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Stretchable nanomaterial-based strain sensors are essential to soft electronics and robotics and
wearable devices. A sensitivity graph for those reported highly stretchable sensors is often divided into a
few nearly linear zones resulting in several gauge factors, which poses a challenge for calibration. We
herein report that (i) a gauge factor does not have to be one constant number because calibration
merely relies on the relationship between the input and the output data and (ii) calibration accuracy
relates to linear regression analysis between testing data and a fitted graph, i.e. calibration accuracy
corresponding to coefficient of determination (R?). It is the first time that a stretchable strain sensor is
reported as a gauge, where the resolution is an essential element of a gauge. A stretchable elastomer/
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graphene strain sensor developed in this study is calibrated as a proper gauge to provide strain readings
with high resolution up to 0.089% and accuracy of over 99.7%, where resolution refers to the minimum
DOI: 10.1039/d0ma00032a dimension of accurate measurement. The idea of calibration in this study could advance many published

wearable sensors to gauges. Sensing parameters are also provided with practical meanings for
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1. Introduction

Stretchable strain sensors have attracted increasing attention
in both academia and industry due to the strong demand of
strain detection on curved surfaces and soft objects. They are
commonly used for the development of soft robotics and
wearable devices.'® To reach high stretchability, fibres” and
elastomers — Ecoflex rubber,®® polydimethylsiloxane'®™*® and
nature rubber'” - have been composed with various electri-
cally conductive fillers, including but not limited to metal
nanowires,"'®'? Pt-coated polymer nanofibers,* carbon nano-
tubes,?'>* graphene,'>*>?® PEDOT:PSS,*” carbon conductive
grease”® and carbonized silk.”® The efforts have been focused on
pursuing high linearity,>**° stretchability,"””" sensitivity”***"*?
and cyclic stability,”***° less hysteresis for resistivesensors
as well as other environmental properties.”” Many sensors are
designed as wearable devices to merely sense changes,*®*° where
the numerical readings of the strain are not needed. These
stretchable strain sensors are not classified as the gauges that
must provide numerical strain measurement.

It remains a significant challenge for stretchable nano-
material-based strain sensors to be used as proper gauges.''
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A gauge must provide accurate and precise output readings
corresponding to input data with a one-on-one relationship.
Calibration is needed to upgrade these stretchable strain
sensors to gauges, and this requires a monotonic input-output
graph to be expressed in a certain algebraic function. A mono-
tonic graph means that the electrical output simply either
increases or decreases with increasing strain in one direction.
When an algebraic function is obtained from the linear regres-
sion analysis, it should be examined to find whether it can be
interpreted by an electrical circuit. A linear regression analysis
is usually based on the tested input-output data. The statistic
expression for linear regression is

3" (explained variation)?

R =
>~ (total variation)?

x 100%

where the explained variation refers to the difference between a
mean value and a predicted value, and the total variation is the
difference between the mean value and the observed value. The
mean value is the average of the electrical output; the observed
value refers to the measured electrical output. R” is also known
as coefficient of determination, which describes how close a
graph is to its linear regression plot. Coefficient of deter-
mination (R*) was also called linearity in some publications
for stretchable strain sensors. R” ranges 0-100%; the higher the
value, the closer the measured output is to a linear regression
plot.**
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(1) Stretchable elastomer/graphene strain sensors: (a) illustration of the fabrication process, and (b) a PDMS/graphene sensor in straight and

bending conditions. (2) SEM micrographs of (c) graphene sheets on EPDM substrate, (d) graphene sheets, and (e) EPDM macromolecules partially

infiltrated into graphene film.

Linear regression includes both polynomial regression and
simple linear regression. ‘Linear’ refers to linear coefficients of
a polynomial function, such as f(x) = ax® + bx> + cx + d, where
coefficients a, b, ¢ and d are constants, and they are in a linear
relationship. When the polynomial is degree 1, the linear
function f(x) = cx + d is for simple linear regression. Expressed
as graphs, a curve relates to a polynomial function and a
straight line refers to a linear function, which means that R
can be used for both curves and straight lines.

