
www.afm-journal.de

FU
LL P

A
P
ER

© 2014 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2865

www.MaterialsViews.com

wileyonlinelibrary.com

  1.     Introduction 

 The monolayered nature of graphene makes it of particular 
promise for sensor applications as every atom is present at both 
surfaces, increasing its sensitivity to environmental changes. For 
example, the Hall effect has been used in gas sensing to detect 
the absorption of single NO 2  and NH 3  molecules. [ 1 ]  Graphene 
has also been used as a photo detector. [ 2,3 ]  Micro-engineered 
vibrating beam sensors have taken advantage of graphene’s high 
stiffness and low density to act as mass sensors with detection 
limits up to 2 zeptograms. [ 4 ]  Graphene has also shown promise 

as a peizo-restivity based strain sensor, 
with studies based on mechanically exfoli-
ated, [ 5,6 ]  chemical vapor deposition (CVD)-
grown [ 7–11 ]  and composites. [ 12,13 ]  CVD 
graphene on polydimethylsiloxane (PDMS) 
had a gauge factor (GF) of 6.1 [ 7 ]  whilst exfo-
liated graphene on PDMS had a GF ≈ 2 
for applied strains up to 30%. [ 6 ]  In a very 
recent study, thin fi lms, produced by spray 
coating of liquid-phase exfoliated graphene, 
on a plastic substrate were used to demon-
strate strain sensitive coating with a tun-
able gauge factor based on the stretching 
of a percolated graphene network. [ 14 ]  These 
sensors are analogous to the conventional 
foil strain gauges (GF 2–5) which give high 
accuracy single-point measurements. [ 15 ]  

 In addition to high accuracy, single-
point, deformation measurements, there 
is a need to be able to measure local strain 
at multiple points over a structure. Whilst 
this can be achieved with electronically-
based sensors, every point of interest 

needs to be individually wired, leading to a signifi cant amount 
of infrastructure. Thus it is preferable to measure the strain 
using optical measurements based upon the photoelastic prop-
erties of either the material itself or an active coating upon it. A 
classic example of such a system is the birefringence measure-
ments made on poly (methyl methacrylate) (PMMA) and poly-
styrene (PS) structures. There are already commercially avail-
able photoelasticity-based sensors, such as the Grey-fi eld Polari-
scope from Stress Photonics and PhotoStress from Vishay 
Precision Group. [ 16 ]  In these techniques, photoelastic sensitive 
coatings based on PS/epoxy resin are applied over complex 
structures and a polariscope measures the strain-induced bire-
fringence to form a full-fi eld strain map with resolutions from 
10 to 20 microstrains (με) (see manufacturer’s data sheet). [ 16 ]  
Bragg diffraction gratings are another option but require a 
complex fi ber optical lay-up to achieve suffi cient point reso-
lution over a large area. [ 17 ]  A promising rival to these optical 
systems is the development of Raman active coatings, where 
a strain active material is coated onto a device and the strain 
is read using a hand-held Raman spectrometer. This technique 
relies on the sensitivity of the Raman bands to the bond strain; 
tension causes frequency downshift (phonon softening) while 
the compression causes frequency upshift (phonon hardening). 

 The development of the Raman strain sensors has been 
limited due to the lack of hand-held spectrometers and the 
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 2.     Results and Discussion  

 2.1.     Coating Characterization 

 Composite coatings were prepared from both mechanically exfo-
liated (herein termed “exfoliated”) and CVD-grown graphene. 
 Figure    1  a show the schematics of the sample preparation (see 
Experimental Section). The in situ Raman measurements were 
carried out on the graphene monolayer fl akes as shown in the 
optical micrographs (see Supporting Information Figure S1). 
Well-defi ned Raman spectra with a characteristic 2D band 
(around 2640 cm −1 ), G band (around 1580 cm −1 ), and D band 
(1350 cm −1 ) were obtained from both the exfoliated and CVD 
graphene. Figure  1 b show the example fl akes found in the com-
posite system with increasing number of layers, with the  I  2D/G  
ratio greater than 3 for the monolayer graphene. The absence of 
a D band for the exfoliated graphene reveals its high-quality. [ 31 ]  
Figure  1 c shows the Raman spectra of as-grown CVD graphene 
on Cu foil and in the coatings.  I  2D/G  ratio was greater than 2 
and the full-width-of-half-maximum (FWHM) of ≈25 cm −1 .  

