60 °C for 2 h. The solidifi ed PDMS substrate 
was peeled off from the fi lter membrane and the fl exible nanopaper was 
successfully embedded into the PDMS elastomer matrix. 

  Comparative Samples : The detailed fabrication methods of planar 
graphene paper can be found in our previous work. [  21  ]  The commercial 
graphite paper was purchased from AGM Corp, China (natural 
graphite >99.95%, thickness 0.5 mm) and used as received. Surface-
functionalized CNT was purchased from Time Nano, China (Product 
Number: TNGMC2, purity >99.9 wt%, –COOH content 1.28 wt%, 
diameter 8–15 nm, length ca. 50  μ m, specifi c surface area >100 m 2  g −1 ). 
The CNTs were dispersed in ethanol with a concentration of 0.5 mg mL −1  
for fi ltration. AgNWs were purchased from Seashell Technology LLC, 
USA (diameter 100 nm, length 20–50  μ m, dispersed in isopropyl alcohol, 
1 mg mL −1 ). The CNT and AgNW solutions were fi ltered and embedded 
in PDMS matrix using a similar method as crumpled graphene. 

graphite paper do not allow facile liquid infi ltration and thus 
cannot be embedded in elastomer matrix to obtain stretchable 
structures. ii) Nanocellulose was found to be an effi cient, low-
cost and green “binder” to enhance the processability of crum-
pled graphene. Unlike bulky paper from close-packed planar 
graphene fl akes, [  21  ]  crumpled graphene has much weaker 
interactions due to the quasi-spherical morphologies [  22  ]  and the 
fi ltered fi lm cannot be picked up as a free-standing paper. We 
have shown that the mechanical strength can be signifi cantly 
improved with the addition of nanocellulose. The enhancement 
effects primarily originate from the physical binding forces of 
the 1D nanocellulose fi brils since 1D nanostructures within 
an entangled fi lm (such as CNT bulky paper) [  37  ]  were shown to 
have strong mechanical interactions. Contributions of chemical 
binding forces between the surface functional groups [  38  ]  are 
expected to play a less dominant role considering the limited 
contact areas of nanocellulose fi brils and crumpled graphene, 
as shown in Figure  2 b. iii) The stretchable graphene nanopa-
pers are >10 times more sensitive than devices based on 1D 
nanomaterials such as CNTs and AgNWs. While there are sig-
nifi cantly more contacting nodes in the percolating networks 
of 1D nanomaterials, they show less prominent resistance 
change upon stretching as compared with crumpled graphene. 
iv) Compared with conventional strain sensors, our graphene 
nanopapers have much higher strain detection limits and 
are capable of all-directional strain sensing, which are critical 
requirements for emerging human-interactive applications. 
v) Our methodology yields graphene nanopapers that can be 
stretched up to 100% and was only limited by the stretchability 
of PDMS substrate. There are very few reports on graphene 
strain sensors that are capable for the detection of high-strain 
exceeding 50%. Representative reports on graphene strain sen-
sors are summarized in  Table   1  (refer to Table S1 in Supporting 
Information for more references). Graphene foam [  13  ]  exhibited 
a stretchability of 95%, but the fabrication method is expensive, 
time-consuming and low yield. We show that high performance 
strain sensors can be produced in a low-cost, facile, and scalable 
manner with solution-processable graphene and nanocellulose.  

 In conclusion, we report an innovative method for the fabri-
cation of high-strain sensors based on crumpled graphene and 
nanocellulose. Free-standing fl exible nanopapers were fabri-
cated using vacuum fi ltration method and the 3D macroporous 

 Table 1.   Maximum strains of graphene-based strain sensors. 

Strain Sensors  Max Strain 
[%]  

Ref.  

Graphene-PVDF composite  0.1   [  39  ]   

Graphene nanoplatelets-CNT composite  0.2   [  30  ]   

Few-layer graphene  1   [  40  ]   

Percolative graphene fi lm  1.7   [  14  ]   

Suspended graphene nanoribbon  3   [  41  ]   

Graphene monolayer  4.5   [  42  ]   

Graphene ripple  30   [  15  ]   

Graphene foam  95   [  13  ]   

Graphene nanopaper  100  This work  
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  Data-Glove Fabrication : The data glove was fabricated by implanting 
fi ve stretchable graphene nanopaper sensors on the fi ngers of the glove 
(Brand: Safewear, goatskin argon leather glove). PDMS liquid was 
used to “glue” the stretchable nanopaper sensors to the glove surface. 
The graphene strain sensors were designed into U-shaped so that the 
two electrical contacts can be connected on one end, which helps to 
maintain stable connections when the fi ngers were repeated bended and 
stretched. 

  Characterization : The microstructures of the electrodes were 
characterized using fi eld-emission SEM (FE-SEM) (JSM 7600F, Japan). 
For the stretching tests, the samples were fi xed on home-built stretching 
stages to apply the desired strain. The relative resistance changes upon 
stretching were measured using a Keithley analyzer (Model 4200).  
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