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  1.     Introduction 

 Pressure sensor arrays, which can sense 
pressure in a position-resolved manner, are 
essential to mimicking tactile perception, 
also called the sense of touch. Adding fl ex-
ibility and transparency to pressure sensor 
arrays is a promising route for mobile elec-
tronics, wearable electronics, and implant-
able electronics, [ 1 ]  with applications in 
fl exible touch panel, [ 2–4 ]  artifi cial skin, [ 5–12 ]  
and human motion detection. [ 13–17 ]  Pres-
sure sensors are in general based on pres-
sure induced strain and the corresponding 
changes in electric resistance, [ 18 ]  capaci-
tance, [ 19 ]  or potential. [ 20 ]  They are usually 
rigid and bulky. Recently, signifi cant pro-
gress has been reported in making smaller, 
more fl exible, and more sensitive pressure 
sensor based on novel materials, including 
conductive polymers, [ 4,11 ]  semiconducting 
nanowires, [ 21 ]  metal nanowires, [ 17 ]  carbon 
nanotubes, [ 10,15 ]  graphene, [ 22,23 ]  etc. Those 
materials enable unique properties like 
fl exibility and transparency due to their 

small footprint, unique electrical properties, small optical cross 
section, and high aspect ratio. [ 1 ]  A detailed summary of various 
strain gauges or pressure sensors based on different materials is 
presented in Table S1 (Supporting Information). 

 In 2012, we developed a novel class of strain gauges based 
on thin fi lms of percolative networks of 2D materials. [ 24 ]  The 
sensing mechanism is based on strain-dependent fi lm mor-
phology changes. We chose exfoliated graphene-fl ake thin 
fi lms, because they can be produced from graphite at large 
scale and low cost. [ 25 ]  Percolative networks of graphene can be 
obtained by the assembly of graphene fl akes with high enough 
density so that overlap between neighboring fl akes occurs. The 
percolative graphene fi lm strain gauges are less than 100 nm 
thin, fl exible, and semi-transparent. Different from traditional 
strain gauges, the device sensitivity as expressed by the gauge 
factor (GF) was found to scale with initial resistance following a 
power-law dependence, which enables a unique control over the 
sensor’s performance. Despite the potential of this approach, 
practical applications remain elusive due to the limited under-
standing of the impact of processing conditions and material 
properties on scaling dependence. 
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 In this work, the factors governing the scaling dependence 
and reliability of percolative graphene strain sensors are iden-
tifi ed. Based on this understanding, highly reliable and sen-
sitive pressure sensors are produced and applied in fl exible 
and transparent pressure sensor arrays. This work improves 
the potential of percolative strain sensors to replace existing 
pressure sensors and enable novel application in sensor array 
technologies.  

  2.     Results 

  2.1.     The Effect of Graphene Flake Size 

 One major factor contributing to the conductivity of percola-
tive fi lms is the dimension of its constituents. [ 26,27 ]  Atomic 
force microscopy (AFM) was employed to image individual gra-
phene fl akes deposited on SiO 2 /Si wafer. Sizes and thicknesses 
of 100 graphene fl akes for each solution were collected, and 
plotted into histograms ( Figure    1  a–d). The statistics show that 
electrochemical exfoliation (EE) graphene exhibits average fl ake 
size of 1.1 ± 0.4 µm (Figure  1 a), and solvent exfoliation (SE) 
graphene has average size of 90 ± 26 nm (Figure  1 c). To obtain 
graphene with fl ake size between 90 nm and 1.1 µm, we break 
down the EE graphene fl akes into smaller pieces by sonication. 
40 h sonication was performed and graphene with 170 ± 50 nm 
(Figure  1 b) fl ake sizes were obtained. Subsequently, we denote 
the 1.1 µm and 170 nm EE graphene samples as EE and 

EE-small, respectively. Figure  1 e shows the normalized Raman 
spectra of the three graphene samples. All the spectra exhibit a 
pronounced D peak and a distinguishable D′ peak, indicating 
the high density of defects generated during the exfoliation 
procedure. [ 28 ]  The additional sonication, however, seems to not 
increase the defectiveness signifi cantly as indicated by the simi-
larity in the Raman spectra of the two EE samples. For each of 
the three samples, the amount of graphene sprayed was varied 
in order to obtain percolative fi lms with different initial resist-
ance ranging from 10 4  to 10 7  ohm. Films with larger resistance 
show higher transparency, which accords well with less material 
being sprayed and thus fewer conductive channels (Figure  1 f). 

