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Abstract

Recently, there have been considerable interests in strain sensors that are flexible and stretchable, due to their potential for
use in wearable electronics applications. Herein, a facile approach has been employed to produce synergistic strain sen-
sor, taking advantage of the salient properties of hybrid conductive inks produced from graphene and silver nanoparticles
(AgNPs). The hybrid ink was inkjet-printed on a polyvinyl alcohol (PVA) substrate. The effect of factors such as amount of
graphene, annealing time and printing cycle on the performance of the hybrid conductive ink was investigated. The results
showed that an increase in the amount of graphene from 0.1 to 0.5 wt% produced about 90% enhancement in the electrical
conductivity of the hybrid ink. However, the change in electrical conductivity values of the hybrid ink at 0.5 wt% and 0.7 wt%
graphene content is negligible. On the other hand, it was observed that the electrical conductivity was notably influenced by
the number of printing cycle, as well as the annealing time. Significantly, the sensitivity performance of the printed hybrid
graphene/AgNPs strain sensor is higher than that of individual graphene and AgNPs printed strain sensors under the strain

range up to 20%.

1 Introduction

There has been a recent advancement in the field of elec-
tronic devices and this had invariably expanded the scope
of flexible electronics. In previous times, flexible electron-
ics basically refer to the flexible, stretchable and foldable
storage devices which are presently giving way to the more
recent wearable and stretchable devices which are more
advanced. Unfortunately, the operational scope of this set
of recent electronic devices extends beyond the conventional
material-based electronics which are significantly rigid [1].
Among the various wearable sensors, there has been a grow-
ing interest in the strain sensors in fields such as robotics,
automotive and medicine. Particularly in medicine, they
can be used for monitoring blood pressure, shape, force,
strain and stress [2]. However, it has been observed that most
of the conventionally fabricated strain sensors are gener-
ally too rigid with very low flexibility. This often results in
undesirable separation between the sensor and the medium
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or substance that is being monitored [3]. Invariably, these
devices could be damaged and as such, the results obtained
from them are highly unreliable. As such, fabrication of flex-
ible strain sensors through printing is being considered as a
potential approach to overcome the peculiar shortcoming of
sensors fabricated through the conventional methods. Inter-
estingly, high mechanical flexibility at relatively low cost
can be obtained from the printed flexible strain sensors [4].

Generally, wide strain-range materials with sufficient sta-
bility and sensitivity are required in flexible strain sensor
applications. Therefore, nanomaterials are being exploited
for strain sensor fabrication. Specifically, they are often
incorporated in the sensitive part of the strain sensor, based
on their impeccable performances which have been attrib-
uted to their very small size and dimension [5]. Several
nanomaterials, such as carbon nanotube, graphene, AgNPs
and silver nanowires, have all been widely investigated for
the fabrication of flexible strain sensors. This is mainly asso-
ciated with their high conductivity and desirable mechani-
cal properties. In this group of materials, the outstanding
electrical and mechanical properties of graphene and silver
nanoparticles (AgNPs) make them particularly interesting,
with great prospects for development [6].

Graphene is a two-dimensional (2D) material, which
basically comprises a honeycomb-lattice of linked carbon
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atoms. Most of the research interest in graphene is gen-
erally associated with its peculiar features such as great
aspect ratio, large surface area, highly mobile electron,
desirable piezoresistivity and sufficient mechanical flex-
ibility [7]. Significantly, graphene can withstand high
mechanical strains without significant electrical degrada-
tion. This is associated with its high flexibility and this
makes it an ideal candidate for the fabrication of sensors
and other electronic devices where highly stretch ability
and good flexibility are required [8]. On the other hand,
AgNPs have also been observed to exhibit good physical
and chemical properties. In fact, based on the excellent
performance of AgNPs in electrical fields, they can be
used as a viable choice for the sensitive parts of strain
sensors. It has been reported that hybrid graphene and
AgNP structures perform better compared to individual
structures based on either graphene or silver nanoparticles.
Specifically, this hybrid material possesses significantly
better properties, due to the reduced aggregation achieved
through the intercalation of nanoparticles between the gra-
phene sheets. This invariably presents novel synergistic
performance [9].