For those stretchable nanomaterial-based strain sensors
reported to date, their sensitivity graphs were reported as either
a nearly straight line or a curved line split into several nearly
straight portions; each portion was reported to have a constant
gauge factor.”***° A gauge factor is the ratio of relative change
of electrical output to the applied strain, which is reflected as
the slope of a sensitivity graph. A sensitivity graph for resistive
strain sensors is the plot of relative resistance change (calcu-
lated from output data) vs. strain (calculated from input data).
One constant gauge factor represents either a straight line for
the sensitivity graph or a linear relationship between the inputs
and the outputs. The reason to pursue multiple constant gauge
factors in the literature is not clear, and it could be for the
purpose of calibration. However, multiple gauge factors in an
unrelated manner pose a challenge to calibration.

From our perspectives, the relationship between input and
output data does not have to be a straight-line plot for calibration.

236 | Mater. Adv., 2020, 1, 235-243

A calibration unit is an electrical circuit which interprets the math
function between the inputs and the outputs. Linear functions and
many polynormal functions are interpretable through electrical
circuits, although linear functions feature simple electrical circuits.
Other prerequisites for calibrating stretchable strain sensors
include (i) reliable cyclic stability and (ii) good monotonicity
between the inputs and the outputs within a reasonable strain
range.*”™** Calibration under high R> and resolution improves
accuracy and precision for measurement.

Herein, we prepare a stretchable and calibratable strain
sensor by sandwiching a patterned graphene film between
two elastomer sheets. The input-output graph of our elastomer/
graphene strain sensor follows a polynomial function which
can be interpreted by an electrical circuit to enable calibration.
The electrical circuit is arranged by using the Field Programm-
able Gate Array (FPGA) technology. Stable sensing behaviour is
achieved by the fabrication processes of the sensor. In specific,
viscoelastic macromolecules during vulcanization infiltrate
into the graphene film, and this enhances the interface inter-
action between the elastomer and the film. The interaction
facilitates effective strain transfer from the elastomer to the
film, which confines the movement of graphene sheets within a
stable region. The gauge factor of our sensor is described by a
math function, by taking the first derivative of the polynomial
regression function of a sensitivity graph. Numerical gauge
factors are obtained by substituting the strain values into the

This journal is © The Royal Society of Chemistry 2020
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gauge factor function. Our strain sensors can be calibrated to
provide accurate and precise strain measurements. The sensors
have gauge factors in a range from 34.14 to 41.10, strain
resolution of 0.089% and calibration accuracy of 99.74%, which
indicates potential as a strain gauge for various applications.

2. Results and discussion
2.1 Fabrication of elastomer/graphene strain sensors

Fig. 1a illustrates a typical fabrication process of stretchable
elastomer/graphene strain sensors by using graphene sheets
and two types of common elastomers, i.e. ethylene-propylene-
diene monomer (EPDM) and polydimethylsiloxane (PDMS).
Uncured EPDM is solid, and it was cured under relatively high
temperature and pressure. Excellent weathering resistance of
EPDM makes an ideal substrate/matrix for sensors to be used
outdoor.”” PDMS is fluid with high viscosity before curing
and it was cured at atmospheric pressure and temperature.
As elaborated in Experimental, graphene sheets were fabricated
into a U-patterned film to perform sensing functions for our
stretchable strain sensors. In brief, a graphene film was pressed
onto a piece of slightly precured elastomer, followed by adding
electrodes to the film. It was subsequently sealed by the
following means. For an EPDM/graphene sensor, another piece
of slightly precured EPDM was added onto the top of the film,
followed by curing at 150 °C under 10 MPa for 25 minutes. For a
PDMS/graphene sensor, a mixture of PDMS and curing agent
was coated on the top, followed by curing of 24 hours at room
temperature. Fig. 1b reveals a PDMS/graphene strain sensor in
straight and bending conditions.

In these resistive-type strain sensors, elastomers work as the
substrates which not only accommodate graphene sheets (or
called graphene platelets) but provide elastic deformation. Our
research team has conducted extensive research on these
graphene sheets since 2012.%® We utilized X-rays diffraction
and Raman spectroscopy to analyse the sheets. Each sheet is
few-layer graphene having thickness of 2-4 nm.*”™*° These
sheets stack themselves in a dried form, but their XRD pattern
at 20 of 26.18° is far less intense than that of graphite;*® this
means that the stacked platelets are readily dispersible in
solvent, which agrees with our lab practice. Hence, these
stacked graphene sheets are different to flake graphite. The
platelets have an I4/I, ratio of ~0.06, corresponding to elec-
trical conductivity of 1450 S em™".>" Fig. 1c and d contains SEM
micrographs of the side view of the graphene film of around
20 pm in thickness. During the curing process, viscoelastic
macromolecules infiltrated into the film (Fig. 1e), and this
should increase the interface interaction between the elastomer
and the film, to facilitate strain transfer from the elastomer to
the film.

