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In this paper, we review various types of graphene-based strain sensors. Graphene is a monolayer of carbon atoms,
which exhibits prominent electrical and mechanical properties and can be a good candidate in compact strain sensor ap-
plications. However, a perfect graphene is robust and has a low piezoresistive sensitivity. So scientists have been driven
to increase the sensitivity using different kinds of methods since the first graphene-based strain sensor was reported. We
give a comprehensive review of graphene-based strain sensors with different structures and mechanisms. It is obvious that
graphene offers some advantages and has potential for the strain sensor application in the near future.
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1. Introduction

Since Thomson first reported on the change in resis-
tance with elongation in iron and copper in 1856, strain sen-
sors have been widely fabricated by employing various met-
als and semiconductors.l'~0! The resistance R, a characteristic
of a conductor, can be written as R = pL/S, where L is the
length and S is the average cross-sectional area of the con-
ductor. When a stress is applied to the conductor, its resis-
tance changes. Besides the geometry, the resistivity change
also plays an important role in resistance change. The cross-
sectional area of a bulk material reduces in proportion to the
longitudinal strain with Poisson’s ratio v. The Poisson’s ratio
ranges from 0.20 to 0.35 for most metals, while it ranges from
0.06 to 0.36 for anisotropic silicon.”-81 The isotropic lower
and upper limits of v are —1.0 and 0.5, respectively. The
gauge factor (GF) is a common figure to show the sensitivity
of electrical shift to mechanical deformation. The relation be-
tween the change in electrical resistance and the applied strain
is revealed by GF = (AR/R)/e, where AR/R is the normal-
ized resistance variation, and € is the mechanical strain. The
resistance change is dependent on both geometry and resistiv-
ity as AR/R = (1+2v)e +Ap/p.°! According to the above
function, we can see that the effect of geometric deformation
alone provides a GF of approximately 1.4 to 2.0. However,
for a metal, the resistivity change Ap/p (of the order of 0.3)
is smaller compared with that of semiconductors, as in silicon
and germanium, Ap/p is 50-100 times larger than the geo-
metric term.

The strain sensor market is expected to exceed 4.5 bil-
lion US dollars in 2013. Along with the relentless pursuit
of low-cost and miniaturized devices, the traditional silicon
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semiconductor faces challenges, recent research of strain sen-
sors is focused on nanoscale materials. One of the most com-
pelling materials is the low-dimensional carbon.'*-14] Carbon
nanotubes (CNTs) and graphene are two examples in the car-
bon family which have attracted enormous attention in recent
years due to their wonderful mechanical and electrical proper-
ties for piezoresistive strain sensors. Compared to CNTs with
the quasi one-dimensional (1D) structure, graphene has an
ideal two-dimensional (2D) structure, thus has advantages in
scalable device fabrication via top-down approaches, which is
compatible with the existing semiconductor fabrication tech-
nology. Compared with other material based strain sensors,
this ultra-thin transparent graphene device is more commer-
cial and easily obtained. The schematic structure of a graphene
strain sensor is shown in Fig. 1, and it includes two electrodes
in each side of the graphene.['>] When a stress is applied on it,
a resistance change can be observed. In this paper, we mainly
discuss the graphene-based strain gauge with different mecha-
nisms of piezoelectricity.

Fig. 1. (color online) Schematic diagram of a strain sensor based
on graphene.!!

*Project supported by the National Basic Research Program of China (Grant No. 2013CB934500) and the National Natural Science Foundation of China (Grant

No. 91223204).
Corresponding author. E-mail: dxshi@aphy.iphy.ac.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057701-1


http://dx.doi.org/10.1088/1674-1056/22/5/057701
mailto:dxshi@aphy.iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 5 (2013) 057701

2. Electronic and mechanical properties of
graphene

Graphene has attracted tremendous attention since its first
isolation by Geim and Novoselov in 20041111 It is densely
packed by sp? carbon atoms and can be rolled up to form zero-
dimensional fullerene and 1D carbon nanotube. Because of
the structure, the carrier dynamics is strictly confined in a 2D
layer. The honeycomb lattice has two equivalent lattice sites
A and B, as shown in Fig. 2(a), leading to special electron
hopping. For the monolayer graphene, the electronic band
structure according to the results of the tight-binding model
is shown in Fig. 2(b). The valence and conduction bands of
graphene are conical valleys that touch at the Dirac points K

and K’ in the Brillouin zone. Near the Dirac point, the car-
rier has a linear dispersion relation E = hivgk, so it can be
called the massless Dirac fermion. The velocity of electrons
in graphene is ~10° m/s, about 1/300 of the velocity of light.
The bilayer graphene is also a zero band-gap semiconductor,
but its electronic dispersion is not linear near the Dirac point.
For more than three-layer graphene, the energy band struc-
ture becomes more complicated, and the valence and conduc-
tion bands begin to overlap. Due to its special electronic band
structure, graphene contains rich and novel physical phenom-
ena and properties, such as ultrahigh mobility, ballistic trans-
port, anomalous quantum Hall effect,”°! non-zero minimum
quantum conductivity,!*'! Anderson weak local change,**! and

Klein tunneling.