In recent years, conductive inks have gained more popu-
larity in the field of printed electronics. However, the type
of solvent used would influence the ability of the conductive
ink to attain the desired viscosity required for printing [10].
As such, the features of the ink solutions play a significant
role in determining the mechanical and electrical perfor-
mance of the conductive material. Generally, it is required
that the conductive ink should have good stability against
precipitation in order to ensure steady performance and con-
sistent conductive patterns [11]. Therefore, specific viscosity
and surface tension are among the notable requirements for
the printability of conductive inks, using the available facili-
ties. This is because an incompatible or poorly prepared ink
solution may result in failure of the printing process or the
printing devices and this could affect the quality of the con-
ductive traces. On the other hand, low volatilising tempera-
ture, coupled with good adhesion properties, is important
for widespread use of the inks on the substrates. This would
help to ensure that the printed item is flexible and stretchable
[12]. Considering the very many advantages of soft strain
sensors, various soft substrates have been investigated by
different researchers. Particularly, polyvinyl alcohol (PVA)
fulfils the requirements of soft substrates, and it is therefore
suitable to be used as the flexible substrate in electronic skin
sensor applications [13].

It is well known that parameters such as stress and
strain can be effectively measured using a strain gauge
which is basically a sensor [14]. Therefore, in strain sensor
applications, the strain sensor data are generally assessed
based on the gauge factor (GF) which is considered as
the standard for quantifying the piezoresistive sensitivity.
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The GF can be simply described as the ratio of the rela-
tive change in electrical resistance with respect to the unit
change in length.

Herein, strain sensor was fabricated from hybrid conduc-
tive ink produced from graphene and AgNPs, which was
printed on a PVA substrate. Based on extensive literature
review, it was observed that there are limited studies on the
property evaluate of strain sensors fabricated by combination
of graphene/AgNPs ink on PVA substrate. Particularly, the
influence of the amount (wt%) of graphene on the properties
of the hybrid conductive ink such as morphology, surface
wettability, stability and electrical conductivity was inves-
tigated. In addition, the effect of varying printing cycles,
as well as annealing time on the electrical conductivity of
the printed film, was studied. To assess the performance of
graphene/AgNPs hybrid conductive ink as a strain sensor,
the substrate-printed ink was stretched at different strains,
such as 5, 10 and 20%. Then the variation in resistivity of
graphene, AgNPs and graphene and AgNPs hybrid ink with
respect to was measured and compared the sensistivity.

2 Experimental section
2.1 Materials

The important chemicals used in this study are polyvinyl
alcohol (PVA), dimethylformamide (DMF), glycerol (G) and
ethylene glycol (EG). These chemicals were procured from
Sigma-Aldrich. The PVA was supplied in powder form and
the other chemicals were used mainly used as chemical sol-
vents in the conductive ink preparation. The PVA solution
was prepared and cast to form a thin film which was used
as a substrate.

2.2 Methodology

The graphene used in this study was synthesised via the elec-
trochemical exfoliation method, as reported in our previous
work [15]. Likewise, the AgNPs were synthesised through
a chemical reduction method as described previously [16].
The hybrid conductive inks were formulated by incorpo-
rating different amounts (wt%) of graphene (0.1, 0.3, 0.5,
0.7 wt%), while the amount of silver nanoparticles was fixed
at 0.5 wt%. The ratio of DMF, EG and G used as the solvent
is DMF:EG:G =50:45:5. Prior to the printing, the formula-
tion was first placed in a centrifuge running at 2000 rpm for
a period of about 15 min. Thereafter, the ink was substrate-
printed on the PVA with the help of a Canon PIXMA E 510
inkjet printer. Then, the print was annealed at 80 °C for dif-
ferent periods of time such as 10, 20 and 30 min.
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2.3 Material characterisation