2.2 Performance and calibration of elastomer/graphene strain
sensors

To assess these sensors, an Instron Tensile Tester was synchronized
with a programmed ARDUINO-UNO system to simultaneously
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record extension and electrical resistance. In Fig. 2(1), the
sensitivity graph reveals relative resistance change vs. applied
strain. Strain ¢ is expressed as AL/L,, where AL is the extension
and L, is the original length.

Strain resolution must be considered for a sensor to be used
as a gauge, where resolution refers to the minimum dimension
of an accurate measurement. In this work, the strain resolution
is a consistently recorded extension interval divided by the
original length of the sensor. Strain resolution is also relevant
to the monotonicity of a sensitivity graph. For a typical EPDM/
graphene strain sensor, the sensitivity graph is monotonic at a
strain resolution of 10.00% (Fig. 2a), and less monotonic
(sawtooth shape) at a higher resolution of 0.89% (Fig. 2b).
A monotonic sensitivity graph means a one-on-one relationship
between strain and resistance change. Resolution must be
provided for calibration and high resolution is always desired.

Fig. 2c reveals the sensitivity graph of a typical EPDM/
graphene sensor at a strain resolution of 0.089%. Monotonicity
is obvious at strain below 12%; and the increasing non-
monotonic behaviour at high strain compromises the accuracy
of calibration. A strain range of 0-68% was selected as it suits
human motions for the development of soft robotics."* The
resolution was set by an Instron Tensile Tester with an extension
interval rate of 0.05 mm per 0.1 second (relating to 30 mm min "
as per strain rate) for the sensor’s original length of 56 mm.
Thus, the strain resolution was obtained by

0.05 mm

Semm > 100% = 0.089%

Electrical resistance was measured by an ARDUINO-UNO system
for each 0.1 second to synchronize with the extension recording.

By conducting linear regression analysis for the testing data,
a fitted function with R* = 0.9973 for the sensitivity graph in
Fig. 2c is found to be a third order polynomial function
(eqn (1)), which can be used to obtain a gauge factor. Linear
regaression analysis can be conducted through software Origin
or Excel.

AR

o = 48.589° —46.6455° + 3497140213 (1)
0

A gauge factor (GF) or the sensitivity is the slope of a sensitivity
graph. The gauge factor in this study is interpreted as the first
derivative of eqn (1), resulting in:

(%)
GF = % = 145.767¢* — 93.29¢ 4 34.971 (2)

where AR is the electrical resistance change, R, is the original
electrical resistance, and ¢ is the strain. The gauge factor in
eqn (2) is not a constant number but an algebraic function.
Then this equation was used to draw a graph of gauge factor vs.
strain in Fig. 2d, which is a curve rather than a straight line.
By substituting strain values of 0-68% into eqn (2), the
gauge factor was found to be in a range of 20-37 for the
EPDM/graphene sensor. The gauge factor is not a dominator

Mater. Adv., 2020, 1, 235-243 | 237


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00032a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 April 2020. Downloaded on 11/7/2025 4:52:26 PM.