 Scanning electron microscopy was used to measure the 
grain size in the CVD graphene. The residual impressions of 
the copper grain boundaries were clearly visible in the trans-
ferred fi lm at very low magnifi cations. However, close inspec-
tion within these residual copper grain impressions found that 
the actual grain size of the graphene was 7.3 ± 4.8 μm (see Sup-
porting Information Figure S2). Wrinkles and damage were 
also observed in the fi lm as a result from the transfer process.   

 2.2.     Cyclic Deformational Behavior  

 2.2.1.     Sequence I: Uniform Maximum Strain Levels 

 The coatings were subjected to cyclic deformation using a four-
point bending rig with the maximum strain of 0.3% at each 
cycle.  Figure    2  a,d show the deformation sequence applied and 
the response of the 2D band position. The Raman 2D band 
shifts signifi cantly with the applied strain, indicating that 
stress transfer occurred in the coatings (Figure  2 b,e). Elastic 
deformation occurred in the exfoliated graphene coatings, with 
the loading and unloading curves for the fi rst cycle overlaying 
each other. The shift rate of –53 cm −1 /% strain (Figure  2 c) 
was obtained for both loading and unloading curve is similar 
to the previous studies. [ 24,26 ]  As the sample undergoes subse-
quent deformation cycles, the linearity between the loading and 
unloading curve is lost, giving rise to a hysteresis loop. This 
behavior can be related to the coatings undergoing damage 
at the graphene-matrix interface. Cyclic deformation of bulk 
carbon nanotube composites revealed similar behavior due to 
damage at nanotube-matrix interface. [ 32 ]  The hysteresis loop 
increases in area and shifts upwards with the deformation cycle 
(see Supporting Information Figure S4). This behavior sug-
gests that the coating underwent irreversible damage at the gra-
phene-matrix interface. Furthermore at the end of each cycle, 
the 2D band position at 0% strain is at higher wavenumber 
than in the previous cycle. This is consistent with graphene 
undergoing slippage during the loading cycle and then in-plane 

development of suitable active coatings. Raman systems, how-
ever, are now available based upon solid-state lasers for under 
$15k. Earlier studies on Raman active coatings focused upon 
using carbon nanotubes. Wagner et al. used single-walled carbon 
nanotubes (SWNT) as Raman sensors in glass fi ber polymer 
composites to measure the stress concentrations around defects 
and demonstrated that the nanotubes could be used to pro-
duce a two-dimensional mapping of the strain distribution in 
the composite. [ 18,19 ]  Sureeyatanapas et al. demonstrated that 
SWNTs could be incorporated into the sizing of glass fi bers to 
give a strain sensitive coating. [ 19 ]  It was found that functional-
ized SWNT showed higher strain sensitivity due to a better inter-
face with the sizing. Li et al. demonstrated the use of nanotube 
as macro-scale strain sensors in Bucky papers by both Raman 
and electrical measurements. [ 20 ]  Following this work, Vega et al. 
developed SWNT-epoxy coatings as strain sensors by simulta-
neously following Raman spectroscopic and electrical imped-
ance measurements. [ 21 ]  The impedance and Raman response 
of these coatings followed each other in single-cycle deforma-
tion experiments. Whereas, when subjected to cyclic deforma-
tion, the Raman method gave information about the interfacial 
damage. [ 21 ]  

