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Abstract

Flexible and wearable strain sensors with remarkable performance are in
tremendous demand with significant advancement of wearable electronics. In
this work, a Dragon skin/graphite nanoflakes (GNFs)/Dragon skin sandwich
structured nanocomposite strain sensor is employed for wearable strain sensing
applications. The active sensor material based on highly conductive GNFs was
successfully coated onto the epidermis-like Dragon skin elastomeric matrix
utilizing a low-cost spray coating process. Moreover, the Dragon skin/GNFs/
Dragon skin sandwich structured nanocomposite strain sensors demonstrate
many fascinating merits including ultra-high sensitivity (a gauge factor of
41,326.15 in the strain range of 1.6-2.3%), a strain range of up to 50%, a quick
response time (80 ms), prominent linearity, and excellent durability (more than
600 stretch-release cycles under a large-scale strain of 30%), and as a result,
exhibits captivating perspectives for the monitoring of whole-range human
motions including small-scale facial expressions (cheek expansion and relaxation,
eye blinking, and frowning), laryngeal prominence movement, and large-scale
human joint bending motions (finger, elbow, wrist, and knee bending), thereby
specifying promising potential in healthcare monitoring, sports performance
monitoring, human-machine interaction, and soft robotics.

Keywords: science-technology and engineering, flexible electronic devices and
sensors, e-skins, spray coating, stretchable sensors and nanocomposites

1 INTRODUCTION

to be a most critical and fundamental requiremen
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Strain sensors are electronic transducers which convert

In recent years, flexible electronic devices have
demonstrated enormous potential in wearable systems
and technologies'”, healthcare systems"’, e-skins'",
soft robotics™®!, physiology and kinesiology'"”, sports
performance monitoring”'’), and human-machine
interaction''"'?), in which, economical, environmentally
benign, and multifunctional sensor components with
outstanding electrical and mechanical characteristics
are what is essential for practical implementation of
wearable sensors in recently envisioned applications.
The wearable sensors produce electronic sensory signals

signals''®*

21]

type'

dynamic mechanical deformations into electric/electronic
!, Based on the working mechanisms, the
strain sensors can be classified as piezoresistive-

23]

, piezocapacitive-type'®”, triboelectric-type'*”,
iontronic-type”’, and optical strain sensors'”. Recently,
piezoresistive-type strain sensors have been widely
employed for human motion monitoring applications
owing to their easy readout mechanisms, simple device

[13,26,27]

designs, and effortless fabrication .

The fabrication of epidermal-like wearable strain sensors

when subjected to mechanical stimulations, chemical or
biological conditions'”"*', For human motion monitoring
applications, reliable strain monitoring is contemplated

using soft and elastic stretchable supporting materials has
recently and rapidly realized tremendous progress, and the
as-fabricated sensors have demonstrated enhanced strain

Published by Innovation Forever Publishing Group Limited

Page1/13




Madhavan R. Innov Discov 2025; 2(1): 4

sensitivity, high linearity, fast responsiveness to applied
strains, low hysteresis, and prominent durability’”*”*.
Nonetheless, fabricating wearable strain sensors with large
strain sensitivity and a wide strain range is a great challenge
in order to meet the ever increasing demands~**, Although
traditional metal foil and semiconductor strain sensors
exhibit simple device structures, their fabrication is typically
complex and cost-intensive, which restricts their real-life
utilization'”, Furthermore, these sensors exhibit limited
strain sensitivities, rigidity and brittleness (stretchability
< 5% strain)®?****, Finding cost-effective active sensor
and intrinsically stretchable supporting materials, and
incorporating new structural designs are the most crucial
approaches to resolve this issue”’***%!, Recently, various
investigations have been carried out to fabricate cost-
effective wearable strain sensors with high performance.
For instance, low-dimensional nanomaterials™*“*,
nanoflakes****, hybrid materials'*>**!, hydrogels'"’**,
MXenes (e.g., Ti;C,T,)***%, and electrically conductive
textiles” >’ have been employed for developing such
wearable strain sensors.

