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Strain sensors, otherwise known as strain gauges, are fueled by various nanomaterials, among which graphene
has attracted great interest in recent years, due to its unique electro-mechanical characteristics. Graphene shows
not only exceptional physical properties but also has remarkable mechanical properties, such as piezoresistivity,
which makes it a perfect candidate for strain sensing applications.

graphene strain sensor strain gauge gauge factor piezoresistance piezoresistivity

MEMS graphene transfer and integration

| 1. Introduction

With the advent of the internet-of-things (loT), smart, ubiquitous, pervasive sensing is rapidly gaining importance
for providing reliable information at unprecedented sensitivity to enable new applications in consumer electronics !
28] healthcare [4IBE manufacturing and structural monitoring 8, transportation 219 defense and surveillance
(L112]113]: 55 well as to fuel research in fundamental, applied and translational science 4. Among the various
physical measurands, the monitoring of strain finds use in numerous applications and industrial products where the
fundamental detection principle relies on the change in electrical properties of the strain sensing element as a
result of applied pressure or force. Strain sensors essentially rely on four fundamental sensing modalities which are
capacitive, piezoelectric, piezoresistive and optical sensing 2. Among these, piezoresistive sensors, with their

low-cost-fabrication and easy data analysis advantages, have gathered significant attention.

Typically, sensors based on piezoresistivity rely on transducing external mechanical loading into resistance
change, which usually follows a linear relationship [&. Commonly, piezoresistive sensors harness the
piezoresistive effect of the sensing material whereby its conductance changes with applied strain, along with
change in resistance of the entire sensor assembly due to geometry change upon deformation. To design high-
performance piezoresistive sensors, different parameters such as stretchability, sensitivity, dynamic range, limit of
detection, accuracy, response speed, stability, durability, fabrication cost and simplicity should be considered. Out
of these design criteria, the fundamental figure-of-merit for a strain sensor is its sensitivity, which is evaluated by
the gauge factor (GF), formally defined as the ratio of relative resistance change in the sensing element to the
mechanical strain acting on it (GF = AR/R/g).

To date, various materials have been investigated for use as strain sensing elements, in an effort to optimize the

response of the strain sensor with respect to the attributes mentioned above. Realizing a strain sensor operating at
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a wide strain range with good sensitivity has been an especially huge challenge. To overcome the problem of low
sensitivity, different approaches have been proposed including doping, defect deformation and exploiting different

piezoresistive sensing mechanisms along with sensing materials [2ZI[18](19]20]{21]

Among the most typical strain sensing materials are metals. However, strain sensors based on metals, otherwise
known as metal-foil gauges, primarily rely on resistance change due to dimensional change of electrically
conducting thin lines typically structured in the form of a serpentine, and as such the gauge factors are typically
limited to single digits 1422 Several other strain sensors with different types of semiconductor piezoresistive
materials, including doped polysilicon have also been developed, which offer much higher gauge factors compared

to metal-foil counterparts (23],

As an alternative to some of these conventional materials like metals, metal oxides, semiconductors and ceramics
which suffer either from intrinsic hardness, brittleness, low strain range or poor scalability, in recent years, carbon-
based materials have been on the forefront of “sensor research”, including strain sensing [2122123124]125] ' As suych,
nanomaterials including carbon nanotubes (CNT) and graphene have both been reported as functional materials to
realize strain sensors [24. While CNTs have an almost one-dimensional (1D) structure [22 graphene has an ideal
two-dimensional (2D) structure which potentially allows conventional device fabrication by planar, semiconductor
process technologies. Additionally, its piezoresistive property 28271 together with its exceptional physical, electrical
(28] and mechanical properties (Young’s modulus on the order of 1 TPa) 22 render graphene an ideal candidate for

strain sensors 29,

2. Fundamental Material Properties and Piezoresistive Effect
in Graphene

Graphene is a crystalline allotrope of carbon, which consists of a single-layer sheet of sp? hybridized carbon
atoms. After its exploration in 2004, graphene it has drawn a lot of attention due to its excellent electrical,
mechanical, optical and magnetic properties [BL[32][33][34][35][36]