 It has been suggested by ourselves [ 22,23 ]  and others, [ 24,25 ]  
that graphene would be the ideal Raman active coating and 
superior to CNTs due to 1) graphene’s two-dimensional 
nature making it more suitable for coatings, 2) the higher 
inherent band shift per unit strain of the 2D Raman band in 
graphene, [ 26 ]  3) the high intensity of graphene’s most strain 
sensitive band (2D band). Recently Reserbat-Plantey et al. 
showed that graphene’s suitability for sensing was such that 
even real time dynamic measurements could be taken from 
a single point. [ 27 ]  However, to date graphene has not been 
studied as a wide area strain sensor, partly due to a lack of 
suitable material; mechanically-exfoliated graphene as dem-
onstrated herein works well but is not scalable, whereas, 
solvent-exfoliated graphene is shorter than the critical length 
of graphene required for effi cient stress transfer meaning 
that no strain is transferred from the composite to the fl ake 
(this critical length effect is demonstrated in Supporting 
Information). [ 22 ]  In the last few years, though, large area 
CVD fi lms have become available and Sony Corporation has 
demonstrated roll-to-roll production and transfer of a 100 m 
long graphene fi lms. [ 28 ]  In the present novel study, we use a 
mechanical exfoliated fl ake as a model single grain system 
and then compare its performance to CVD graphene on a 
polymer backing, which is being readily scaled in manufac-
ture by a number of companies and groups. [ 28–30 ]  The shift of 
the Raman 2D band with strain under cyclic deformation was 
followed to determine the in-service behavior of the sensor 
coating. In particular, the interfacial characteristics of the gra-
phene-polymer interface were studied during the cyclic defor-
mation as these determine the stress transfer to the graphene 
and hence its strain sensing ability. These measurements 
also have signifi cance for the wider graphene composite com-
munity, particular on the fatigue behavior of such materials. 
Finally, we calculate the absolute accuracy and resolution of 
the graphene-based Raman strain sensor as a function of gra-
phene source.   
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 where, Δ ω  2D / ε  is the shift rate of 2D band,  ω  0  2D  is initial posi-
tion of 2D band before straining and  υ  is the Poisson’s ratio. 
In the literature, various values of Gruneisen parameters are 
reported and it is still a matter of argument. [ 35,36 ]  The Poisson’s 
ratio of the polymer coatings was used 0.33 as the graphene 
exhibited elastic deformation indicating good adhesion between 
graphene and the substrates once the residual strain had been 
annealed. This ratio was taken as 0.33 as the Poisson ratio of 
PMMA is 0.3–0.35 and SU-8 is a transversely isotropic material 
with an in-plane Poisson ratio of 0.33. We took the Gruneisen 
parameter value as 2.7 as calculated by the fi rst-principle calcu-
lations of Mohiuddin et al. [ 34 ]  Ideal shift rates of –62 cm −1 /% 
strain (Figure  2 c,f) were obtained for both exfoliated and CVD 
graphene which is similar to the value (≈–60 cm −1 /% strain) 
reported in the published literature. [ 24,26,34,37 ]  

 The shift rates of both loading and unloading curves of 
exfoliated graphene increases with the deformation cycles and 
reached the theoretical ideal shift rate (Figure  2 c). This behavior 
could be related to the strain hardening of the graphene, 

compression during unloading, resulting in the development of 
residual compression.  

 The initial 2D band position was signifi cantly higher in the 
CVD coating (≈2660 cm −1 ) compared to exfoliated graphene 
(≈2640 cm −1 ), indicating that the CVD graphene was under 
residual pre-compression. This residual pre-compression was 
found throughout the sample, with the average band position 
being ≈2659.7 ± 2.5 cm −1  over 200 random spots. The residual 
pre-strain is believed to be developed from the transfer process 
and drying of the PMMA top coat. [ 33 ]  The initial two deforma-
tion cycles had allowed the graphene to relax this pre-compres-
sion (Figure  2 d,e). From the third cycle onwards, approximately 
elastic deformation occurs, indicating good stress transfer 
between the graphene and matrix. Unlike in the exfoliated gra-
phene, the 2D band position at 0% strain is constant at the end 
of the fi nal three deformation cycles, indicating no further sig-
nifi cant relaxation of residual strains. 