Extensive research have been carried out to fabricate
wearable strain sensors based on carbonaceous nano-
materials such as carbon nanotubes (CNTs) and
graphene on flexible/stretchable supporting materials™ "
Furthermore, strain sensors based on these carbonaceous
nanomaterials demonstrate unique electrical, mechanical,
and optical properties, but they exhibit limited strain
sensitivity (or gauge factor) and strain range. In recent
years, numerous investigations have been conducted on
fabricating wearable devices based on Graphitic conductive
networks"”®*”, However, it is still a great challenge to fabricate
wearable strain sensors with large strain sensitivity and a
broad strain range in a simultaneous fashion. Even though
wearable strain sensors with large strain sensitivity have
been fabricated, only a minute fraction have been developed
through low-cost strategies with combined advantages
of large strain sensitivity and strain sensing range. For
practical applications, the requirements for sensors are being
lightweight, cost-effective, flexible, stretchable, stability for
many years, simple and compatible manufacturing for mass
production. More importantly, the conductive film structure
should exhibit efficient manufacturing at industrial scales
for the mass production at lower costs. The cost-effective
and stable conductive films based on carbon materials are
suitable because of their high conductivities, resistance to
corrosion, oxidation, and high temperature.

Typically, various fabrication methods including electroless
plating, vacuum deposition, and photolithography have
been employed for developing wearable devices'''.
However, these methods exhibit several drawbacks including
complexity, excessive costs, multiple-stage processes, and
creation of environmentally unfavourable wastes in large
volumes. On the other hand, fabrication methods based
on non-contact spraying of functional materials onto soft,
irregular, and curved surfaces exhibit numerous advantages

including cost-effectiveness, and capability of large volume
manufacturing'®”. For instance, spray deposition method
have been demonstrated for the development of various
electronic devices including touch sensors'®”, wearable
strain sensors'®***!, photodetectors'®*°®, triboelectric
nanogenerators'®’”’, organic thin film transistors'®”, and
energy storage devices' ™.,

In this study, a wearable strain sensor is fabricated by
encapsulating spray deposited graphite nanoflakes (GNFs)
within two slabs of epidermal-like dragon skin elastomers
for human health/motion monitoring applications. The
wearable strain sensors exhibit ultra-high sensitivity with
gauge factor of 41,326.15 in the strain range of 1.6-
2.3%, a strain range of up to 50%, super-fast strain
responsiveness time (80ms), prominent linearity, and
high durability (more than 600 stretch-release cycles
under a large-scale strain of 30%). Compared with
the performance of recently reported wearable strain
sensors"””*", Dragon-skin/GNFs/Dragon-skin sandwich
structured strain sensors demonstrate combined
advantages of high gauge factors and ease of fabrication.
These cost-effective stretchable strain sensors with high
durability exhibit excellent potential for a diverse range of
applications in wearable electronics.

2 MATERIALS AND METHODS
2.1 Materials

The Part A and Part B pre-polymers of Dragon Skin™-30
were supplied as liquid constituents from Smooth-On, Inc.
A bio-adhesive, Skin-Tite™ was supplied as two-part liquid
constituent kit from Smooth-On, Inc. Graphite materials
were procured from Kontakt Chemie, Ltd.

2.2 Fabrication of the Skin-like Stretchable
Substrates

The skin-like Dragon Skin stretchable substrates
were fabricated by thoroughly mixing Part A and Part
B liquid components at a mix ratio of 1A:1B by volume
and dropping over the Polyethylene terephthalate (PET)
substrate followed by curing at room temperature for
16h. Next, the Dragon skin stretchable substrates with
a Shore hardness of 30 A were carefully peeled off from
the PET substrate and cut into rectangular shapes of size
70mmx7mm, respectively for further procedures.