  The measured GFs for all different fl ake sizes are plotted 
as a function of initial resistance in Figure  1 g. Films from all 
three groups of graphene samples exhibit increasing GF with 
decreasing graphene fl ake density and larger initial resistance, 
which is consistent with our previous work. [ 24 ]  Furthermore, 
the observed slopes are similar irrespective of the fl ake dimen-
sion or production process. Conversely, the GF intercepts with 
 y -axis for the three types of samples exhibit large differences. A 
clear trend between the average fl ake dimension and the inter-
cept can be observed (Figure  1 g). 

 This observation can be intuitively explained by a simpli-
fi ed conducting model of the percolative network. The total 
resistance of the network consists of the resistance within 
individual graphene fl akes (in-plane resistance) and the resist-
ance between two touching graphene fl akes (out-of-plane resist-
ance). According to our previous simulations, [ 24 ]  the increase of 
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 Figure 1.    The effect of graphene fl ake size on GF. a–c) Flake size distributions of EE, EE-small, and SE graphene samples. d) The thicknesses of EE, 
EE-small, and SE graphene samples are 1.8 ± 0.8 nm, 1.2 ± 0.4 nm, and 2.1 ± 1.0 nm, respectively. Flake sizes and thicknesses were obtained from 100 
fl akes using AFM. e) Raman spectra from the three graphene samples. f) Film transmittance versus initial resistance for the three graphene samples. 
g) GF as a function of initial resistance for strain gauges made from the three different graphene samples. Dashed lines are linear fi tting to the data. 
h) AFM images of EE, EE-small, and SE graphene samples deposited on SiO2/Si wafers, as well as EE graphene wrinkles right after being deposited 
on PET substrate (lower right).
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the out-of-plane resistance due to changes of the overlap area 
are dominating the strain response. Large fl akes exhibit large 
overlapping areas to neighboring fl akes and their out-of-plane 
resistance becomes less susceptible to strain-induced defor-
mation. For small fl akes, on the other hand, more interfl ake 
connections are required to form conduction pathways across 
the fi lm. Therefore, out-of-plane conduction plays a more sig-
nifi cant role in the overall conduction process. Moreover, com-
paring fi lms from SE and EE-small fl akes, we fi nd that despite 
having close average fl ake sizes, there is still signifi cant differ-
ence in GFs. We hypothesize that this is due to the existence 
of fl akes as large as 300 nm in EE-small graphene samples 
(Figure  1 b), which may dominate the conduction behavior of 
small fl akes, and weaken the strain response. It is also possible 
that the difference in morphology and electronic structure of 
the two graphene samples could result in different out-of-plane 
resistances. 

 Furthermore, wrinkles are observed on AFM images of 
fi lm composed of EE graphene (Figure  1 h, lower right panel). 
It could be seen that these wrinkles still exist after strain and 
release (Figure S3, Supporting Information). We assume that 
the wrinkles tend to fl atten and compensate the strain, so that 
interfl ake slide is bypassed and out-of-plane resistance change 
are suppressed. For smaller fl akes, we have not observed any 
wrinkles under AFM imaging.  

  2.2.     Enhancing the Out-of-Plane Resistance 

 The presented impact of material dimension and production 
methods emphasizes the importance of the out-of-plane resist-
ance in enhancing the gauge factor of graphene-based strain 
sensors. We therefore attempt to enhance the gauge factor by 

increasing the out-of-plane resistance between graphene fl akes. 
Our approach is based on inserting bipolar surfactant mol-
ecules in-between graphene fl akes to increase their interlayer 
distance. In this case, we use sodium deoxycholate (SDOC) due 
to its demonstrated good adhesion to graphene basal plane. [ 29 ]  
The molecule has two hydroxyl groups and one charged carbox-
ylate group creating one face that is hydrophilic and another 
face that is hydrophobic. Since graphene is hydrophobic, the 
hydrophobic face of the SDOC molecule will adhere to the 
graphene surface, as illustrated in  Figure    2  a. We expect that 
increasing the SDOC coverage from zero to one monolayer on 
graphene would lead to an increase of the overall out-of-plane 
resistance of the fi lm since an increasing gap distance would 
result in a suppressed tunneling conduction between fl akes. 
Using the SE graphene material, we add SDOC to the sample 
solution by 1/10, 1/5, and 1/2 fractions of the graphene weight, 
and the products are named SE+1/10SDOC, SE+1/5SDOC, and 
SE+1/2SDOC, respectively. As shown in Figure  2 c, fi lms made 
from SE+1/10DOC exhibit negligible difference in GF com-
pared to those made from pure SE graphene. When increasing 
the SDOC ratio to 1/5 of graphene weight, there is a signifi -
cant increase in GF. Especially for fi lms with initial resistances 
between 10 kΩ and 1 MΩ, the GFs are enhanced twofold. How-
ever, further increase of the SDOC ratio to 1/2 of graphene 
by weight does not help to improve the GF compared to pure 
graphene. 