 The theoretical ideal shift rates for graphene is calculated by 
using the Gruneisen parameter,  γ , which is a measure of rate of 
change of phonon frequency in a crystal with strain. [ 33 ]  For the 
uniaxial strain the Gruneisen parameter of 2D band ( γ  2D ) could 
be defi ned as,

   Figure 1.    a) The schematic representation of the model composite coatings preparation. b) Raman spectra of different layers of graphene in exfoliated 
composite coatings. The shape of 2D band varies with the number of graphene layers; monolayer could be fi tted with a single Lorentzian, whereas 
the band splits into four for bilayer. [ 31 ]  Absence of D band at ≈1350 cm −1  indicates high crystalline order of the sample. c) Raman spectra of the as-
produced CVD graphene on Cu foil and in the composite coating. The spectra from PMMA top coat and SU-8 is shown as a reference in both cases. 
Spectra offset for clarity. 
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Bissett et al. were not able to accurately measure the strain in 
their PDMS substrate, they assumed that their exfoliated and 
CVD graphene would have the same band shift rate. [ 38 ]  

 The Raman band shift could be used to estimate the effective 
Young’s modulus of the graphitic based carbon reinforcements. 
As mentioned before, for uniaxial strain, the common shift rate 
obtained/calculated is ≈–60 cm −1 /% for 1 TPa monolayer gra-
phene. [ 24,26,34,37 ]  From the shift rates obtained in Figure  2 c,f, the 
average effective modulus of exfoliated graphene and CVD gra-
phene are in the order of ≈0.93 ± 0.1 TPa and ≈0.52 ± 0.12 TPa, 
respectively.   

meaning graphene exhibits more resistance to the deforma-
tion in the subsequent deformation cycles. The reason for this 
behavior is unclear at this point, but the fl attening of the rip-
ples present in the graphene during the deformation could be 
one plausible explanation. Whereas for the CVD graphene, the 
shift rate is approximately half of the theoretical ideal shift rate 
≈–30 cm −1 /% strain. This shift rate, however is lower than the 
results of –72 cm −1 /% strain from stretching CVD graphene on 
PDMS. It should be noted that the work of Bissett et al. using a 
more deformable substrate (PDMS) leading to biaxial deforma-
tion and thus is not directly comparable. [ 38 ]  Furthermore since 

   Figure 2.    Sequence I cyclic deformation with uniform maximum strain level. a,d) The sequence of the deformation and the response of 2D band posi-
tion of both exfoliated and CVD graphene. The highlighted area shows the relaxation of residual pre-compression of CVD graphene in the initial two 
cycles. The strain sensing ability was calculated at 0.1% and 0.3% strain levels as indicated. b,e) The shift of 2D band vs loading strain. The hysteresis 
loop observed in the exfoliated graphene indicates the interfacial damage. Boxes at 0% strain indicate the behavior of the residual stresses at the end 
of the deformation cycles. c,f) Shift rate of 2D band, obtained from slopes of (b,e). The dashed horizontal line indicates the theoretical ideal shift rate 
calculated by using the Gruneisen parameter ( γ  = 2.7). 
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deformation sequence, the 2D position at the 0% strain level at 
the end of the deformation cycle is at a higher wavenumber than 
the previous cycle (see Figure  3 b). This indicates that the gra-
phene is undergoing slippage during the loading cycle leading 
to the development of residual compression at the end of the 
cycle. The shift rates calculated from the slope of Figure  3 b is 
plotted in Figure  3 c. Strain hardening was observed with each 
cycle, as seen in the previous deformation sequence.  

 As before, the as-made CVD graphene coating had residual 
compression, leading to a relatively high 2D band position 
(≈2660 cm −1 ). The initial deformation cycles (see Figure  3 d,e) 
allowed the graphene to relax the pre-strain, after which the 

 2.2.2.     Sequence II: Increased Maximum Strain Levels 

 In this section, the coatings were subjected to deformation with 
increased maximum strain levels.  Figure    3  a,d show the deforma-
tion sequence used and the response of the 2D band position of 
both exfoliated and CVD graphene coatings. The signifi cant shift 
of 2D band with applied strain as seen in Figure  3 b,e indicates 
that the stress transfer occurred in the coatings. For the exfoli-
ated graphene, the 2D band shifts approximately linearly with 
the strain up to 0.4% strain. When the strain level increased to 
0.5%, the loading and the unloading curve do not superimpose 
indicating the onset of the interfacial damage in the coating 
and leading to the hysteresis loop. Also, similar to the previous 