2.3 Fabrication of the Skin-like Strain
Sensors

The rectangular shaped Dragon Skin stretchable
substrates of size 70mmx7mm, respectively were washed
thoroughly using deionized water (resistivity ~18.2MQ-cm).
Next, the Dragon Skin stretchable substrates were tightly
held onto a regular and even surface for further functional
material deposition procedures. The graphite sensor
materials were deposited onto the Dragon Skin stretchable
substrates through a cost-effective and scalable spray
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coating technique followed by drying naturally at room
temperature with a thickness of around 100pm. The GNFs
coating was applied by spraying for 3s at a distance of 5cm
with number of spray passes of 2, 4, and 7, respectively.
The GNFs coating was allowed to dry naturally for 30s at
room temperature after each spray pass. To carry out the
electrical-mechanical investigations, electrical connections
were made by attaching the silver wires at the ends of the
GNFs/Dragon Skin composites using a fast-drying silver
paste. For reliable sensing performance, the GNFs/Dragon
Skin composites were encapsulated by curing another slab
of Dragon skin on top of it to fabricate sandwich structured
Dragon skin/GNFs/Dragon skin composite strain sensors.

2.4 Structural Characterizations and
Sensor Performance

The nano-morphologies of the GNFs films were
characterized through field emission scanning electron
microscopy studies. The micro-morphologies of the
GNFs/Dragon Skin composites were examined by
using an Optical Microscope (Inskam, Ltd) at various
mechanical strains. A custom-developed motorized
moving equipment was utilized for applying uniform
stretch-release dynamic strains onto the strain sensors.
To show the applicability of the fabricated strain sensors
for potential applications, real-time monitoring of various
human motions was demonstrated by laminating these
wearable devices onto the various skin-spots and
articular joints using Skin-Tite (Smooth-On, Inc) and the
human subject for these experiments is the independent
author, i.e.,, R Madhavan. The resultant sensory signals
due to these mechanical deformations were captured by
a digital multimeter (Hantek HDM-3065B).

3 RESULTS AND DISCUSSION

The Figure 1A illustrates the fabrication process of
the straight line type Dragon skin/GNFs/Dragon skin
sandwich structured nanocomposite strain sensors
conducted via depositing GNFs on Dragon skin elastomer
utilizing the cost-effective spray coating technique. In
this research, Dragon skin elastomer was employed as
flexible and stretchable supporting materials for fabricating
nanocomposite based wearable strain sensors owing to
their excellent mechanical properties, thermal stability,
as well as sensitive reaction to mechanical deformations
owing to its low Young’s modulus (0.152MPa)""", With
regard to the fabrication procedure of Dragon skin/
GNFs/Dragon skin nanocomposite based wearable
strain sensors, the liquid Dragon skin pre-polymer is
poured onto the PET substrate previously washed with
ethanol and deionized water and allowed to cure at
room temperature for 16h. Once fully cured, the Dragon
skin film is peeled off the PET substrate. After that, the
GNFs are spray deposited on the fully cured Dragon skin
elastomer to obtain highly conductive sensing films.
Electrical wires are attached onto both the ends of the
conductive network using silver conductive paste to form

electrical contacts. Finally, another layer of Dragon skin is
cured over the electrically conductive layer to encapsulate
the whole device and obtain wearable strain sensors with
straight line type configurations.

Figure 1B shows the highly stretchy and durable
nature of the as-fabricated Dragon skin/GNFs/Dragon
skin sandwich structured nanocomposite strain sensors.
The strain sensor reported in this work is developed
mainly using an epidermis-like Dragon skin elastomer
and demonstrates a small weight of just 1.35g, and
is mounted onto the different locations of the human
skin using Skin-Tite bioadhesive providing not only
the monitoring of human articular joint motions
effectively, but also at the same time, promotes ease
of human body deformations resulting into prominent
strain sensitivity. This light weight feature has been
demonstrated by resting the strain sensor on a plant
leaf (Figure 1C). It can be clearly observed that the leaf
exhibits minimal mechanical deformation, indicating
the splendid light weight properties of the Dragon
skin/GNFs/Dragon skin composites and thereby
demonstrating its attractive candidature for comfortable,
and stretchable wearable strain sensors. The top view
Scanning electron microscopy (SEM) image of GNFs/
Dragon skin composites and cross-sectional optical
image of the Dragon skin/GNFs/Dragon skin sandwich
structured nanocomposites are illustrated in Figure 1D,
and E indicating a highly uniform conductive network
and strong adhesion with the Dragon skin matrix.
Particularly, when the Dragon skin pre-polymer is poured
onto the GNFs/Dragon skin composites, it encases the
electrically conductive GNFs film due to its high viscosity.
Once fully cured, the GNFs are buried within the Dragon
skin matrix, and as a result, demonstrates prominent
interfacial bonding characteristics between GNFs and
Dragon skin matrix providing high performance while
strain monitoring.