2.1. Electrical Properties

Studies on the electronic properties of graphene show that it is a new class of material resembling a zero-bandgap
semiconductor and even acting more like a metal, yet still harboring the potential to have a bandgap and Fermi
level by various methods, including doping BZ. Electronic properties of graphene also strongly depend on
crystallite thickness. In single layer graphene, the band gap is zero, making it behave like a semiconductor or semi-
metal, while the multilayer graphene shows metallic behavior as a result of the overlap in carrier wave function,
which is due to the multiple graphene layers stacking 8. The unique band structure of monolayer graphene leads
to excellent traits, such as ballistic transport properties and anomalous quantum Hall effects, ultrahigh mobility
(200,000 cm?/V-s) and high specific electrical conductivity (SEC) (0.95-1.67 S m?/g) B2 which can vary with

applied strain.
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Earlier study has shown the effect of the applied strain on opening the band gap of single-crystal graphene at the
Fermi level, which results in the decrease of its electrical conductivity 9. At low energies, graphene contains two
linear energy bands that meet at high symmetric points and are isotropic with regard to the points at equilibrium.
Effect of different strain types on the electronic properties of graphene reveals that, when isotropic strain is applied,
graphene shows electronic properties that are independent of the isotropic strain since the isotropic strain follows
crystal symmetries 43 Strain can be intentionally or naturally imposed on graphene. By bending the substrates on
which graphene is extended without slippage, uniaxial strain can be generated. To understand the effect of the
uniaxial strain, armchair and zigzag graphene nanoribbons were studied, and they were reported to have different
electronic properties. The electronic properties of the zigzag nanoribbons were independent of the uniaxial strain

whereas the armchair nanoribbons were predicted to have energy gaps varying with the armchair shape 421,
2.2. Mechanical Properties

Graphene, as a two-dimensional one atomic layer thick material, sustains up to 25% in-plane tensile strain, making
it one of the most flexible, uniform, zero band-gap semiconductors 43, Graphene is known for its very high in-plane
stiffness (high Young’s modulus), and the highest ever measured mechanical strength [B2l44145] The 2D breaking
strength and elastic stiffness of free-standing monolayer graphene membranes measured by an atomic force
microscope (AFM) showed 42 N-m™! and 340 N-m™1, respectively 23 rendering graphene as the strongest
material ever measured. These correspond to near theoretical limits including a mechanical stiffness of 1 TPa and
an intrinsic tensile strength of 130 GPa at 25% strain, which are also comparable to in-plane values of graphite and
single-walled and multi-walled carbon nanotubes 231 It is important to note, however, that such mechanical
properties largely depend on the testing temperature, sample geometry and even the measurement technique
utilized. For instance, a layer of suspended exfoliated graphene located on a trench pattern of silicon oxide/silicon
substrate was analyzed with AFM, showing graphene thickness of less than 10 nm, spring constant in the range of
1to 5 N/m, and Young’s modulus of 0.5 TPa, which is less than that of bulk graphite typically ranging around 1 TPa
(46 QOverall, the remarkable mechanical properties of graphene are very important, especially for flexible,
stretchable electronics and/or wearable applications where robust and functional materials with excellent electronic

and structural properties are needed 47,

2.3. Piezoresistivity

A piezoresistive effect is observed when a change in electrical resistivity of a material occurs as a result of applied
stress. In other words, piezoresistivity is the change in resistivity of a material as a function of deformation.
Germanium 28 silicon 42 and polycrystalline silicon 22 are the most common semiconductor materials that show
a piezoresistive effect, and they are frequently used in MEMS for measurement of strain, pressure, acceleration,

flow and tactile sensing, as well as haptics applications.

Graphene has attracted a lot of attention, not only due to being the thinnest known material and having unique
electrical and mechanical properties, but also due to having a linear change of resistance versus strain, making it a
good candidate for piezoresistive sensor applications 1. In this regard, piezoresistivity of multilayer graphene on
poly (methyl methacrylate) (PMMA) substrate was investigated through a bending test that showing high
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piezoresistivity with a gauge factor of 50, demonstrating the potential of graphene for strain sensing applications
(521 |n addition, Anderson D. Smith et al. verified the piezoresistive effect in graphene by applying uniaxial and

biaxial strains 28, Gauge factors of biaxial strained devices were found to be higher than that of uniaxial ones.

The piezoresistivite effect in graphene has been elucidated with three different mechanisms which include: (a)
structure deformation, (b) over-connection of graphene sheets, and (c) the tunneling effect among neighboring

sheets.