  Adding surfactant from 1/10 to 1/5 improves the gauge 
factor, but further addition to 1/2 decreases the gauge factor 
(Figure  2 c). This GF improvement is attributed to several fac-
tors. First, increased surfactant concentration results in an 
increasing tunneling barrier width. Without surfactant, the 
increase of graphene fi lm resistance under strain mainly origi-
nates from breakage of conduction pathways between two 
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 Figure 2.    The effect of surfactant on GF. a) Schematic diagram of overlapping graphene fl akes with and without surfactant molecules. b) Initial resist-
ance and gauge factor as a function of graphene dosage for graphene with and without addition of surfactant. c) GF as a function of initial resistance 
for strain gauges made from the four different graphene samples. d) Optical Microscope images showing the morphology of the deposited graphene 
on the PET from the four different graphene solutions.
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overlapping fl akes. With the addition of the surfactant, espe-
cially when the concentration is large enough (>1/10), the tun-
neling resistance between the overlapping fl akes increases and 
becomes more sensitive to the interlayer movements (this is 
the situation of the 1/5SDOC case where the GF is enhanced). 
However, as the SDOC concentration is further increased, the 
resistance of the SDOC molecules starts to dominate. This 
makes the percolative resistance less dominant and the gauge 
factor decreases, as observed in 1/2SDOC devices. 

 Moreover, we discovered that the fi lm uniformity is also 
strongly affected by adding surfactant. Specifi cally, more sur-
factant leads to more uniform graphene fi lm, as depicted in the 
optical microscopic image in Figure  2 d. Without any surfactant, 
the fi lm exhibits darker and lighter regions with obvious bright-
ness contrast. Adding surfactant reduces the contrast between 
the darker and lighter regions. We assume the difference 
in graphene fi lm uniformity originates from the variation in 
hydrophilicity of substrate surface affected by the surfactant 
molecules. The polyethylene terephthalate (PET) substrate is 
intrinsically moderate hydrophilic, [ 30 ]  with a water contact angle 
around 70°. However, once surfactant molecules are sprayed 
onto PET, they effectively increase the hydrophilicity of the 
substrate by forming a self-assembled monolayer with exposed 
hydrophilic tail groups.  

  2.3.     The Effect of Surface Treatment 

 To further verify the effect of substrate hydrophilicity on the fi lm 
uniformity, we intentionally change the hydrophilicity of the 
PET surface, by treating it with O 2  plasma for 90 s (PLASMA-
PREEN II-862, 100 W). Before the O 2  plasma treatment, the 
water contact angle was measured to be 66.3° ( Figure    3  a). The 
optical microscopic (OM) image of the sprayed graphene fi lm 
again shows obvious coffee ring patterns (Figure  3 b). The edge 
of the ring appears lighter in color, while regions with lower 
graphene coverage look darker. The lighter color from the 
region with thick graphene stacks is due to the higher refl ec-
tance by the graphene stack compared to that of bare PET. The 

appearance of coffee rings reveals a series of droplet formation 
and evaporation. [ 31 ]  However, after O 2  plasma treatment, the 
PET exhibit water contact angle of 13.1°, indicating near-perfect 
hydrophilicity. The graphene fi lm on thus pretreated PET gives 
no coffee ring pattern, but shows homogeneous gray levels 
(Figure  3 d), which are between the dark and light colors in 
Figure  3 b. It is worth pointing out that the fi lms in Figure  3 b,d 
are from the same dosage of the same graphene ink. 

  To test if more uniform fi lms can offer enhanced gauge fac-
tors, we fabricated strain gauges on PET with and without O 2  
plasma treatment, respectively. The initial resistances of the 
strain gauges were varied from 40 MΩ to 10 kΩ, by increasing 
the amount of graphene dosage. It is obvious from  Figure    4  e 
that the gauges on more hydrophilic PET exhibit 20% to 90% 
higher GF, than those on pristine PET. The enhancement is 
universal across the whole range of tested initial resistances. 