To examine the strain sensing performance of the
Dragon skin/GNFs/Dragon skin composites, stretchable
strain sensors were constructed through straight line-
type sensor design utilizing soft and epidermal-like
dragon skin stretchable supporting material.

In the relative change in resistance (RCR) versus
strain data (Figure 2A), at the stretchability limit, the
variation for straight line-type strain sensors ascended to
7.35 times the original relative resistance at a strain free
condition. The evaluation of the strain sensitivity of these
stretchable devices were carried out further by estimating
their figure of merit, thaAE2 is, the gauge factor, which is

R—Rg

typically defined as GF = /R, Herein, 4R/R0(==2) is the

£

RCR and ¢ is the applied strain, where € =%, (Lpand L
represents the gauge length and length at a stretched

condition, respectively)®"*, Owing to the above equation,
the linear slope of the relative resistance variation versus
strain plot could be utilized for the determination of the
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Figure 1. Preparation Process and Characterization of the Strain Sensors. A: Schematic diagram of the fabrication
process for the Dragon skin/GNFs/Dragon skin sandwich structured nanocomposite strain sensor. B: Photos of the fabricated
stretchable strain sensors under different scales of stretching are shown. C: Dragon skin/GNFs/Dragon skin sandwich
structured nanocomposite strain sensor resting on a leaf demonstrating its light weight feature. D: SEM image of the obtained
GNFs/Dragon skin nanocomposite (the scale bars represent 1um). E: Cross-sectional optical image of the Dragon skin/GNFs/
Dragon skin sandwich structured nanocomposite strain sensor demonstrating the strong adhesion and interfacial bonding of

GNFs with Dragon skin matrix.

gauge factors of strain sensors. The wearable strain
sensors based on GNFs conductive networks (with 7
spray pass) in straight line-type configurations exhibited
large strain sensitivity with high gauge factors of 12.38 in
5-35% strain range, and 25.24 in 35-50% strain range,
respectively. The straight line-type strain sensor exhibit
a broad stretchability of 50% tensile strain range. When
the mechanical deformation level exceeds this strain limit,
the relative resistance variation promptly ascend to a
large value (AR/R,>735.5%), indicating that the complete
structural damage has occurred in the active sensor film.
As illustrated in Figure 2B, the Dragon skin/GNFs/Dragon
skin nanocomposite (with 2 spray pass) demonstrated
ultra-large strain sensitivity with ultrasensitive gauge
factors (GFs) of 1,542.25 in 0.3-1.6% strain range, and
41,326.15 in 1.6-2.3% strain range, respectively. As
indicated in Figure 2C, this stretchable strain sensor exhibit
a stable strain monitoring for a dynamic stimulation as low
as €=0.3%, which demonstrates that this device can be
effectively utilized for the monitoring of small-scale human
physiological and healthcare signals. The electromechanical
characteristics of the GNFs conductive networks/
Dragon skin nanocomposites are further explored. The
stretchable strain sensors with different encapsulation
layer thicknesses exhibit different working strain ranges
and strain sensitivities. As presented in Figure 2D, the
measured sensing strain ranges of sensors with 1.5mm,
and 2mm encapsulation layer thickness are 2.3%, and 6%,
respectively. The thicker stretchable supporting material
prevents the mechanical decomposition and tensile failure,
which can effectively absorb the mechanical deformations.