[{ec

View Article Online

Paper Materials Advances
(a) 90000 (b) 140000
80000 - 120000
70000 +
100000 +
60000 +
S i3 _ i
< 50000 g 80000
< =
% i3 o
2 40000 £ goo00 £
<
30000 +
40000 +
20000 +
10000 + 20000 +
0 : ; - - ! B 0 T ; .
0 20 40 60 80 400 120 0 20 40 60 80 100 120
Strain (%) Straiin (%)
© 1500 @ 4
3 2 8%
1500 & AR/R, = 48.589¢3 - 46.645¢2 + 34.971¢ + 0.2131 . Gauge Factor vs. Strain
R?=0.9973 & 36 1
----- The polynomial fit
341
1200 + &
_ T 32 3
o
& 2.1
< 900 | &
= o GF = 145.77¢% - 93.29¢ + 34.971
< % 28 1 R2=1
&
600 + 2% 1
Plot from the testing data 24 1
300 g 0200000 |eEEmH The polynomial fit 21
20 - : : : : :
0 - : - - - - 0 10 20 30 40 50 60 70
0 10 20 30 40 50 60 70 Strain (%)
Strain (%)
(e) ®
70
Sensor output & calibration input 60 T £=-10°R*+ 102-5R2 +0.0003R - 0.0182
relating to the sensor’s resistance RA=019974
Strain 50 &
— 40 +
Strain 32—
Output is the strain ensor T ol
=]
applied on the sensor @
Voltage source train 20 L Plot from the testing data
----- The polynomial fit
10 +
0 t t + +
0 200 400 600 800 1000
Resistance (Q)
(@
25
7 7
20 © 6
5 5
£4 &4
15 =3 B
¢ : :
2 10 1 1
o o
5
0

0 200 400

600 800 1000

Cycles

Fig. 2 Performance of a stretchable EPDM/graphene strain sensor. (1) Sensitivity graphs at strain resolutions of (a) 10.000%, (b) 0.890% and (c) 0.089%
with a red-dashed fitted line in a practical strain range of 0-68%. (2) Graphs of (d) gauge factor vs. strain at 0-68%, (e) schematic explanation of the
calibration arrangement, and (f) strain vs. resistance at 0.089% strain resolution. (3) Cyclic test (g) for 1000 cycles at 0—25% strain with 60 mm min~* rate.

of calibration, but its numerical value is an indicator of how
sensitive the sensor is.

Calibration directly relies on the relationship between
the input and output data, where a monotonic relationship

238 | Mater. Adv., 2020, 1, 235-243

(sensitivity graph) is needed. Fig. 2e schematically explains how
calibration was designed and executed for a resistive strain
sensor. The original input is the strain occurred on the sensor,
and the sensor converts the strain into electrical resistance.

This journal is © The Royal Society of Chemistry 2020
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The resistance inputs into a calibration unit which is a specific
electrical circuit designed by the FPGA technology. In the unit,
the resistance is interpreted as a relative strain which is the
measured strain reading. The electrical circuit is arranged
according to a polynomial regression function (eqn (3)) from
the input-output testing data (Fig. 2f).

&e=—10""R*+ 107 °R* + 0.0003R — 0.0182 (3)

where ¢ is the strain applied to the sensor and R is the sensor
resistance. R at zero strain is 51.39 Ohm. The EPDM/graphene
sensor showed a resolution up to 0.089% and accuracy of 99.74%
(relevant to R?). R? is also known as coefficient of determination,
which describes how close a graph is to its linear regression plot.
In another word, R* suits both a straight line from a linear
function and a curve from a certain polynomial function. Being
commonly used in statistics, linear regression includes poly-
nomial regression and simple linear regression. ‘Linear’ refers
to linear coefficients of polynomial functions, such as linear
coefficients of —107°, 107°, 0.0003 and —0.0182 in eqn (3).

To validify whether this calibration method is suitable to
other stretchable strain sensors, a PDMS/graphene strain sensor
was prepared and tested. The graphs in Fig. Sla-d in the ESI}
were plotted from the testing data at either 30 or 60 mm min ",
where the speeds pose no effect on the sensing graphs. The
calibration method clearly works in the PDMS/graphene strain
sensor, because (i) we observed a monotonic input-output rela-
tionship with high R* of 99.82% and (ii) polynomial regression
functions are interpretable by the Field Programmable Gate Array
(FPGA) technology. The gauge factor for the PDMS/graphene
sensor is in the range of 9-20, which is lower than that of
EPDM/graphene sensor. In the following section, we demon-
strated how sensitive the sensor can be despite the relatively low
gauge factor of the PDMS/graphene, which means that both
sensors work well in potentially many applications.