  The uniformity is thought to affect the gauge factor as fol-
lows: When the deposition is not uniform, graphene fl akes 
tend to aggregate in certain areas with several layers stacked on 
top of each other and it would be diffi cult to break the conduc-
tion pathways along these aggregates by straining the substrate. 
However, when the deposition is uniform across the substrate, 
the thickness of the fi lm would be thinner and there exists 
more break points between fl akes, thus giving higher gauge 
factors. It is worth noticing that even though O 2  plasma treat-
ment offers near-perfect hydrophilicity, the resulting GF is still 
comparably lower than the GF of the sample made with an 
optimized amount of surfactant (Figure S4, Supporting Infor-
mation), especially for lower initial resistance fi lm with larger 
graphene dosage. We infer from this point that both higher 
hydrophilicity and larger out-of-plane resistance contribute to 
the improved GFs when surfactant is added.  

  2.4.     Poly(methyl methacrylate) Encapsulation 

 Producing durable percolative graphene fi lms is critical for 
practical application. Bare percolative graphene fi lms exposed 
to the ambient are not very durable since graphene does not 

Adv. Funct. Mater. 2016, 26, 5061–5067

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    Effect of substrate hydrophilicity on deposition and GF. a) Contact angle of untreated PET. b) OM image of graphene fi lm on untreated PET 
substrate. c) Contact angle of O 2  plasma treated PET. d) OM image of graphene fi lm on treated PET substrate. e) GF as a function of initial resistance 
for strain gauges fabricated on two kinds of substrates.
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strongly adhere to the substrate or other graphene fl akes. 
We verify this point by applying a 0.3 N cut across the gra-
phene fi lm using a razor blade. After the cut, a scratch mark 
can be observed (Figure  4 a). By further testing the resistance of 
the fi lm, we found that the conduction was interrupted, with a 
GF of 0 (Figure  4 b). To increase the durability of the gauge, we 
encapsulate the percolative fi lm with a thin layer of Poly(methyl 
methacrylate) (PMMA), produced by spin coating (Figure  4 c). 
The PMMA is ≈5 µm thick, which maintains fl exibility and 
can serve as a protection layer. After PMMA coating, the GF 
decrease from 26 to 18 (Figure  4 d). We attribute this to the 
immobilization of the top few layers of graphene fl akes by the 
PMMA. The immobilized graphene fl akes cannot contribute 
to the strain-induced change of conduction pathways. To test 
the durability of the PMMA encapsulated gauge, we apply the 

same 0.3 N cut. Despite the obvious scratch 
mark (Figure  4 c), the gauge factor remains 
unchanged (Figure  4 d).  

  2.5.     Integration of Flexible Transparent 
Pressure Sensor Array 

 We use the optimized graphene fi lms to pro-
duce fl exible transparent pressure sensor 
arrays based on a cavity design. Graphene 
strain gauges are deposited on thin PET 
fi lms, which are suspended over a Poly-
dimethylsiloxane (PDMS) chamber. Upon 
increase of external pressure P this cavity will 
decrease in volume and induce a deforma-
tion of the PET fi lm. The resulting strain can 
be analyzed through the resistance change R 
of the graphene devices. 

 Our device consists of a PET substrate, per-
colative graphene fi lm, metal contacts, and 
PDMS encapsulation, as shown in  Figure    5  a. 
First, Cr/Au metal contacts (10/100 nm) are 
deposited and patterned by a shadow mask 
on the PET substrate by thermal evaporation. 
Second, percolative graphene fi lms are pat-

terned using aerosol spray coating using a shadow mask. Each 
isolated fi lm area can act as an active sensor. Third, a 5 µm 
thick PMMA protection layer is spin-coated. Finally, the gra-
phene fi lms are assembled on top of a PDMS chamber. 

  Figure  5 b shows an optical photograph of a representative 
pressure sensor array, which presents excellent fl exibility and 
transparency. Each of the red boxes indicates a region con-
taining the percolative graphene fi lm, or a sensing unit. When 
applying 0–60 kPa pressure to each of the four units, signifi -
cant resistance change from the fi lm was observed (Figure  5 c). 
The sensitivity, as defi ned by R R P( / )/0Δ , was measured to be 
0.20 ± 0.03 kPa −1  for the four units. This sensitivity is among 
the highest reported values for pressure sensors. [ 23,32,33 ]  The 
sensitivity can easily be tuned by changing the dimensions of 
the PDMS chamber, the thickness of the PET substrate, and the 
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 Figure 4.    PMMA protection of graphene fi lm. a) Strain gauge with graphene fi lm exposed in 
the air. b) Resistance as a function of strain before and after scratch for unprotected graphene 
fi lm. c) Strain gauge encapsulated with PMMA. d) Resistance as a function of strain before 
coating, after coating, and after scratch.