   Figure 3.    Sequence II cyclic deformation with increased maximum strain level a,d) The sequence of the deformation and the response of 2D band 
position of both exfoliated and CVD graphene. The highlighted area shows the relaxation of residual pre-compression of CVD graphene in the initial 
three cycles. The strain sensing ability was calculated at 0.1% and 0.3% strain levels as indicated. b,e) The shift of 2D band vs loading strain. Boxes at 
0% strain indicate the behavior of the residual stresses at the end of the deformation cycles. c,f) Shift rate of 2D band, obtained from slopes of (b,e). 
The dashed horizontal line indicates the ideal shift rates calculated by using the Gruneisen parameters ( γ  = 2.7). 
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 2.2.3.     Sequence III: Mapping of Strain Over a Wide Area of CVD 
Graphene 

 In order to demonstrate both the spatial strain mapping ability 
and life time of the graphene sensors, a CVD graphene coat-
ings was deformed for 25 cycles using the sequence shown 
in  Figure    4  a. The average 2D position within the 100 square 

coating exhibited almost elastic deformation. The 0% 2D band 
position of last three deformation cycles remains almost constant 
around ≈2650 cm −1  suggesting no further relaxation of residual 
strain. The average shift rate per unit strain was –31 ± 7.9 cm −1 /% 
strain, which is ≈35% lower than the exfoliated graphene (–48 ± 
7.5 cm −1 /% strain) . The reason for the lower shift rate might be 
the many fi ne grain structure of the CVD graphene.   

   Figure 4.    a) The deformation cycle applied to a CVD composite coating over 25 cycles. The highlighted points are the points in the cycle where a full 
Raman map was taken in (c). The strain sensing ability was calculated at 0.3% strain as indicated. b) The average Raman position in the 100 µm × 
100 µm region of interest, based on fi ve spectra taken from random locations. c) Raman maps of the 2D band position. The black spots represent the 
place where the spectra were obtained (error ± 2 µm). 

Adv. Funct. Mater. 2014, 24, 2865–2874



FU
LL P

A
P
ER

2871

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

wileyonlinelibrary.com© 2014 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 Bisset et al. recently showed that the G band upshift on ten-
sion in CVD graphene compared to a down shift in mechanically 
exfoliated graphene. They attributed this difference in behavior 
to the grain boundaries in the polycrystalline CVD graphene. [ 38 ]  
This anomalous behavior was not observed in the CVD gra-
phene coatings herein, where a shift rate of ≈–14.72 cm −1 /% 
strain was observed when fi tted with a single Lorentzian curve 
(see Supporting Information Figure S5). However, careful anal-
ysis of Bisset et al.’s experimental details show that their upshift 
is probably due to the fact that strain was not measured directly 
but rather inferred from the Raman peak shift, assuming the 
band shift per unit strain for a perfect crystal. The analysis of 
G band in our samples does however let the relative effects of 
doping and strain on the Raman spectra to be calculated as the 
G band is more sensitive to dopants than the 2D band (see Sup-
porting Information, Figure S6). Based upon the G band peak 
shift, the hole doping level is estimated to be <0.5 × 10 13  cm −2 . 
This level of doping would only give a 2D band shift of <1 cm −1 , 
which is signifi cantly less than the 20 cm −1  shift observed from 
the applied strain (see Supporting Information).   

 2.4.     Sensing Ability of the Coatings 

 The resolution and accuracy are the main two parameters 
that defi ne the sensitivity of any strain sensor. The resolution 
is the smallest difference in relative strain that can be meas-
ured and is typically quoted in με. The accuracy is the repeat-
ability in measure of an absolute strain from sample to sample 
and is typically quoted in percentage strain (1% ≡ 10 4  με). 
Commercially-available single-point strain sensors have very 
high resolutions up to 0.1 με, whereas large area photo-elasticity 
based strain sensors have relative resolutions ranging from 
10–20 με and an absolute accuracy about 0.1%. [ 16 ]  