Fig. 2. (color online) Graphene band structure. (a) Graphene lattice structure. Each original cell contains two symmetrical and
inequitable carbon atoms A abd B, and a; and a; are the lattice vectors. (b) Graphene electronic band structure obtained in the
tight-binding model; the valence and conduction bands connect in the Brillouin area.

The ever-increasing interest in graphene is driven not only
by its unusual physical properties but also by its potential for
developing sensors of various types. Its mechanical stiffness
is ~ 1 TPa, and the intrinsic breaking strength is 130 GPa
at ~25% strain which is comparable to the remarkable in-
plane values of graphite and other materials with great me-
chanical strengths.[>3! Today there are many studies focused on
the methods to obtain graphene. Micro-mechanically cleaved
graphene is widely used for the fundamental research due to
its quality, the closest to the nature of graphene. Reducing
graphene oxide is an inexpensive and high-efficiency method
of graphene synthesis.>*+?>! Epitaxial growth on silicon car-
bide (SiC) can get a wide range of graphene.”®! Chemical va-
por deposition (CVD) gives a way on catalytic metal surfaces
by surface precipitation or dissociation, allowing the scaled-
up production of graphene.”’2! Besides, direct depositing
graphene on a substrate without catalytic, such as plasma en-
hanced chemical vapor deposition (PECVD)3% and spray-
deposited graphene from solution!®!1, have attracted much at-
tention. Different graphene growth methods have their advan-
tages and disadvantages which satisfy diverse demands. Due
to the different growth methods, the graphene quality varies,
leading to different mechanisms of strain sensors.

3. Different types of graphene-based strain sen-
sors

3.1. Graphene strain sensors based on structure deforma-

tion

Graphene, a truly two-dimensional gapless semiconduc-
tor, known as the strongest material ever measured, can sus-
tain up to 25% in-plane tensile elastic strains. A strain, lead-
ing to a significant elongation of the graphene, is likely to
shift its electronic band structure and cause attractive changes
of the electrical properties, resulting in notable electrical—
mechanical coupling. Recently, several theoretical calcula-
tions on strained graphene indicated that the Dirac cones are
shifted and the Fermi velocity is reduced due to the asymmet-
rical strain distribution in the graphene, which introduces a
pseudo-magnetic field and can be used to engineer the elec-
tronic structure, while a symmetrical strain distribution cannot
change the graphene properties,*>—38! even though the strain
can cause additional scattering and resistance decrease. For a
strain parallel to the C—C bonds, with the strain increasing to
12.2%, the band gap continuously increases to its maximum
of 0.486 eV. While the band gap only continuously increases
to a maximum of 0.170 eV when the strain is perpendicular
to the C—C bonds and increases up to 7.3% 391 Moreover, it
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is also suggested in theory that uniaxial strains higher than
23% are needed to open the band gap of graphene. On the ex-
perimental side, a CVD grown graphene by one Korea group
was transferred onto the flexible substrate polydimethylsilox-
ane (PDMS), which showed no appreciable resistance change
when applying a strain up to 6%, as shown in Fig. 3,401
which is consistent with the calculation results. To study how
the strain works on graphene, Raman spectroscopy is usu-
ally used to observe the disruption of graphene symmetry and
the band gap opening.[*'=*! Scanning tunneling microscopy
(STM) studies have also conveyed that a strained graphene
with strong gauge fields can cause the pseudo-magnetic quan-
tum Hall effect.***! Direct electrical measurement of sus-
pending strained graphene is needed to eliminate the influ-
ences caused by the graphene—substrate interaction and the
graphene—dopant coupling. Huang ef al. demonstrated that
the suspended graphene devices were homogeneous by in situ
nanoindentation, while electrical measurements were carried
out simultaneously,*®! as shown in Fig. 4(a). They found that
even with a larger deformation, the device resistance changed
little (Fig. 4(b)) and the gauge factor was ~ 1.9. The elec-
tronic transport measurement in Fig. 4(c) indicates that there
was no band gap opening when the graphene was under a mod-
erate uniform strain. The resistivity is proportional to the in-
verse of the square of Fermi velocity vg. So the relationship
between resistance and resistivity variation can be written as
AR/R=(142v)e+Ap/p = (1+2v)e —2Avp/vp. According
to this formula, the calculated gauge factor is ~ 2.4, which is
consistent with the experimental result 1.9. However, in order
to know whether the structure deformation of graphene can af-
fect the band gap or not, a direct way to demonstrate the band
gap opening in a strained graphene with a much larger stress
is needed.
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Fig. 3. (color online) Resistance of a graphene film transferred to a
PDMS substrate isotropically stretched by 12%. The left inset shows the
case in which the graphene film is transferred to an unstretched PDMS
substrate. The right inset shows the movement of holding stages and
the consequent change in the shape of the graphene film.[0]
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Fig. 4. (color online) (a) Schematic diagram of a suspended graphene
device with a wedge tip indenting the graphene ribbon. (b) Relative
change of resistance as a function of strain. (c) Electrical transport mea-
surement of strained graphene. The inset shows the relative changes of
the gate capacitance as a function of strain from the experiment data
(red) and a calculation (blue).[4¢!