Thus, the stretchable strain sensors with an encapsulation
layer thickness of 2mm exhibit relatively larger sensing
strain ranges than the sensors with an encapsulation layer
thickness of 1.5mm. At this moment, since the mechanical
deformations are absorbed by the stretchable supporting
material, the internal disruption of the conductive sensing
layer is relatively smaller. As a result, the stretchable strain
sensors with an encapsulation layer thickness of 1.5mm
delivers significantly larger GFs under the same tensile
strain levels. The maximum GFs of the two types of GNFs
conductive networks/Dragon skin nanocomposite strain
sensors are 3,239.53, and 713.50, respectively. These
performance merits are superior to the recently reported
state-of-art stretchable strain sensors.

In recent years, there exists a dichotomy in constructing
wearable and stretchable strain sensors with both large
sensitivity and a broad strain range at the same moment.
The values of gauge factor exhibit dependency on the
type of active sensor materials and supporting materials/
matrices employed. For instance, Wu et al.”" developed
GNPs/polyurethane nanocomposite based strain sensors
with a gauge factor of 20. In another research, Zhang et
al.’” fabricated a sheath-core type graphite flakes/silk
fibers composite strain sensors with a gauge factor of 14.5.
However, these strain sensors exhibit low stretchability
limits of 30%, and 15% strain, respectively. On the other
hand, Kurian et al.”” fabricated a polypyrrole/silicone
rubber composite strain sensor with a high stretchability
of 100%. However, these devices display limited strain
sensitivity with a maximum gauge factor of only 1.7.
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Figure 2. Electrical Responses of the Strain Sensors. A: RCR of the wearable strain sensor based on Dragon skin/GNFs/
Dragon skin nanocomposites with 7 spray pass from 5 to 50% strain. Extracting the Gauge factors (GFs) through linear fitting the
plot of (RCR versus applied strain. B: RCR of the wearable strain sensor based on Dragon skin/GNFs/Dragon skin hanocomposites
with 2 spray pass from 0.3 to 2.3% strain. C: The RCR response of the strain sensor with 2 spray pass under a tiny strain of 0.3%. D:
The RCR (at different encapsulation layer thickness) of the Dragon skin/GNFs/Dragon skin nanocomposites with 4 spray passes.

In another research, Nankali et al.' constructed a
highly stretchable CNT/polydimethylsiloxane (PDMS)
nanocomposite based strain sensor with a stretchability
of up to 60%. However, these stretchable strain sensors
demonstrated a maximum gauge factor of only 10. In
contrast, this work reports nanocomposite based strain
sensors comprising of GNFs/Dragon skin sensor materials
with high strain sensitivity and a wide sensing range at
the same moment.

To investigate the wearable sensor strain responsivity,
the micro-structural modifications were monitored
through the analysis of the optical micrographs taken
while stretching the GNFs/Dragon skin composites to
over 60% strain (Figure 3). When a small-strain of
10% is applied onto the wearable sensor, the GNFs
assembled onto the soft and epidermal-like dragon
skin silicone elastomers can maintain the electrical
conductance integrated owing to the highly efficient
percolative conductive pathways. After that, when a
large-strain of 30% is subjected onto the GNFs/Dragon
skin composites, structural cracks begin to appear and
upon further stretching, these cracks propagate owing to
the mechanical mismatch between the brittle conductive
films and the stretchable supporting materials, explaining

the rapid variation of the electrical resistance signal of the
wearable sensor to the applied strains.

Upon further subjecting these wearable sensors to a
large-strain of 60%, the rapid separation of GNFs occur
at the microcrack edges which dramatically reduces
the electrically conductive pathways within the brittle
GNFs, leading to a large electrical resistance variation
of the wearable sensors under applied stretching strains
demonstrating consistency with the high gauge factors
and RCR of these devices as illustrated in Figure 2. On
this occasion, the separation of GNFs exhibits a cut-
off distance and the electron transport occurs through
the quantum conductive junctions. The corresponding
equivalent electrical networks are schematically depicted
in Figure 3C.