 The accuracy of measuring the strain in the graphene 
coatings could be determined from the cyclic deformational 
sequences. Absolute accuracy is given by the standard devia-
tion of the difference of the 2D band position at one par-
ticular strain level divided by the ideal graphene shift rate of 
≈ – 62 cm −1 /% strain as determined by using the Gruneisen 
parameter. The maximum achievable resolution (absolute reso-
lution) of these graphene-based Raman strain sensors could be 
calculated from:

 

Absolute resolution ( )

Absolute resolution of Raman spectrometer (cm )
Maximum band shift obtained (cm /( strain)

10000

1

1

με

=

×

−

− %

  
(2)

   

 Example calculations for both absolute accuracy and resolu-
tion are given in the Supporting Information, Section S5. The 
strain sensing ability of these graphene-based Raman strain 
sensors were calculated at two reference strain levels; 0.1% and 
0.3% as shown in Figures  2 a,d,  3 a,d and at 0.3% in Figure  4 a. 
It should be noted that, only the data where graphene in the 
composite coatings relaxed from its pre-strains were considered 
for the calculations (see Figures  2 a,d,  3 a,d,  4 b). The calculated 
values of absolute accuracy and resolutions are given in Table  1 .  

micron region of interest is shown in Figure  4 b. As seen in 
previous samples, the fi lm was initially in compression, with 
this compression being relaxed over the fi rst few cycles of 
deformation. The strain response of the fi lm was then found 
to be stable for the rest of the experiment with the maximum 
and minimum peak positions were constant within error. The 
2D band position was also manually mapped at the start (0% 
strain), mid-point (0.3% strain), and end (0% strain) of the ini-
tial, 6 th , and 25 th  cycles (Figure  4 c). The mapping was taken at 
step intervals of 10 ± 2 μm and confi rm that the residual pre-
compression relaxes over the fi rst few deformation cycles to 
give a stable system. In particular, the Raman maps for cycles 
6 and 25 are very similar confi rming that the strain behavior of 
the graphene fi lm stabilizes. As noted earlier, the grain size of 
graphene fi lm is approximately 7 μm, hence the mapped region 
corresponds to approximately 14 randomly orientated grains in 
each direction. Therefore the relative uniformity of the Raman 
band position strongly suggests that individual grain orienta-
tion relative to the direction of deformation is not a signifi cant 
factor in the strain response.     

 2.3.     Discussion: Comparison of Micromechanics of Exfoliated 
and CVD Graphene 

 In the current study, exfoliated and CVD graphene coatings 
were subjected to various cyclic deformation sequences to 
understand their deformation behavior. It can be seen from the 
results that, the residual pre-strains (mainly from the transfer 
process) present in the graphene fl akes play a major role in their 
mechanical behavior as identifi ed previously by other research 
groups. [ 24,25,33,34,39,40 ]  For example, Fu et al. reported a slight 
decrease in the electrical resistance in initial stretching cycles 
followed by an increase in resistance in the subsequent cycles 
which they attributed to the relaxation of residual strains in the 
transferred CVD/PDMS fi lm. [ 8 ]  In general, in all the experi-
ments residual pre-compression was observed in CVD graphene 
which relaxes over the initial few deformation cycles. Whereas, 
the exfoliated fl ake initially had relatively little pre-strain. 

 However, in general, the shift rates of exfoliated graphene 
were at least ≈35% higher than the CVD graphene. In order 
to understand this difference, the structure of the two mate-
rials needs to be considered. Exfoliated graphene is a large 
single crystal and hence it exhibits higher stiffness and mod-
ulus and hence the shift rates. In contrast, the CVD graphene 
exists as a continuous single-layer fi lm with large number 
of smaller domains approximately 7 μm in diameter. The 
domain boundaries act as defects in the crystal structure [ 38,41 ]  
potentially meaning that each domain acts as an individual 
fl ake. Hence, shear lag theory would predict that there would 
be a lower strain at the edges of the domains, based upon 
a similar argument as that for the solvent exfoliated fl akes 
(Supporting Information, S6). Furthermore, some domains 
could be small enough for edge effects to dominate so that 
full stress transfer does not occur within the fl ake, lowering 
the band shift rate. Another plausible reason for incomplete 
transfer of stress to the graphene CVD may be the poor 
interface being formed or wrinkling of the fi lm taking place 
during the transfer process. 
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 The absolute accuracy and resolution of these strain sensor 
coatings were calculated from the knowledge of 2D band posi-
tion and absolute resolution of spectrometer. By comparing to 
the commercially available wide area strain sensors, CVD gra-
phene fi lms with a calculated absolute accuracy of ≈± 0.01% 
and absolute resolution of ≈ 27 με would be a promising candi-
date for a wide area Raman-based strain sensors.   