The viscosity of the produced inks was measured by a PCE-
RVI 6 Kerbs Stormer viscosity meter. On the other hand,
the wavelength and intensities of the visible light and near-
ultraviolet absorption of the graphene- and AgNP-based inks
of were measured in a Perkin Elmer UV-Vis spectrometer
(Lambda 35). A ZEM 3600 zeta potential equipment (Mal-
vern nano series) was used to measure the zeta potential,
while a contact angle goniometer was used to assess the
contact angle and wetting properties of the inks. On the
other hand, the surface morphology of the conductive films
produced was observed on a Supra 35 VP field emission
scanning electron microscope (FESEM). In addition, resist-
ance measurement was used to investigate the electrical con-
ductivity of the conductive films. Notably, the resistance was
measured during a tensile test. Furthermore, a FLUKE 115
digital multimeter was used to check the relative change in
resistance of the sensors. The gauge factor was obtained as
the slope of the plot of resistance against strain and was
found to increase as the maximum strain increased. The
gauge factor is simply defined as the ratio of the relative
resistance change per unit strain as presented in the equa-
tion below:

AR/R,
AL/L,’

Gauge factor = (1)

where AR represents the relative change in resistance under
deformation, while R, L, and AL represents the initial strain
resistance (%), the initial sensor length and the elongation of
the specimen, respectively.

3 Results and discussion

It is well known that in conductive ink technology, the ink
viscosity plays an important role. The viscosity of the gra-
phene/AgNPs hybrid conductive inks with various con-
tents of graphene (0.1, 0.3, 0.5, 0.7 wt%) is presented in
Table 1. It was found that the viscosity values for all inks
range between (9-14) cp, which indicates that all the hybrid

Table1 Zeta potential and contact angle values of graphene and
AgNPs hybrid conductive inks with different contents of graphene
loading

Contents of gra- Viscosity (cP) Zeta potential ~ Contact
phene (wt%) (mV) angle (°)
0.1 9 -39 19
0.3 10 —40 16
0.5 12 —43 15
0.7 14 —43 15

conductive inks are suitable for inkjet printing. It has been
reported in the literature that the inkjet printing required less
viscous inks and a viscosity range of 8—15 cp is sufficient
for conductive inks intended to be inkjet-printed [17]. With
this viscosity range, the flow of the ink through the nozzle
would be enhanced, without issues bordering on leaking,
drying out or coagulation.

The UV-Vis spectra of graphene/AgNPs hybrid con-
ductive inks with various graphene contents were recorded
over a wavelength range of 300-800 nm. As can be seen
in the UV-Vis spectra illustrated in Fig. 1, the absorption
spectrum of graphene is observed around 278 nm. This
may be accrued to the n—x* transition of the C—C aromatic
ring present in the graphene conductive ink. After adding
AgNPs into graphene, absorption peaks should reflect the
presence of AgNPs and this is evident in the adsorption peak
at 417 nm. Notably, this adsorption represents the surface
plasmon resonance of AgNPs. Significantly, the peak posi-
tion of graphene in the hybrid inks moved to 265 nm which
represents a blue shift of about 13 nm compared to ink based
on graphene alone. This notable blue shift is due to the inter-
active transfer of charges AgNPs and graphene. It is note-
worthy that the UV-Vis absorbance peaks observed for the
graphene/AgNPs hybrid conductive inks in this study align
with what was previously reported in literature by Zhang
et al. [18], in a similar study on Ag/RGO conductive ink.