(a) Structure DeformationElectrical-mechanical coupling in graphene can be observed when significant elongation
in graphene causes changes in its electrical properties and band structure. Recent studies on strained graphene
demonstrate that changes in electrical properties of graphene are related to the type of strain distribution. In
symmetrical strain distribution, additional scattering and resistance decrease is observed while no change occurs
in other graphene properties such as band-gap opening BAIBSIEEITIEEIS O the other hand, asymmetrical strain
distribution in graphene results in opening of band gaps at the Fermi level, which is explained by pseudo-magnetic
field. Strain distributions in graphene significantly modify the band structure of graphene around the Fermi level,
resulting in remarkable change of the pseudogap width in the case of symmetrical strain distributions and band-gap
opening in the case of asymmetrical strain distributions. The band gap is enlarged by increasing the amount of
strain, reaching a maximum value of 0.486 eV at 12.2% strain parallel to C-C bonding, and to a maximum of 0.170

eV at 7.3% strain perpendicular to C-C bonding (Figure 1a) 49,
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Figure 1. Piezoresistivity mechanisms of graphene: (a) symmetrical strain distribution, asymmetrical strain
distribution perpendicular to C-C bonds and asymmetrical strain distribution parallel to C-C bonds [“2: (b)

schematic illustration of piezoresistivity of graphene sheets 89: (¢) schematic illustration of the tunneling model.

(b) Over-connected Graphene SheetsAs shown in Figure 1b, a larger sheet of graphene can be thought of as a

conductive network of smaller connected sheets or flakes. From a nanoscopic perspective, the distortion of a small
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graphene sheet alters the resistivity of the single sheet, which can consecutively trigger a resistance change in the
entire conducting system. Thus, the stress response of the graphene network relies primarily on the contact
strength of the neighboring plates from a macroscopic point-of-view. Overlap area and contact resistance
determine the conductivity between the neighboring flakes. As displayed in Figure 1b, the overlap between
neighboring flakes becomes smaller or greater such that the resistance changes upon tensile or compressive

loading making graphene a suitable material for strain sensing applications 96,

(c) Tunneling Effect among Neighboring Graphene Sheetslt is known that the distance between two graphene
sheets specify the conductivity of graphene. Due to the tunneling effect, current can flow from one single graphene
sheet to another. As a result, the resistance increases exponentially and proportionally with the distance (Figure
1c) B, This mechanism can be used to achieve higher GF in graphene-based strain sensors. As shown in Figure
1c, by assuming that the resistance of the matrix is constant everywhere, the resistance of the paths perpendicular
to the current flow can be ignored, and thus the number of conducting particles between electrodes, as well as the
number of conducting paths, becomes a factor in this relationship. The total resistance can then be calculated as

R, which is shown in Figure 1c.

| 3. Methods of Obtaining and Transferring Graphene

Despite its superior electrical and mechanical properties, the challenges in obtaining pristine graphene limit the
widespread use of this 2D material in device applications. In an effort to address this problem, numerous
techniques were investigated to obtain thin graphitic flms and few layer graphene (FLG). Initial demonstrations
primarily through mechanical exfoliation followed by transfer of graphene onto silicon substrates, marked a major
breakthrough in graphene research 62, Even though mechanical exfoliation (i.e., Scotch tape method) provides the
highest quality graphene, this approach has some disadvantages such as depending largely on the hand skills of
the researcher, lack of repeatability and scalability, as well as limitations on graphene flake size and shape being

small and irregular.

Therefore, research on obtaining high-quality graphene along with its integration to different substrates which often
requires transfer methods, has received serious effort especially over the past two decades. The method with
which graphene is obtained directly affects the quality of graphene including its electrical, mechanical and
piezoresistive properties. Different methods which are classified as bottom-up and top-down processes have been
utilized in order to obtain high-quality graphene. The most commonly used methods are: chemical exfoliation [©63],
chemical vapor deposition (CVD) 84, epitaxial growth 2], mechanical and reduction of graphene oxide rGO 681671,
and flash graphene synthesis [¢8l. Graphical overview of these techniques along with the major advantages and

drawbacks of each approach are summarized in Figure 2.
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Figure 2. Overview of the most common techniques to obtain graphene categorized based on top-down and
bottom-up processes, along with a tabular comparison on the thickness, lateral size, fundamental advantages and

disadvantages of each technique.

| 4. Graphene-Based Strain Sensors

There are a number of studies in which graphene is used as a strain sensing material. Typically used to fabricate
flexible graphene-based strain sensors, graphene can be compounded with elastomers to realize flexible strain
sensors with sufficient piezoresistive performance, owing to the excellent electro-mechanical properties of
graphene, along with the stretchability and flexibility of polymer matrix. A number of polymers have been utilized in
strain sensor applications, where flexibility and stretchability factors are concerned in order to obtain high sensitivity
with robust mechanical strength. In this regard, PDMS, PET, 3M elastic adhesive tape, PU and natural rubber have

been employed to fabricate graphene-based strain sensors 2.