 Figure 5.    a) Schematics of the fl exible, transparent pressure sensor array. b) Flow charts describing the fabrication of pressure sensor array. c) Pressure 
sensor array shows perfect transparency and fl exibility. d) Resistance as a function of applied pressure of thus fabricated devices 1–4, as indicated in (c).



FU
LL

 P
A
P
ER

5066 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2016, 26, 5061–5067

www.afm-journal.de
www.MaterialsViews.com

sensitivity of the graphene strain gauge. This tunable sensitivity 
allows application of the same device structure and fabrication 
method to various applications, from sensing a gentle touch to 
weighing an adult.   

  3.     Conclusion 

 In conclusion, the guidelines to improved percolative gra-
phene fi lms for pressure sensing were explored. The study 
has revealed that the size of graphene fl akes affects the GF, 
with smaller fl akes yielding larger GF. This is attributed to the 
domination of out-of-plane conducting pathways in the perco-
lative network. Furthermore, it was found that the GF could 
be enhanced twofold by introducing surfactant molecules into 
the graphene ink. The surfactant (a) increases the out-of-plane 
resistance and (b) improves the uniformity of the percolative 
graphene fi lm. Based on these understanding, a two-by-two 
fl exible and transparent pressure sensor array is demonstrated, 
with graphene fl akes as the active sensing material. The array 
exhibits high fl exibility, transparency, and reliable pressure 
response. Pressure between 0 and 60 kPa could be monitored 
using our devices with high reproducibility. This range rep-
resents pressures from as low as a gentle touch to as high as 
a normal person’s weight on his/her footprint. The fabrica-
tion processes are facile, which include only shadow masking, 
thermal evaporation, aerosol spray coating, and spin coating. 
The fl exible, transparent pressure sensor array and its fabrica-
tion processes are promising for advanced wearable electronics 
and bionics.  

  4.     Experimental Section 
 Graphene fl akes can be exfoliated from graphite using different 
techniques, including sonication [ 34,35 ]  and shear force assisted 
solvent exfoliation, [ 25 ]  electrochemical exfoliation, [ 36 ]  and chemical 
conversion. [ 29,37 ]  Different exfoliation techniques produce graphene 
fl akes with different geometrical, chemical, and electrical properties. [ 30,28 ]  
To reveal the impact of exfoliation method and graphene property on 
their sensing performance, graphite is exfoliated using two different 
methods, namely sonication-assisted SE and EE. 

 To prepare SE graphene, [ 35 ]  graphite (99.9%, Alfa Aesar #43319) was 
fi rst dispersed at 10 mg mL −1  in 30 wt% Isopropyl alcohol (IPA) aqueous 
solution and then bath sonication (Branson 2510) was performed for 
60 h. The obtained mixture was centrifuged twice at 12 000 g for 10 min. 
Each time the precipitate was discarded and the supernatant was kept. 
The resulting solution had a graphene concentration of 0.18 mg mL −1 . 

 EE graphene was prepared following the method developed by Khaled 
et al. [ 36 ]  Briefl y, graphite foil (99.8%, Alfa Aesar #43078) was used as 
anode in an electrochemical process under +10 V bias in 0.2  M  K 2 SO 4  + 
0.1  M  KOH aqueous solution. The resulting mixture was vacuum fi ltrated 
and redispersed to wash away the salts. The washing process was 
repeated four times with water and then twice with 30 wt% IPA. Finally, 
the mixture was centrifuged twice at 1000 g for 10 min to remove bulk 
graphite. The concentration of the resulting EE graphene in 30 wt% IPA 
aqueous solution was adjusted to 0.5mg mL −1 . Percolative graphene 
fi lms (5 × 10 mm) were fabricated on fl exible polyethylene terephthalate 
(PET, McMASTER-CARR, 8567K52, 0.178 mm thick) substrates by 
aerosol-spray deposition (Master Airbrush G23) of the graphene 
solution through a shadow mask. The percolative graphene fi lms were 
subjected to uniaxial strain by uniformly bending the graphene coated 
PET substrates to a defi ned radius and the resistances along the strain 

axes were recorded (Figure S1, Supporting Information). The gauge factor 
for each fi lm was calculated by R R( / )/εΔ , where R R/Δ  was the normalized 
change in electrical resistance, and ε  was the mechanical strain.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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