Stability of the hybrid inks in DMF:EG:G =50:45:5 solu-
tion was investigated through UV—Vis analysis. The UV—Vis
spectra of the graphene and AgNPs hybrid conductive inks
with various contents of graphene (0.1, 0.3, 0.5, 0.7 wt%)
are illustrated in Fig. 2. It should be noted that the spectra
were taken immediately after sonication when the conduc-
tive inks were freshly prepared, and after a standing period

o AgNPs
graphene 3

417 nm

415 nm
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(c)
(d)

T T T T T
200 300 400 500 600 700 800
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Absorbance (a.u.)

Fig.1 UV-Vis spectra of graphene, AgNPs hybrid conductive ink
with graphene content of (a) 0.1 wt%, (b) 0.3 wt%, (c¢) 0.5 wt% and
(d) 0.7 wt%
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Fig.2 UV-Vis spectra of graphene and AgNPs hybrid conductive
inks with graphene contents of 0.1, 0.3, 0.5 and 0.7 wt% at different
storage times

of 4 months after sonication, respectively. It can be observed
that there is no significant change in the UV—Vis absorbance
peak of the hybrid inks even after being allowed to stand
for 4 months. This is an indication that all the graphene/
AgNPs hybrid conductive inks are stable up to 4 months.
Similar observation was also reported previously in a study
on preparation of flexible electronics from hybrid conductive
inks produced from Ag and RGO [18].

Figure 3 shows the visual inspection of graphene/AgNPs
as conductive inks at various contents of graphene loading.
No obvious sedimentation was observed and the dispersion
appears to be homogeneous, but with a dark black appear-
ance distributed in the ink after they have been allowed to
stand for 4 months. This suggests that the conductive inks
produced from different formulations of graphene/AgNPs
hybrid were very stable, and this observation aligns with
the result obtained from the UV-Vis analysis. The zeta
potential is notable for its ability to describe the surface of

nanoparticles, thereby predicting the potential long-term sta-
bility of the conductive ink. The zeta potential and contact
angle values of the hybrid inks produced here are summa-
rised in Table 1. The zeta potential values indicate that all
the different graphene loadings incorporated in the hybrid
conductive inks support good stability. This is because lit-
erature has confirmed that a dispersion can be considered to
exhibit good stability if the zeta potential value >30 mV or
<—=30mV [17].

One of the factors that could influence a printing process
is the layer of substrate under the printed layer because the
wettability of the substrate is highly dependent on its surface
energy. The pendant images of a conductive ink, dispensed
on the PVA substrate through the needle of the goniometer,
are shown in Fig. 4. The contact angel values presented in
Table 1 show that the contact angle values of all the hybrid
conductive inks are below 19° which indicates that all the
hybrid conductive inks exhibit good wettability regardless
of the amount of graphene incorporated. Saidina et al. [19]
reported that contact angle less than 90° relates to better
wettability of a PVA printed ink. Figure 5 shows the PVA
printed hybrid graphene/AgNPs conductive inks with differ-
ent amounts (wt%) of graphene and varying printing cycles.

(b)
(a)
0= 19/ 0=16° /

© e=15/ @ e=15/

e —— e — |

Fig.4 The droplet of graphene and AgNPs as conductive inks on
the PVA substrate with contents of graphene loading a 0.1 wt%, b
0.3 wt%, ¢ 0.5 wt% and d 0.7 wt%

Fig.3 Photographs of graphene
and AgNPs hybrid conductive
ink contents of graphene load-
ing (1) 0.1 wt%, (2) 0.3 wt%, (3)
0.5 wt% and (4) 0.7 wt%

(just sonicated)
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Fig.5 Printed graphene and AgNPs as conductive inks on PVA sub-
strate with different graphene contents using different numbers of
printing cycles (a) 1 time, (b) 2 times, (c) 3 times, (d) 4 times and (e)
5 times

It can be seen in the figure that as the number of the printing
cycle increased, there is a concurrent increase in the number
of ridges with a progressively darkening of the print colour.
It was reported by Dennueulin et al. [20] that increased in
the number of printing layers caused the connection between
the conductive films to increase which resulted in a decrease
in the sheet resistance.