The performance, more specifically the gauge factor, of these polymer integrated graphene-based strain sensors
varies due to different forms of graphene and their implementation methods in polymeric/elastomer matrix
structures. We therefore classify graphene strain gauges based on the three most common methods with which

graphene is obtained namely: (a) CVD, (b) exfoliation, and (c) reduction of GO. Tabular summary of existing strain
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gauges based on the three different forms of graphene is provided in Table 1, along with their gauge factor and

strain range as performance metrics.

Table 1. Classification of graphene-based strain gauges in terms of the method used to obtain graphene, along

with the device topology and performance metrics like gauge factor and strain range.

Gauge Strain
Graphene Synthesis ] g
Device Topology Ref.
Method
Factor Range
CvD RPECVD graphene on mica substrate 325 0.30% (9
Graphene-nano graphene sheets on finger 500 1% (]
Suspended CVD graphene membrane 1.6 0.25% (23]
Suspended CVD graphene membrane 3.67 0.29% (2]
CVD graphene on suspended perforated SiNx
arap . . 4.4 0.22% (3l
membrane
Graphene glow sensor 2.4 1.8% 4]
CVD graphene woven fabric on PDMS 106 10% =l
Graphene-graphene woven on PDMS 223 3% [76]
Fragmented graphene foam on PDMS 15-29 7% (7]
Graphene tactile sensor 14 - (8]
CVD graphene on PDMS 6.1 1% (9]
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Gauge Strain
Graphene Synthesis ) g
Device Topology Ref.
Method

Factor Range
braided graphene belts sensor 175.16 55% 89
planar and crumpled graphene 20.1 105% 1]
graphene/g-C3N4 heterostructure on PDMS 1.89 25% 2]
Graphene-single layer graphene on finger 42.2 20% [26]
Graphene wrapped CNTs 20 1.20% (&3]
PDMS graphene reinforced CNT network 0.36 - (84]

Exfoliated graphene  Spray-deposited graphene on a flexible plastic
arap pray-aep arap . 10-100 1.70% (83)
substrate
Mechanical exfoliated graphene on a silicon wafer 10-15 0.08% (6]
Mechanical exfoliated graphene nanoribbons 0.6 0.054% 7]
Mechanical exfoliated graphene nanoribbons 8.8 5% (£8]
Graphene-printed fragments 125 0.30% 9]
Mechanical exfoliated graphene nanoribbons 1.9 3% 9
Graph luti d | lene fil 1000 005 [91]
raphene solution coated on polypropylene film
p polypropy 0.265%
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Gauge Strain
Graphene Synthesis ) g
Device Topology Ref.
Method
Factor Range
Polymer-functionalized hydrogen-exfoliated
/ yeres 10 0.35% (52]
graphene
Graphene nanoplatelet on PDMS 62.5 2.5-25% 3]
PDMS-graphene nanoplatelet/CNT hybrids 1000 18% 4]
Carbon nanotube-graphene nanoplatelet hybrid film <1 - 98]
rGO Mechanical exfoliated Graphene ripple on PDMS -2 20% 6]
3D graphene foam-PDMS nanocomposite 178 30% (1
0.01—-
rGO on a PET substrate 61.5 28]
0.04%
rGO membrane porous structure 15.2-46.1 1% 9
PDMS-cellulose-rGO/CNFs hybrids 9.4 70% (100]
3D porous PDMS CNT/rGO hybrid 1.6 80% —
Polyurethane-silver nanowires/graphene hybrids 20-400 0.3-1% S
rGO-microtube on PDMS 630 50% [103]
0
Crumpled graphene-nanocellulose composite on -7.1 100% .