There are many other experimental groups that have ob-
tained graphene strain sensors with a high gauge factor, which
seems to disaccord with the theoretical calculation show-
ing that perfect graphene has little resistance change under
strain. The first group used a wafer-size graphene prepared
by CVD growth on Ni and Cu metal films, which was trans-
ferred onto arbitrary substrates through instantaneous etching
of metal layers to fabricate a strain sensor device, as shown
in Fig. 5(a)*’! The piezoelectricity of the device is shown
in Fig. 5(b), the resistance changed from 492 kQ to 522 kQ
with applied strain ~ 1%, and the gauge factor was ~ 6.1.
The recent research of Yu’s group found that the transferred
graphene on PDMS grown by CVD has a higher gauge factor
~ 151, as shown in Fig. 6.'51 When a strain was applied on
a graphene-based sensor, the resistance decreased a little first,
which could be explained by a relaxation of pre-existing wrin-
kles in the texture of the graphene sheet. Then as the stress was
increased, the resistance increase was attributed to the distor-
tion of the hexagonal honeycomb crystal structure. However,
due to the shortage of large-scale graphene grown by CVD,
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which is caused by defects, grain boundaries, and possible
damage to graphene in the transfer progress, it is hard to know
whether the resistance change is caused by the graphene struc-
ture deformation; further research will be required to find out
the main reason that brings forth the high gauge factor.

Resistance/kQ

0 1 2 3 4
Cycle

Fig. 5. (a) Optical image of a precision mechanical stage used to stretch
and contract a PDMS sheet. (b) Resistance modulation of the graphene
strain sensor.[47]

T T T L] T T T T T T T

240 = @ experimental data [+ T

- -

32 180 p= === fitted line -
~

< S <
~

<> 120 -

. -

L 60 -

e -

O = o=

- | " 1 1 L 3 L L 19

0 1 2 3 4 5
Strain/%

Fig. 6. (color online) Electric measurement results of the graphene
strain sensor under uniform uniaxial tensile strain.!!

Even if a graphene-based strain sensor with high sen-
sitivity can be obtained in the ways discussed above, the
large strain can cause an unrecoverable structure deformation,
which constrains the application of the sensor. In order to over-
come this shortage, our group fabricated a rippled graphene
strain sensor.[*8! The periodical rippled graphene was ob-
tained by releasing the stress to the prestrain PDMS substrate,
which was characterized by atomic force microscope (AFM)
as shown in Fig. 7(a). We transferred well-done graphene
devices onto the prestrain PDMS substrate, and after releas-
ing the stress, the transferred graphene and electrodes formed

nanoscale periodical buckling. Its piezoelectrical properties
with the increased strain are shown in Fig. 7(b), and the inset
shows the optical images of the device before and after ripples
were formed. When the strain was increased from 0% to 20%,
the resistance decreased from 5.9 kQ to 3.6 kQ, and the gauge
factor was about —2, which indicated that the buckled geome-
tries were not flatness in graphene ripples, so additional scat-
tering for charge carries was induced and the resistance was
increased. When the stress was applied on the graphene, the
ripple became flattened, so the resistance decreased. This re-
search provides us a new way to sustain graphene based strain
sensors bearing high stress and has potential applications in
flexible electronic devices.
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Fig. 7. (color online) The rippled graphene and its resistance response
under different strain. (a) AFM image of the rippled graphene ribbons.
(b) Resistance response of the rippled graphene device upon different
strain. The insets are optical images before and after buckling; 20%
prestrain is used to create the rippled graphene device. The resistance
decreases linearly from 5.9 kQ to 3.6 kQ when the strain increases from
0% to 20%. The minimum resistance of 3.6 kQ corresponds to the state
of totally relaxed flat graphene 48]