The values of electrical conductivity recorded for the PVA
printed hybrid inks containing different wt% graphene load-
ings and printed at different printing cycles are presented in
Fig. 6a. It was observed that increase in the graphene load-
ing from 0.1 wt% to 0.5 wt% increased the conductivity of
the ink printed at one cycle from 0. 1028 S m~! t0 0.1962 S
m~. This can be attributed to the increasing amount of gra-
phene in the printed pattern. This is because at low graphene
loading, the amount of graphene might be too low to form
the conductive network pattern which will invariably result
in poor conductivity. On the other hand, there would be no
further increase in conductivity if the total amount of gra-
phene flakes available has been fully contacted with AgNPs.
This is the case when the graphene loading was 0.5 wt%. As
such, it can be seen in Fig. 6 that no significant changes in
the electrical conductivity values when the graphene loading
was increased from 0.5 to 0.7 wt% of graphene were found.
It is believed that conductive filler loading at 0.5 wt% to
0.7 wt% are above the percolation threshold. The result is in
accordance with the findings reported in previous works [21,
22]. Theoretically, above the percolation threshold, multiple
electron paths already exist in polymer composites; hence,
the electrical conductivity of the composites reaches a satu-
ration state. This result can be explained schematically by
referring to the illustration of graphene/AgNPs hybrid with

low and high graphene loadings as presented in Fig. 6b. At
low loading (0.1 wt%), conductive fillers are not contacted
well everywhere; there are narrow gaps separating them
which prevent the continuous linkage and hence decrease
the current carrier throughout the composite. When the fill-
ers have reached a critical loading (0.5 wt%), the two hybrid
materials are attached to each other. With further increase
of filler up to 0.7 wt%, only a small increase in conductive
path could form, hence leading to a relatively small increase
in conductivity. Therefore, 0.5 wt% of graphene loading of
graphene/AgNPs hybrid conductive inks was identified as a
sufficient amount of graphene in the hybrid ink. The results
were supported by the stability value, as shown by the zeta
potential and contact angle.

Figure 7 shows the pattern morphologies of 0.5 wt% of
graphene in graphene/AgNPs hybrid, printed at 1, 3 and
5 times printing cycles. In Fig. 7a, there were many gaps
showing pore structures of 1 time printing cycles of the gra-
phene/AgNPs hybrid conductive pattern. In addition, few
of the AgNPs agglomerated and some wrinkled structures
were also observed on the pattern. When the printing cycles
increased to three times, the graphene flakes still main-
tained the wrinkled flat structures, as observed in Fig. 7b.
In Fig. 7c, it is evident that less pore and gap structures exist
with the increase in printing cycles to 5 times. The increase
in number of printing layer from 1 to 5 times helped to facili-
tate improved continuity in the printed patterns.

The electrical conductivity of the hybrid inks obtained
from 0.5 wt% amount of graphene and printed for 5 printing
cycles is presented in Fig. 8. The ink was annealed at 80 °C
for varying annealing durations (5, 10, 15, 20 and 30 min).
As shown in Fig. 8, an increase in the annealing time from
0 to 30 min produced a sharp increase in the electrical con-
ductivity from 0.3545 S m™" t0 2.1517 S m™". It is observed
that the electrical conductivity was significantly influenced
by the annealing temperature, due to changes in the printed
pattern. As such, increasing the annealing time could help to
slightly melt the particles that can contribute to the compact-
ness of the particles, thus forming the conductive network as
reported in the literature [23]. Increase in conductive trend
of conductive ink with annealing time was also reported in
the previous works [24, 25]. However, it should be reiter-
ated here that high annealing temperature is not suitable for
flexible substrate. Therefore, in our study, the low annealing
temperature was used in order to prevent degradation of the
PVA substrate.