 4.     Experimental Section 
 Graphene produced by two different methods; exfoliation and CVD 
technique was used to create the model coatings. The base specimen 
was prepared by spin coating 300 nm of SU-8 epoxy resin on a 5 mm 
thick PMMA beam as shown in Figure  1 a. 

  Exfoliated Graphene Coatings : Graphene produced by mechanical 
cleavage of natural graphite was deposited on the base specimen 
(Figure  1 a). This method produces various layers of graphene which 
could be identifi ed using Raman spectroscopy. [ 31 ]  A thin layer of around 
100 nm of PMMA was spin coated on top of the specimen so that 
the graphene remain visible when sandwiched between two polymer 
layers. 

  CVD Graphene Preparation : CVD graphene was prepared using the 
hot wall CVD process. [ 42 ]  The copper foils (Alfa Aesar product #13382) 
were cut into small squares and loaded into 1” fused silica furnace tube. 
The pressure in the tube was lowered by a rotary vane pump (Edwards 
RV12) in combination with a turbo pump (Leyboid Oerlikon Turbovac 
50). Hydrogen was introduced in the furnace tube at 10 sccm for 30 min 
to displace any air in the tube. The hydrogen fl ow was then reduced to 
1 sccm to achieve a pressure value of 5 × 10 −3  mbar. Once the desired 
pressure was achieved, the temperature was increased to 1040 °C at a 
heating rate of 40 °C min –1  and the hydrogen fl ow was continued for 
30 min to anneal the copper foil. The precursor methane was introduced 
at the rate of 2 sccm and the pressure maintained was about 0.01 mbar. 
After 30 min, the methane fl ow was terminated and the furnace was 
allowed to cool down in the room temperature. This process resulted in 
the formation of graphene on either side of the Cu foil, which was then 
carefully removed from the furnace tube. 

  CVD Graphene Coatings : The schematic representation of the transfer 
process is shown in Figure  1 a. For the transfer process, a thin protective 
layer of ≈200 nm of PMMA was spin coated on one side of the Cu 
foil. Graphene on the other side of the foil was removed in an oxygen 
plasma for 5 min. The Cu was etched in a 0.1  M  ammonium persulphate 
(etchant) solution, leaving PMMA/graphene fi lm in the solution. The 
fi lm was carefully transferred to deionised (DI) water to remove any 
residual etchant. This process was repeated several times to ensure the 
complete removal of etchant leaving behind fi lm fl oating in the DI water. 
The base specimen was then used to carefully pick the fl oating fi lm so 
that they lie in the middle of the beam. The sample was rested for 5 min 
before drying it oven at 70 °C for 10 min. The protective PMMA layer 
acts as the top layer of the coatings. 

 It can be observed from Table  1  that, the absolute accuracy 
and the resolution values changes between different deforma-
tion sequences. This is due to the deformation behavior of the 
graphene during the cyclic deformation. The variation in the 
absolute accuracy values of exfoliated graphene in sequences 
I and II could be attributed to the strain hardening behavior 
observed in the coatings. Whereas, as graphene relaxes from 
all the pre-strains and, the value of accuracy is constant at ≈ ± 
0.02%, which is a better than the commercially-available large-
area strain sensors. The maximum achievable resolutions of 
the exfoliated composites are in the range of ≈ 15–18 με which 
is comparable to the commercially-available large-area strain 
sensors. These high values correspond to a strong interface 
between the exfoliated graphene and the composite which leads 
to higher shift rates and hence high resolution. As discussed 
earlier, the CVD graphene has a lower resolution of ≈ 27 με, but 
still comparable to the exfoliated graphene. Nevertheless, the 
absolute accuracy values of CVD graphene after the relaxation 
of pre-strains stays around ≈ ± 0.01% for sequences I, II and 
III. It should be noted that, the maximum strain that these sen-
sors could withstand is defi ned by the strain at the interface.    