elastomer matrix

https://encyclopedia.pub/entry/19056

9/19



Graphene in Strain Sensing Applications | Encyclopedia.pub

Gauge Strain
Graphene Synthesis ) g
Device Topology Ref.
Method
Factor Range
rGO doped with polystyrene nanoparticles (PS) on
. POEY P PS) 250 1.05% [105]
PDMS
23.15—
Polymerized rGO on TPU 550% [106]
6583
-1659.
rGO mesh on an LCP substrate 375-473  0.1-1.4% 197 rated
rGO-fish scale like on an elastic tape 16 82% [108] - Hata,
hnol.
0.02—
rGO-conductive cotton fabric . [109]
0.35%
n. 2014,
rGO-FET on polyethersulfone (PES) 20 50% 1101

monitoring and structural health monitoring of polymeric composites. ACS Appl. Mater. Interfaces
2014, 6, 9314-9320.

8. Sun, S.; Han, B.; Jiang, S.; Yu, X.; Wang, Y.; Li, H.; Ou, J. Nano graphite platelets-enabled
| S-Applicationsof GrapbenerBased.StrainSE€BSOF suild. vater

2017, 136, 314-328.
5.1. Wearable Devices

9. Impson, J.D.; Mehravari, N. Incident-Aware Vehicular Sensors for Intelligent Transportation
On%ﬁ?@?ﬁ§@ﬁ8’§"@&?eﬁ‘[@f8@ﬁf@9@, e sgshapsthpas different applications is wearable electronics. For

healthcare applications, wearable sensors have been attached to gloves, organs, and skins to observe
L R R R0 i B Ry RN v G ENRS FalS 1R N RCp s GRS Bictia R ASHIR! intraocular
pre QR O S S L8 R A R e 2l ges A BRI MR S IR ke Bl ios iy
@@.Sgl%gg ttlr(?en 'mIeEc gn%glrgmggﬁie'\z/éacg'p%gz%?éséllgtivgdfn?agtgﬁals such as flexibility and stretchability are vital in
Idedreblensensoss., Bopth, nittd Jatmceyn Rf Pottaatsrvoedd . thkquatiniae RenBcalebe Tus&leadihgsdN sknsors.
TheDifnistieyr@happ lieatisiobd etectiongant st egmipare citg atithnisaterjzds $i5tEAT MR- el mmgieed by this fact,
a gaphvaikancer MiaBrioeddin ge GONS 2043 Imeticatiapeal dCopfsitnicas dredi gejad rhavhae Cosamdiagtrain
serBecfurigaestanychagdp huatitondE @Ic Ba), H8bang Aerstoalidiec 26dif6 dit venyecia201 8alpps b£85, 103 and
1320.6B%trlsét,raﬂ.1?\/?&|(t)i'2r(g)da2r_ t6r0§c r|]Hg> gﬁdrﬁnsﬂﬁftsi\éerl%or tracking in air defence systems. In Proceedings of
the International Radar Symposium, Bangalore, India, 10—-13 October 1983; pp. 316-321.

https://encyclopedia.pub/entry/19056 10/19



Graphene in Strain Sensing Applications | Encyclopedia.pub

ITNTaREeeMs e BefrbieTence
rWay,2001

1T ShnGdaonibn MafiahnGT.; KNapskogrdorrebinmansor SO Tactica
~ (5 mwﬁdgrygga‘r quen arch me
14. Nae apAAMukio

IS B BT P32 . - -
15. bms e 4 B
E\VEAR 0 HE et Hlexiple sen V. Mater.

o, 0.006 - .
) a:pglloco%}ons: Areview:
o . - et

. P ‘
¢ 0.000f il ﬂ

_ 0.003 | . .
In materials andlevices

Time (s)

| Ring i
N rlayer

16. M J ZZI;i.u Xs Zoul% WE .h Lup 33 e
/@ se Wukjroﬁaseg’ on Mﬁﬂﬁ@m@m@reaﬂ_ 8f
I :oség = ! N ',\ 1 o %' ndex
Y, 0 JNTINAEN 3 'M:,,,,,,,mmm :
0 10 20 30 40

17, Chen, X.; wheng, X.; Kim| 1.-K 'OLiz)ﬂr;"eksée DWW c:/ stigdti ‘)" rapfie lezoresrsi@ns for use
(a? ] . = e;)]g! "y &) " A! - l ) . . - n(cé lg IIF.R‘FLQ g .F) .@)p .
as straim gauge Sensors. J. vac. ScI. Technol. B Nanotechnol. MICroelectromn. Mater. PTOCESSINg