The morphologies of 0.5 wt% graphene/0.5 wt% AgNPs
hybrid conductive inks for 5 times printed cycles, before and
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Fig.6 a Electrical conductivity
of graphene and AgNPs hybrid
conductive inks printed on PVA
substrate with different formula-
tions and different printing
layers. b Low content and high
content of electrical conduc-
tive electron flow for graphene/
AgNPs hybrid conductive ink
pattern

after annealed at 80 °C at 30 min, are shown in Fig. 8. From
the microstructure, it is observed that less pore and some
gaps were found in the conductive pattern before annealing.
However, an increase in the annealing time to 30 min helped

@ Springer

(a)

0.35

o

w

o
l

0.25 -

0.20 -

0.15 -

Electrical Conductivity (Sm™)

0.10 4

(b)

0.1 wt% of graphene

loading

0.5 wt% of graphene

loading

0.7 wt% of graphene

loading

%% 0.1 wt%
2% 0.3 wt%
2 0.5 wt%

0.7 wt%

SR

O

_ Graphene

Silver

@ nanoparticles

/ Electron flow

to facilitate gradual formation of the conductive pattern due
to increased contacts. In addition, the conductive pattern was
uniformed and no gap and obvious pores are observed. This
result was confirmed by the highest electrical conductivity
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Fig.7 Morphologies of
graphene and AgNPs hybrid
conductive inks with 0.5 wt%
graphene loading printed on
PVA substrates at a 1 time, b
3 times, and ¢ 5 times printing
cycles at magnifications of (i)
10 KX and (ii) 30 KX

values shown by graphene/AgNPs hybrid conductive ink,
printed 5 times printing cycles after annealed at 80 °C for
30 min. Based on the analysis of the results, 0.5 wt% gra-
phene/0.5 wt% AgNPs hybrid conductive inks printed for 5
times printing cycles and annealed at 80 °C at 30 min were
chosen to be used in the formulations of stretchable strain
Sensor.

The electromechanical properties of conductive inks
based on graphene, AgNPs and graphene/AgNPs hybrid
printed strain sensor were characterised using tensile test.

The resistance of the strain sensors at different strains (5,
10 and 20%) are shown in Fig. 9a—c. Similar resistance
trend was shown by these three strain sensors; however,
graphene/AgNPs hybrid strain sensor exhibit lower resist-
ance if compared to those graphene and AgNPs sensors. A
good linearity is observed for all strain sensors, with the best
linearity shown by graphene/AgNPs hybrid sensor. Accord-
ing to Shengbo et al. [26], it is required of a strain sensor to
exhibit good linearity. This would make it easier to obtain
the strain rate as long as the resistance change is known.
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Fig.8 Electrical conductivity of
0.5 wt% graphene and 0.5 wt%
AgNPs conductive inks printed
on PVA substrates with 5 times
printing layers annealed at

80 °C for different time periods
(5 to 30 min). Morphology of
the ink is shown in the circle.

Electrical Conductivity(Sm™)

0.2 ;

Afterannealing

In other words, good linearity is an indication that stretch-
ing of the sensor would produce only slight changes in the
resistance.

The difference in the relative resistance change ratio
between the stretching and releasing process is also an
important factor to evaluate the performance of the strain
sensor. Figure 10a—c illustrates the hysteresis curves for
graphene, AgNPs and graphene/AgNPs hybrid printed
strain sensor with different strain ranges (5, 10 and 20%).
In the figure, small hysteresis was observed for graphene
and AgNPs strain sensors during 5% tensile strain. How-
ever, very small hysteresis was observed in the response of
the graphene/AgNPs hybrid strain sensor. The same trend
was observed for 10% and 20% strain ranges, where small
hysteresis was observed for graphene/AgNPs hybrid strain
sensors, compared to that of graphene and AgNPs strain
sensors. Based on the hysteresis curves in Fig. 10, it is found
that the hysteresis performance of graphene/AgNPs hybrid
strain sensors is much better than only graphene and AgNPs
strain sensors. This is because the graphene flakes have a
tendency to align, and the distance between the flake shape
of graphene and spherical shape of AgNPs is still closer and
allows electrons to travel from one point to another. It was
shown in the schematic diagram in Fig. 11 that the hybrid of
graphene and AgNPs exhibited added advantages compared
to the ink based on single nanoparticles.