 3.     Conclusion 

 In this study, graphene coatings prepared from both exfoli-
ated (top-down approach) and CVD methods (bottom-up 
approach) were demonstrated as Raman-based strain sen-
sors by following the 2D band of graphene upon various 
cyclic deformation sequences. The CVD based coatings were 
found to have residual pre-compression stresses from their 
production method. However, these stresses relaxed over 
the fi rst 2 to 3 deformation cycles, suggesting that sensors 
made from transferred graphene should be cycled by an 
external strain as a conditioning step during manufacture to 
ensure stable and accurate readings while in use. Moreover, 
hysteresis loop (interfacial damage) and its upshift were 
observed in exfoliated graphene coatings in the absence of 
residual pre-strains and exhibits strain hardening behavior 
with higher shift rates and effective modulus than CVD gra-
phene. In general, the shift rates of exfoliated graphene are 
at least ≈35% higher than the CVD graphene, making the 
former more sensitive to strain, which may be due to exfoli-
ated graphene being a large single crystal domain with high 
stiffness. 

  Table 1.    Calculated absolute accuracy and resolution of exfoliated and CVD graphene composite coatings.  

Composites coatings Deformational sequence Absolute Accuracy 
[%]

Absolute resolution 
[µε]

  @ 0.1 % strain @ 0.3 % strain  

Mechanically exfoliated Sequence I (Same max. strain) ≈ ± 0.04 ≈ ± 0.02 ≈15

Sequence II (Increased max. strain) ≈ ± 0.03 ≈ ± 0.02 ≈18

CVD Sequence I (Same max. strain) ≈ ± 0.01 ≈ ± 0.01 ≈27

Sequence II (Increased max. strain) ≈ ± 0.01 ≈ ± 0.01 ≈27

Sequence III - ≈ ± 0.01 ≈27
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  Deformation Sequences : The PMMA beams were deformed in a 
4-point bending rig, and a strain gage (Vishay measurements) attached 
on the surface was used to monitor the surface strain. Three different 
cyclic deformation sequences were carried out in order to study the 
stress transfer and strain sensitivity of the graphene in the coatings:

I.   Uniform maximum strain level – A total of four or fi ve deformation 
cycles with a maximum strain level of 0.3% strain. 

II.  Increased maximum strain level – A total of fi ve deformation cycles 
with 0.1%, 0.2%, 0.3%, 0.4%, and 0.5% strain as the maximum strain 
levels at each cycle. 

III.  Demonstration of longer term stability and spatial mapping: a total 
of 25 cycles with a maximum strain of 0.3%. 5 random points were 
studied at the maximum and minimum of each cycle. Detailed spatial 
maps were taken on initial, 6 th  and 25 th  cycles.   

 The maximum strain used in these deformation cycles were limited 
to 0.5% as the debonding of the fl akes and matrix polymer cracking was 
observed at strains greater than 0.5% in similar model composites. [ 22,37 ]  
When the maximum strain was achieved in each cycle, the sample was 
unloaded step-wise to 0% strain. 

  Raman Spectroscopy : The Raman spectra was obtained from a low 
power (<1 mW) He-Ne laser (1.96 eV, 633 nm) in Renishaw 2000 
spectrometer. The laser beam was always polarized parallel to the 
tensile axis and the spot size of laser was ≈2 µm with 50× objective 
lens. The shift of the 2D band with strain was used to follow the 
deformation. The deformation was carried out step-wise in intervals 
of either 0.02 or 0.05% strain. A total of three spectra at each strain 
level were taken and the average value was used for the calculations. 
The standard deviation was not shown in the deformation plots 
in order to follow the clear trend of deformations (see Supporting 
Information Figure S4). The 2D band spectra were fi tted using 
single Lorentzian peak to determine the deformation behavior (see 
Supporting Information Figure S3). Splitting of the 2D band was not 
observed in this low strain range deformations as reported in the 
literature, however, broadening of 2D band was observed (Supporting 
Information Figure S3). [ 34 ]   

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