3.2. Graphene strain with over connected

graphene sheets

sensors

Even though the structure deformation is first used for
graphene-based strain sensors, there have been many other
ways to get a high gauge factor. One is using the imperfec-
tion of a large-scale graphene, in which the grown graphene is
not a complete one but graphene sheets connecting with each
other to form a conductive network. From a microscopic view-
point, the deformation of an individual graphene sheet changes
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its own resistivity, which can induce a resistance change of the
whole conductive network. However, the individual graphene
sheet has piezoelectricity similar to that of the perfect one.
So from a macroscopic viewpoint, the strain response of the
graphene network mainly depends on the contact resistance of
adjacent sheets. The conductivity between neighboring flakes
is determined by their overlap area and the contact resistance.
As shown in Fig. 8,[49] once a compression or tension strain is
applied to the graphene film, the overlap area between neigh-
boring flakes becomes smaller or larger, which is reflected by
the change of resistance. According to this mechanism, the
obtained graphene can be used for strain sensor application.

compression
neutral

i}
()

Fig. 8. (color online) Schematic illustration of piezoresistivity of
graphene sheets.[*"]

tension

Many groups utilized this mechanism to obtain series
graphene strain sensors with different gauge factors.’%!! To
study how the graphene sheet shift under an applied stress,
Hempel et al. presented a model of voltage dropping at a
fixed current in a graphene film with different levels of strain,
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Fig. 9. (color online) Modeling of percolation through graphene flake
network under strain. (a) Representation of voltage drop at a fixed cur-
rent in a graphene film at different levels of strain. (b) Resistance—strain
diagram for different graphene flake number density n. Inset shows GF
as a function of unstrained resistance Ry.1>°!
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Fig. 10. (color online) Fracture model of GWF. (a) Schematic structure of polycrystalline graphene (top) and the critical strain versus
graphene sheet size plot (bottom). (b) The equivalent circuit model for estimating the resistance of GWF with specified cracked GMRs.
(c) Current pathways through a fractured GWEF. (d) Calculated resistance changes of GWFs with different conﬁgurations,[su
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as shown in Fig. 9(a). In the experiment, a spray-deposited
graphene was used to prepare the gauge sensor. They calcu-
lated the resistance of the whole flake network by using the
Kirchhoff equations. The effect of strain was implemented
by displacing the flakes according to the elongation of the
whole device and recalculating the network resistance. When
the strain was applied, the connected joints among graphene
sheets decreased, so the conductive paths reduced. Figure 9(b)
demonstrates how the sensitivity of graphene was affected
by the morphology of the graphene film. The device with a
lower flake number density n exhibited a larger slope in the
resistance—strain relationship. The gauge factors were propor-
tional to their original resistances, as shown in the inset of
Fig. 9(b). Recently, the graphene woven fabrics (GWFs) was

[311 in which the polycrys-

reported for strain sense application,
talline structures changed along with high-density crack for-
mation and propagation when a strain was applied, which is
different from pure graphene films. They found that the over-
lapped area between two graphene sheets changed in width
size when the substrate was stretched (Fig. 10(a)). The change
of the electrical network of GWE, rather than the deformation
of each graphene sheet, was the main reason causing the resis-
tance increase, as shown in Fig. 10(b). When the stress was
applied on the device, there were many cracks in the network,
which led to the current pathways decrease and the resistance
increase, as shown in Fig. 10(c). The resistance change ver-
sus the applied strain of different configurations is shown in
Fig. 10(d). It is found that a large strain can be easily sustained
for graphene microribbons (GMRs) with increased resistors in

which there are more conductive pathways.

3.3. Graphene strain sensors based on tunneling effect be-

tween neighboring graphene sheets

Even though the gauge factor of the strain sensor based
on the over connected graphene is increased to some extent,
however, the linear relationship between resistance change
and strain limits the gauge factor to be less than 200. As we
all know, the distance between two graphene sheets deter-
mines the current conduction mode. According to the model
shown in Fig. 11, a current can flow between electrodes due
to the tunneling effect from one isolated graphene sheet to
another, and it is predicted that the resistance changes ex-
ponentially with the distance.’?! So the tunneling effect be-
tween neighboring graphene sheets can be used for higher
GF strain sensors. Our group utilized a homemade PECVD
to grow graphene films which consisted of packed graphene