@ Springer
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The performance of graphene, AgNPs and graphene/
AgNPs as printed strain sensors is listed in Table 2. It is
observed that the gauge factor of printed AgNPs strain
sensor is lower than that of graphene and graphene/
AgNPs, as printed strain sensors. This result aligns with
what was previously reported by Shengbo et al. [26] on
nanoparticle-based wearable strain sensor. They reported
AgNPs cannot make a conductive network during stretch-
ing. This is due to the tendency for graphene flakes to
align, and the close similarity between the flake shape
of graphene and spherical shape of AgNPs. This would
permit the electrons to move from one point to another.
It was shown in the schematic diagram in Fig. 11 that the
hybrid of graphene and AgNPs exhibited added advan-
tages compared to the ink based on single nanoparticles.
With the increase of the applied strain, the resistance
changed because of the variation of distance of neigh-
bouring nanoparticles.

The results are compared with the data presented in the
previous work. It can be observed that most of the strain
sensor used polydimethylsiloxane (PDMS) substrate.
The AgNPs-based sensors show low sensitivity (GF)
because of their sensing mechanism. This is because the
mechanical separation of AgNPs during stretching would
encourage drastic change of relative resistance, leading to
electrical disconnection above the specific level of strain
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Fig.9 Resistance and strain range of graphene, AgNPs and graphene/
AgNPs hybrid printed strain sensors with different strain ranges a 5%,
b 10%, ¢ 20%

[27]. On the other hand, graphene-based stain sensors
show high sensitivity but large strain range. The gra-
phene, which is electrically conductive and combined in
the highly stretchable PDMS, enables the production of
large stretchable strain sensor [27]. Based on the study,
the sensitivity of the strain sensor based on graphene/
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Fig. 10 Hysteresis curve for graphene, AgNPs and graphene/AgNPs
hybrid printed strain sensors with different strain ranges a 5%, b 10%,

¢ 20%

AgNPs hybrid is higher and the strain ranges are lower
and comparable to those reported by the previous work.
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Fig. 11 Schematic illustration of graphene, AgNPs and graphene/AgNPs hybrid conductive film a before stretching and b after stretching

Table 2 Comparison between gauge factor and strain ranges with dif-
ferent types of strain sensor from literature and present study

Materials Gauge factor Strain range (%) References
Graphene 97 0-20 Present study
AgNPs 76 0-20 Present study
Graphene/AgNPs 149 0-20 Present study
AgNPs/PDMS 14 0-70 [28]
AgNPs/PDMS 2.05 0-20 [29]
Graphene/PDMS 422 0-20 [28]
Graphene/PDMS 25 0-35 [30]

AgNPs/CNT/PDMS  39.8 0-100 [31]

4 Conclusions

This study reports the production of hybrid conductive inks
from graphene and AgNPs with different concentrations of
graphene. The increasing stability and wetting properties
with increasing concentrations of graphene loading were
observed based on the measurement performed using zeta
potential and contact angle study. Based on the electrical
conductivity measurement, the combination of 0.5 wt%
graphene in 0.5 wt% AgNPs exhibits the highest conduc-
tivity values compared to other conductive inks. Notably,
increasing the number of printing cycles and annealing
time resulted in increasing electrical conductivity. This was
attributed to the improved continuity of the printed patterns
as the printing cycle and annealing time were increased. The
0.5 wt% graphene/0.5 wt% AgNPs hybrid-based strain sen-
sor shows high gauge factor and high sensitivity compared to
strain sensors based on either graphene or and AgNPs alone.

@ Springer

Therefore, it can be inferred that the hybrid graphene/AgNP
conductive ink is suitable for use as a strain sensor.
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