Fig. 2g shows the loading-unloading graph of 1000 cycles for
a typical EPDM/graphene sensor at strain 0-25%. The overall
sensing performance appears to be stable. In specific, some
minor changes are seen during the initial 50 cycles, which may
originate from the permanent dislocation of graphene sheets
inside the sensor. In the two insets for the amplified five loading—
unloading cycles, slight difference in relative resistance change is
observed. The evolutionary discrepancy through 1000 cycles is
common for stretchable nanomaterial-based strain sensors, and it
may pose a minor effect on the reliability of the sensor to work as
a gauge for long-term applications. It is worth to point out that
this minor effect becomes serious when tested at 68% strain, as
indicated in Fig. S1e (ESIt) for the PDMS/graphene sensor. Perfect
cyclic stability is a significant challenge for these sensors to work
as reliable gauges. The imperfection of cyclic stability and the
strain-dependant sensing behaviour may be the characteristic of
resistive strain sensors based on nanomaterials. The relationship
between the relative resistance change and the strain could be
written as:>>?°

AR Ap
—=(1+2w)e+—. 4
2 = (14 2+ @
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where AR is the resistance change, R, is the starting resistance,
v is the Poisson’s ratio, Ap is the resistivity change, and p, is the
starting resistivity of the sensor. The effect of geometry change is
written as (1 + 2v)s, which may not significantly affect the
sensitivity; Ap/p, is the relative change of the sensor’s resistivity,
which may greatly impact the resistance change. The resistivity
change of the graphene film may be explained by the following
sensing mechanism.

The sensing mechanism for the elastomer/graphene strain
sensors is a mixture of the sliding of graphene sheets, the
tunnelling effect and the propagation of cracking in the gra-
phene film as well as the evolutionary changes at the interface
between the film and the substrate. The sliding of graphene
sheets decreases the overlapped area and correspondingly
increases the contact resistance of the sheets.">***>>* Tunnel-
ling means that electrons can cross through nonconductive
barriers, which can happen between the closely spaced nano-
materials including graphene sheets."”**> Tunnelling may
happen on graphene film due to (i) microcracks on the film,
(ii) gaps filled with air or (iii) the elastomer molecules between
the sheets. The cut-off distance of tunnelling between two
parallel graphene sheets insulated by polymers was 2-3 nm.>**”
When the spacing distance between graphene sheets is over 3 nm,
cracking starts to cause electrical disconnection."

Fig. 3a reveals one piece of graphene film which was
fabricated onto an elastomer substrate. During the fabrication,
some graphene sheets were infiltrated into elastomer macro-
molecules, which would facilitate strain transfer from the
elastomer to the graphene film (see Fig. le with relevant
discussion). Fig. 3b contains an equivalent electrical circuit
for an undeformed sensor, where R, is the initial resistance.

Upon straining below 2%, graphene sheets embedded in the
substrates would move along with the elastomer substrates,
and this may accompany with the creation of a small number of
tiny microcracks at the interface between the graphene film
and the substrate; those unembedded graphene sheets at
the interface would collaboratively deform, causing relative
sliding between the sheets inside the film (Fig. 3c). The sliding
of graphene sheets and the tunnelling effect would be the
dominant sensing mechanisms at this stage. For better under-
standing, the resistance change is divided into two parts
respectively allocated to the sliding graphene sheets and the
elastic change at the interface. Fig. 3d reveals a corresponding
equivalent electrical circuit, and the equivalent electrical
resistance R can be expressed as:

R R,

R7R0+R1+R2 (5)
where R, is the initial resistance of the sensor, R, is the
increased resistance from microcracks (nR;’) at the elastomer/
graphene interface, and R, is the increased resistance from
graphene sheets sliding (nR,’).

Upon further stretching up to ~32% strain, cracks propa-
gate at the elastomer/graphene interface whilst the graphene
sheets slide away further. Crack propagation, sliding of the
sheets and tunnelling may exist simultaneously at this stage,

Mater. Adv., 2020, 1, 235-243 | 239
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all of which are considered in eqn (5). When strained over 32%,
the sliding graphene sheets start losing connections with each
other (Fig. 3e). The sensing becomes more and more dependent
on the propagating cracks between the sliding sheets as well as
those cracks at the interface. Eventually, the electrical resis-
tance from the sliding graphene sheets turned to be infinite or
dysfunctional, and the sensing performance only relies on
graphene sheets at the interface; the corresponding equivalent
electrical circuit is shown in Fig. 3f.