Meas. Phenom. 2011, 29, 06FEO1 _ L
Figure 3. (a) Spt?cal ml%roscope (l)mage of graphene woven fabrics (GWFs)-PDMS-tape composite film (scale bar

181 Simghaid ; theeelStiv¥\Vatsistabes khahge abl . aGuaplien of Baptet Ulitas enasyineg EivesrrSensand. ASS6. (b)
Phdvqpphdhle¢ oM atens @020 cheB 23-H#a2 8ibrating membrane of a loudspeaker and to a participants’ throat,
O g e e R A e R e o A
(A S o e oSS SRS (SHRBISSHY, € REnSRe BBIpoper B eeppgrs on @ dlove s
imaged and the transitions between the corresponding resistance changes of the strain sensor by the motion of
20, Wan@heXindeho (83 -ONsa0atdn YRR vdYahstahce dHadgditP ared hifichMeta Rgrirdinighiie finger
benal VCHARRRNhE 08Iy Hable Rl gaeis HSYidvii kifiredionad [dikeashMPBRRMANIEREINGy [Bpplying
stré&r@ggﬁ@ngs of the 2018 40th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), Honolulu, HI, USA, 18-21 July 2018; pp. 3276-3279.
20 B DL CEpetLAnd RIS R BB e o L RTene SiRehanym o
o2l L A BAE S hEBUT GErrRMR B BB SBucal s R BB 281
forrz’oésaogﬁtih that was attached to human throat to investigate resistance changes due to the movement and

vibration of throat muscles during vocalization. To benchmark the sensor response, the same sentence was played
23y biUoYasgtes dRe WanduKioldtby- aShEassh Y NRehsirabhsanarsdRaes HisiiaBRE Where similar
resRARROSHENHENR T HhLRVRIE Sh KBS HekinG eBMRRRDNE aFhé ARRLSFo VRN IRy 9ereHOR: the low

HEPROCSSIEENK FRIRRYYS hatkesar, M.; Zhang, C.; Janssen, G. Graphene based piezoresistive

pressure sensor. Appl. Phys. Lett. 2013, 102, 161904.
Figure 3c demonstrates graphene nanopaper-based strain sensors attached onto a feather glove as a possible

2haHie BbphiiakiR 39 deblaialRBssts tidrdér o ddidiaRenasiRtiventlraitheamyrrs. Madr mse R ior of
serRBROBIESIRASEE RR)SRLHIBNSSIRP BRSNS BREQFefMy AilivORYerd @7 83requency of 1 Hz. Also,

JHIIH RUSUL IRIGEIRICT Brd S9&MARS Msasaisth RS IERIAMS Calhs rPALIIAREE ©AHECIaYSs eE0paRer
inciggged from 1.6 at 10% strain to 7.1 at 100% strain. Besides, the solution process-based fabrication method
made the strain gauge superior in terms of cost and mass production ability 224, To make high-strain sensors, this

2[6. Chun, S.: Choi Y Park, W. All- raghe e straip Sensar on oft qubstrate. Carbon 201 d]b16, 753—
echnique uses crumpléd graphene andnahocellulose. Free-standing Tlexible hanopapers were Creatéd by vacuum
filteﬁﬁg; and their 3D structure allowed them to be successfully embedded in an elastomer matrix to produce

stretchy nanopapers. However, there is still a restriction about measuring high strains over 50% that are caused by