1331 Through controlling the growing condition,

nano islands.
a passel of graphene films could be obtained with different

sheet resistances, in which the distance between neighboring

graphene nano islands was variable as shown by the varied
sheet resistance. The piezoresistive sensitivity of a graphene
device obtained after a series of micro-fabrication processes
is shown in Fig. 12(a), in which the current increases obvi-
This

is mainly caused by the increased tunneling distance among

ously as the strain changes from —0.29% to 0.37%.

different nanographene islands with the strain applied. From
the resistance plot in Fig. 12(b), it is found that the gauge
factor is about 37. This nanographene based strain sensor
presented a good reliability in several tests, as shown in
Fig. 12(c). According to the tunneling model, the relation
between resistance Ry and tunneling distance d can be writ-
ten as Ry = (;3L-)eX?, where X = 471(2m¢)!'/?/h, and
h, L, N, A%, and ¢ are the Plank’s constant, the number of

particles forming a single conducting path, the number of

conducting paths, the effective cross-section, and the height
of potential barrier between adjacent particles, respectively.
Through calculation we find In(R/Rg) = In(1+¢€) + Xdpe. In
Fig. 12(d), when deformation € < 0.4% with Ry = 1.9 MQ,
the distance between two nanographene islands is estimated
to be ~ 3.4 nm. The nanographene with different thickness
and conductivity was studied systematically, and a nearly
inversely proportional correlation was found and is shown
in Fig. 13(b). The resistance increased obviously when the
strain was added from 0 to 0.3% as shown in Fig. 13(a),
and a gauge factor over 300, the highest so far for graphene-
based strain sensors, was obtained. This tunneling based
strain sensor gives us a new way to explore more sensitive
and commercial products. Besides, the graphene embedded
polymer composition system is also used for the strain sen-
sor, in which the tunneling mechanism and certain effect of
the overlapping change coexist. An Indian group used the
reduced graphite oxide embedded in a polymer to synthesize
conductive graphene-polymer composites.>*! In Fig. 14(a),
we can see that the 2.2 wt.% reduced graphite oxide—
polyvinylidenefluoride (PVDF) film responds to the strain and
its gauge factor is ~ 12.1. The fatigue and repeatability test
results are shown in Figs. 14(c)—14(e), which demonstrate the

stress

electrode

conducting filler

current

flow conducting path

polymer matrix

Fig. 11. Schematic illustration of the tunneling model.!>?!
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flexibility of the graphene—polymer composite. In that case,
both the tunneling effect and the loss of conductive intercon-
nections between neighboring fillers play more important roles
compared with the resistance change caused by the graphene

deformation. According to the scale of gauge factor, we can

imagine that the change of overlapping between neighboring
sheets rather than the tunneling effect dominates. Besides, the
sensitivity of the strain sensor based on a graphene compos-
ite reflects not only the properties of the graphene but also the

whole system features such as the graphene proportion.
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Fig. 12. (color online) Piezoelectricity of the nanographene-based strain sensors. (a) The I-V curve of a device with original sheet
resistance of ~ 5.5 MQ under different strains. (b) Resistance modulation of the device showing a GF ~ 37. Both experimental data
and line fit are shown. (c) Multi-cycle operation of the device. (d) The relation between resistance changes and applied strains. The

points and line show the experimental data and fitting, respectively.
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Fig. 13. (color online) Tunable gauge factors for graphene-based strain sensors. (a) Strain induced resistance changes for devices with
different sheet resistances, where the points and lines show the experimental and linear fit data, respectively. (b) Gauge factor versus

sheet resistance.l
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Fig. 14. (a) Monotonic test over 2.2 wt.% reduced graphite oxide—PVDF film, and the corresponding (b) induced strain and (c) change
in resistance of the composite film. (d) Tensile-compressive test from 5 kN to 10 kN of the same composite film, and the corresponding

(e) induced strain and (f) change in resistance.[>¥

4. Conclusion and future potential application

Graphene-based strain sensors have attracted much atten-
tion for their potential application in miniaturized and high-
capability strain sensors, which will break the limitation of
the traditional silicon-based strain sensors. Recent research
is focused on higher sensitivity, stability, and repetition of
the graphene-based strain sensor. The underlying mechanism
should be clearly explored.

Even though many studies have been carried out, there
is still a long way to go until a commercial and sensitive
graphene-based strain sensor is realized. It is expected that
a stable graphene-based strain sensor will be used in many
fields in the future. One of the potential applications is in the
touch screen, which utilizes its transparency and good electric-
mechanical properties.>> The graphene-based stretchable and
flexible strain sensors can also be a “bridge” to the biological
realm, such as artificial skin, electronic devices temporarily

tattooed onto skin, and so on.

[56,57]
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