When crack propagation becomes the major sensing mecha-
nism, the sensor turns to have higher gauge factors, because the
cracks at this stage increase the sensor resistance dramatically.
Nevertheless, the propagation of these cracks is random for each
loading-unloading cycle, which not only affects monotonicity for
each cycle but results in unideal reproducibility between cycles.
Although the size and number of cracks may grow with strain at
this stage, the sensor was found to recover to its initial geometry
upon release of strain, corresponding to the original resistance.

Stretchability is the maximum strain having desired repro-
ducibility under cyclic loading. The stretchability was found to
be 120% for an EPDM/graphene strain sensor, and 68% for a

PDMS/graphene one. However, by considering high-resolution
applications, we suggest stretchability of 68% for the EPDM/
graphene sensor and 43% for the PDMS/graphene one. Table 1
shows that our elastomer/graphene sensors have relatively high
sensitivity and stretchability; the ability of being calibratable is the
most important feature, which would provide a tip for nonlinear
sensing materials to conduct linear regression for calibration.

Our stretchable elastomer/graphene strain sensors can
provide strain measurement accurately and precisely, acting
as proper gauges. Once stretchable strain sensors can tell
accurate and precise strain magnitudes repeatably, they are
qualified for the development of auto control systems, such as
soft robotics by mimicking human motions.

Conventional robot hands are rigid with inflexible fingers,
and the objects to be picked up need to be designed in the fixed
dimensions (Fig. 4a—c). A newly developed robot hand has
pivoted joints grabbing objects in various sizes (Fig. 4d-f), but
its rigid nature confines working capacity. Soft robotic hands
are anticipated to conduct more delicate work, such as typing
keyboards, dialling telephones like human beings, igniting a
bomb to protect living creatures in a safe place, and picking up

Table 1 The resistive elastomer/graphene strain sensors and their key performance

Stretchability (%)

Coefficient of determination (R*)  Calibratable Ref.

Materials Sensitivity (gauge factor)
PDMS/graphene nanocellulose 7.1 100
PDMS/graphene foam 223 3
Nature rubber/graphene Up to 35 75
PDMS/graphene woven fabric =~ 24 Up to 70
PDMS/graphene 10° 10
PDMS/graphene 9-20 43
EPDM/graphene 20-37 68

240 | Mater. Adv., 2020, 1, 235-243

Nonlinear Unmentioned 15
Linear Unmentioned 16
Linear within 4% strain Unmentioned 17
Excellent Unmentioned 26
Nonlinear Unmentioned 58
0.9982 Yes This work
0.9974 Yes This work

This journal is © The Royal Society of Chemistry 2020
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response graph and (h) on telephone with response graph.

objects of any size from the ground, especially heavy, dirty or
toxic ones. The fulfilment of soft robotic hands relies on the
development of soft strain sensors, towards which wearing soft
sensors on human hands is a reasonable start.

Fig. 4g-h contains photographs and electrical response
graphs for our stretchable PDMS/graphene strain sensors
attached onto human fingers for operation of keyboard and
telephone. The output electrical responses do not start exactly
from time zero, which relates to the sensor’s hysteresis. Hyster-
esis is the time difference between the resistance change and
the applied strain, and it inevitably exists on stretchable
elastomer/graphene strain sensors. Hysteresis originates from
the viscoelastic behaviour of elastomers and the interaction
between the elastomer and the graphene. Hysteresis was mea-
sured as 0.16 seconds for the PDMS/graphene stretchable strain
sensor and 0.18 seconds for the EPDM/graphene sensor.

3. Conclusion

In this study, a stretchable and calibratable graphene strain
sensor was developed by a cost-effective method, where graphene
was sandwiched between two elastomer sheets to have a certain
degree of both restriction and freedom of movement. Depending
on the strain level, the dominant sensing mechanisms switched
between the sliding of graphene sheets, the tunnelling effect and
the propagation of cracks on the graphene film as well as the

This journal is © The Royal Society of Chemistry 2020

evolutionary changes at the interface between the film and the
elastomer sheets.

The gauge factor of a stretchable elastomer/graphene strain
sensor does not have to be a constant number(s), because
calibration merely relies on the relationship between the input
and output data, rather than gauge factors. Derived from a
sensitivity graph, a gauge factor can be either a number or a
certain algebraic function within a specified strain range.