https://encyclopedia.pub/entry/19056 11/19



Graphene in Strain Sensing Applications | Encyclopedia.pub

25tretthsse arig Monkadaly nhdtioktounsiavh £5. MinBCA6; Ostonaucipap eramonp hepa Sibe deT og ekas esstiaminver
10ensois Rgljeats2HBy<13 §a8ge-Yator of 7.1 at 100% of strain which is ~10 times higher than those of 1D
ﬁ?ﬁ%aglai HC Ih-’.?ﬁ\}lza'\&sean%?ee%ws.;'V/\%%@}ﬁrlgﬁf%%rt@rn&em E'I'S.tH.; Buron, J.D.; Zurutuza, A.; Gallop, J.;
A st i e i typic e S A RS e o [ L8 RGOS AR ML 2 L the
gauge X That is why the aligning a strain sensor within the direction of the strain is necessary to obtain an
ZehnRajragessppose . GBe ddfdooktjdnASiNauregpghizinyl éehpmicplpsopertiesctdgs apleneaaskigapbetaly
impoasied nano cotrgzagitesnPaeg eMatgrredomai’ stedn diret®y Figure 3d illustrates an application onto a
Y 2 GG (5% B g8 TR AT G she BELam Uik AR R A, BiSyeg I @
nor%ﬁéedz?sbséa}]fglvalue when the rosette gauge was stretched. When the finger bends, the strain caused by
the finger' is taken up b)} the first glove layer and then transmitted to the rosette gauge. The rosette gauge responds
i VRSP Belierg HORE, HgeP MRS sign & PiBiitldd<E PHpeieBnY: tdMRECZAYUR: of 288 Calisety the
berfiMeNSONsl AR JY5LAlSs, RO tndiath £GgHa Ml A 200%s. 1R, shiPdai@d33: bending the finger

35 SHARE N PanL-PonL:2tolrfieh, ANE 1-Riin "eSREPEIMBAREH GHSBR/ HRHAFthENgIEMtIRT SN ABRO"
alS%H@Bé?@%%é@ﬁ%@%ﬁﬁ%ﬁéﬁﬂ%%%653, Hg@grzgfﬂz(y)@ magnitude of the applied force and the

direction of the major strains on the skin were detected simultaneously by setting the strain gauges in the rosette
3rdiRntene YRL SediYTal i biudanss i MeAURment 8l eI S aRS S H A0S M98 Sensor a, b

andS Er.eﬂ%thaofg@u%réoéﬁg%gB%pehret\r/]v%'gsaﬁigee%(,:ebzce)lgg ’”c::?”,z:lairesgoss_it"i)’o%%'d at the same distance and are oriented
3t theagarie RNl sk, rPspetidotenka, gaige Mbvoselov, K.S.; Booth, T.J.; Stauber, T.; Peres, N.M.;

Geim, A.K. Fine structure constant defines visual transparency of graphene. Science 2008, 320,
Alopgydth wearability, applications deeming stretchability and flexibility are yet another area where the use of

graphene as a strain sensing element offers advantages. For instance, a highly sensitive graphene embedded
AR BENRAN Sty Mhf S ASKIZRNs Teortdlols - n BB Bre et SARRRL ek NBYRSHIN s tSeSvery small
ore R B URD AL N YA L g8 AnRlE SU S AR DR O AR RSO S NP MR Rk 9 Tr BrOR TR 1n this
38orkighe Fiokility latigraghahd fifl ¥arvepsAiartdsiley, Sligntly faessinkad polwhevmamianmidis) hivarigedsity.
Theyresuling n@1ddoPpopite ativivitidrarspariaile cihadaetiveet|stanby g diphemsuhpatsshieatrdapisitistain.
It yieldéndriophitiauge tigetro photoie safece mbiigHaroprrel iefakaipHobalee!id rédiatence hpon. deddrma@an
5452552,

35 20\ piysicahs @saranic properties of graphene and carbon nanotubes. NPG Asia Mater. 2009, 1,

17.
Measuring and monitoring the acceleration is vital in various cases such as monitoring activity in biomedical and
3 ftlemeMpbrchBds Mool A08HH R Bo tON SN T ARE CRRRR A FeY R Sh L ARNERS uedemute Y, 20T 0s

cledtShicSEeh s cellular phones W28l navigation systems, robotic and military applications B2ZZI128]1129] A5 g

3esBolotimedent; GikedeK VEVIGmycElerkinelardvhardeabeege@chebmaddy, Kimmeasstmgnée ldmount of
deflgitraimighaetectiovemabitieynier anes pe del gpragironding olidisiate Cumgeuthe20egnTuB; 8bac@Egation

can be estimated with piezoresistive sensors 1301311 _ o o
ui, G.; Li, J.; Zhong, J. Band structure engineering of graphene by strain: First-principles

So ?gé,cgelz%gpam%tﬁo}i]élsshaRv%V're%ozr%%BpiZz%r%Zéﬁlvses—based accelerometers employing graphene [132I[133I134] Fqy

instance, a piezoresistive transducer was built by using a suspended double-layer graphene ribbon with significant

built-in stress (order of 230 to 440 MPa) that shows a noticeable improvement on the static and dynamic

https://encyclopedia.pub/entry/19056 12/19



Graphene in Strain Sensing Applications | Encyclopedia.pub

4dhaChodriSied of Jihe Sevice SBiguYe \Ak)EHBL ¢t afstredpaiedlbetromiosopedits of ay afsherssePHys small
defleeiorBada1dhpBag B84ihOio. the device. Moreover, the device has proof mass that is at least three orders of