Our stretchable elastomer/graphene strain sensors were
calibratable and they provided strain readings with 0.089%
resolution and over 99.70% accuracy. The calibration method is
suitable to other stretchable strain sensors on the condition
that (i) they have monotonic sensitivity graphs, known strain
resolution, high value of R* and cyclic stability and (ii) poly-
nomial regression functions for their strain-resistance relation-
ships can be processed by electrical circuits. During calibration,
the data recording rate was utilized to calculate strain resolu-
tion; the relationship between strain and resistance was
applied to design an electrical circuit by the FPGA technology
for calibration. Calibration accuracy was related to R*.

4. Experimental details
4.1 Material

A graphite intercalation compound (GIC, Asbury 1721) was
kindly provided by Asbury Carbons, Asbury, NJ, USA. Elastomer
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polydimethylsiloxane (PDMS, KE-106) and its curing agent
CAT-RG were provided by Shin-ETSU Slicone, Taiwan. Elasto-
mer ethylene-propylene-diene monomer (EPDM 4045, ethylene
content 53-59%) and its curing agents were supplied by Jilin
Petrochemicals Ltd, China.

4.2 Preparation of stretchable elastomer/graphene strain
sensors

4.2.1 Fabrication of patterned graphene films. Graphene
sheets were produced according to a published method.*®
In brief, a crucible was preheated at 700 °C for 5 minutes in a
furnace, and then a given quantity of GIC (Asbury 1721) was
transferred into the crucible for a 1 minute treatment, to create
expanded GIC. The product was suspended in acetone under
ultrasonication for 2 hours below 20 °C for further exfoliation
resulting in graphene sheets.”” This created graphene suspen-
sion for the following application.

A piece of filtration paper was cut into a U-shape pattern and
stacked onto another piece of filtration paper. This was care-
fully transferred onto a filtration system. The graphene suspen-
sion was filtrated under vacuum through the stacked filtration
paper. Then the U-shape filtration paper was carefully removed
by a pair of pointy tweezers to obtain a patterned graphene film
for the following sensor fabrication.

4.2.2 Fabrication of EPDM and EPDM/graphene sensors.
Raw EPDM was mixed with additives step-by-step on a two-roll
mill. To avoid precuring, temperature was carefully controlled
and curing agents were added in the last step. The resulting
mixture was cut into small pieces and placed into a closed
stainless mould which was preheated to 150 °C; after degassing
under 10 MPa clamping pressure, the mixture was slightly
cured at 150 °C for 5 minutes under 10 MPa. This produced a
large EPDM sheet of 1 mm in thickness, whose surface was
found sticky providing convenience for the following work.
The sheet was cut into smaller pieces.

An EPDM piece was pressed with the patterned graphene
film which was obtained from Section 4.2.1. This was followed
by peeling off the filtration paper from the film. After electrodes
were glued onto the graphene film by silver paste, another
EPDM piece was added onto the top, followed by a full curing
process of 25 minutes at 150 °C under 10 MPa.

4.2.3 Fabrication of PDMS and PDMS/graphene sensors.
Raw PDMS was mixed with a curing agent in a beaker by
magnetic stirring. After degassing in a vacuum oven, the
mixture was poured into a glass Petri dish to produce a film
of 1 mm in thickness, and the leftover mixture was stored in a
fridge for later use. When the film was slightly cured until it
does not flow readily, we added the patterned graphene film
and electrodes onto the PDMS film by using the same method
as we did for EPDM/graphene sensors. The leftover mixture
was slowly poured and coated by gravity onto the graphene
film. After a full curing process at room temperature, the
sandwich composite was peeled out of the Petri dish and cut
into an appropriate shape, resulting in a PDMS/graphene
Sensor.
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4.3 Characterization

The structures and morphologies of our stretchable strain
sensors were characterized by a scanning electron microscope,
Carl Zeiss Microscopy Merlin. The tensile test was done by
Instron 5567 which was synchronized with a programmed
ARDUINO-UNO board to record electrical resistance simulta-
neously. Hysteresis and application test on human fingers for
the strain sensors were performed by using a digital Source
Meter (Keithley 2602B).
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