AU 1959 SR G R P Gl o SCSRIP EfeiOB R RSB A e
TG R SR G, PR BIRAC S PGS 7453 ive eccelerometers

48. Huang, M.; (%rgp%ghg].l?. Measuringt\c&aphene [ 3 it nanoindentgtion. Ecs

Suspended Poof Mass A% D

Trans. 2011, 35,\211-216.

Silicon

p electronic propgties.af

Graphene Membrane ~ Pressure difference

d S
. MoctleRiings. 24

anenb@w%eg)ﬂme; va

Cavity Pressure

sflendec et
(eBMbas_Phanom. 2007 25, 2558-2561 (®) ' ' (©)

AIZIQQPQQ%Q) !%IZM]%QB"F\'.BP% %féb%?e%‘?ﬁe@r9&&\?9%U?pé%ﬂkfd%%{pr#\éﬁé%&ﬁisz%aﬁéu&cﬂe%- proof mass 133,
49) %@%@.Mgrm@m M‘ﬁgﬂa?ftiﬁ[@h%ﬁi%@f@i"{ﬁ@rﬁe%M%@iﬁmW@Bféﬁér%f% W@"@ﬁﬁé of
suspendefl GHFRY JEFifRMYAN HBERIVINIR aPpbee didavRals. BERSPOLHC) Gehemape el a suspended graphene

cover a circular cavity to measure the chamber pressure due to pressure difference 231, o
49. Qin, Y.; Zhao, Y.; Li, Y.; Zhao, Y.; Wang, P. A high performance torque sensor for milling based on

Lik&l‘i’é@?&@&%ﬁﬂ\é@o%ﬁ&@é&@i&‘aﬁ?Hﬁﬁé%B&ﬁ’é§ 39&903985&;@ microstructures have been produced as
Sugldefiexipie. @"i@iéﬁé@ii‘!‘ﬁipéeﬁ%ﬁe?ﬁ@%%ﬁ- %W@Fﬂtéﬁﬁ]ﬁé%iﬁ%@ﬁ .%@W}:ﬁﬂ? %Qi%{’ﬂ%ﬂ%’ 80-45BRre

silicon nitride membrane. Pressure applied to the graphene membrane caused it to bend and deform into a

51. Khatibi, E. Piezoresistivity of Graphene. Master’s Thesis, Politecnico di Milano, Milan, Italy, 2011.
concave shape |Fr)1 varying gegr es. T?ue g?raphene Sensor’s piezoresistive eﬁect and out—ogplane 3eﬂec?|'3/n al?owed

52 tBonasokorita,appi€tapnessings, Ax¢didingte rut@uge; fEeoNwdla, 1Br;drapigmefand/e dimaBic Boagandin 0
mb&.idPalombar, fot.tHeepesLGre Vahentinas bbt&inat dEtguizadion of piezoresistive properties of

graphene-supported polymer coating for strain sensor applications. Sens. Actuators A Phys. 2016,
Angther syspgnded graphene membrane was fabricated on rectangular and circular cavities (with diameter of 24

pm and d(fgth of 1.5 pm) etched into SiO, layer where the membrane was able to deflect due to pressure

Séi Smith, A.D.: Niklaus, F.; Paussa, A.; Schroder, % Fischer, A.C.; Sterner, M.; Wagner, S.: Vaziri,
ifferences in the seale caw% alg Ih tHe pressure’ chamber. A 'superior sensitivity in préssure sensing was

S.: Forsberg, F.; Esseni, iezoresistive properties of syspended graphene membranes under
observeé)comp red to silicon and éNT- ased pressure sensors. 'wamaxmuﬁ] &F of the plezore5|st|ve Sensor

uniaxial.%nd biaxial strain in nangel ctromechan.icalrpressure. sensors. ACS Nano 2016, ]bO,
was 4.33 with an average value of 2.92 which, unlike silicon piezoresistive sensors, was unaffected by dopant

con%grzgf;[%%%qcrystallographic orientation (Figure 4c) 23],
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