In addition, it is worth to mention, the phenomena of
crack generation and propagation has been utilized as an
efficient mechanism to substantially enhance the strain
sensitivity of epidermal-like stretchable and wearable
strain sensors'’*'. The GNFs are extended from the
structural crack edges, these GNFs can effectively connect
the crack islands and gaps, ensuring the prominent
electronic transportation. As a result, the electrons can

https://doi.org/10.53964/id.2025004

Page5/13



https://doi.org/10.53964/id.2025004

Madhavan R. Innov Discov 2025; 2(1): 4

A §E RSN EE NI NI SN SIS NSNS NS SO EN NSNS NSO NN NN ENEEREANEEROEEEEEEEER

200pm

Graphite nanoflake/Dragon skin silicone
elastomer based nanocomposite

Electrode

Electrode

Skin-like dragon

=

elastomer

IStretching

Crack generation on the graphite nanonflake

sensor networks while stretching

Electrode Electrode

R,
_\/VVV\_ R Initial resistance of sensor
"  components
')
\' V: Power source
o/
R, . Resistance variation due
" to crack generation
M
R.: Resistance variation due
~ R, 2 to sliding ofnanoflakes
W
R,
R
R. Resistance variation due
R.=w ¥ to fully parted nanoflakes
(v} v
L

Figure 3. Working Mechanism of GNFs/Dragon Skin Nanocomposite Based Strain Sensor. A: Optical images
illustrating the crack-morphology of the GNFs/Dragon skin nanocomposites at various stretching strains of 0%, 30%, and
60%. Scale bar: 200pm. B: Corresponding schematic depicting the generation and propagation of micro-scale cracks in the
GNFs/Dragon skin nanocomposite upon stretching. C: Schematic depicting the electrical resistance networks of the Dragon
skin/GNFs/Dragon skin sandwich structured nanocomposite strain sensor at an unstrained state, small-scale stretched state,

and at a large-scale stretching, respectively.

still be transported through neighbouring GNFs between
the crack gaps even at a large-scale tensile strain, which
guarantees a wide sensing range. Owing to the high
sensitivity and a wide sensing range of the GNFs/Dragon
skin composite strain sensors, these wearable devices
can be of great applicability in healthcare and biomedical
engineering, biomechanics and kinesiology applications,
soft robotics and neuromechanics, and human machine
interaction™.

For investigating the dynamic sensing characteristics
of the wearable and stretchable strain sensors, the multi-
scale external strains were systematically and uniformly
subjected onto the devices (Figure 4A). During this
moment, the sensor output signals in terms of electrical
resistances were real-time monitored. The relative
resistance variation of the straight line-type wearable
devices ascends from 0 to 0.0386+0.00879, when the
strain range increased from 0 to a small-scale strain of
5%. In addition, change in relative resistance increased
further to 1.74+0.0719, and 1.89+0.0515, respectively,
when the strain range reached a large-scale level of 15,

and 20%, respectively, indicating the ability of these
wearable sensors in monitoring multi-scale strains, which
could be a benefit for full-range human health/motion
monitoring applications. Meanwhile, it can be noticed that
the RCR in general increased during the application of
tensile force. This typical characteristic can be regarded
as a positive strain effect’>’?!. In contrast, while reversing
the tensile force, the RCR decreased and shoulder peaks
were also noticed during the stretching-releasing cycles,
this shoulder peak can be regarded as negative strain
effect'””’®, which is an indication of the competition
between destruction and reconstruction of conductive
networks during dynamic cydlic strains”’>’*. Nonetheless,
the relative resistance variation demonstrated prominent
repeatability and stability in the multiple stretching-
recovering cyclic strains.

The RCR of the Dragon skin/GNFs/Dragon skin
nanocomposite strain sensors during the ten stretching/
releasing cycles at 10% strain at different strain rates of
0.20, 0.25, 0.30, 0.40, 0.50, and 0.75mm/s, respectively,
is shown in Figure 4B. It can be clearly observed that the
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Figure 4. The RCR of the Dragon Skin/GNFs/Dragon Skin Sandwich Structured Nanocomposite Strain Sensor
under Various Cyclic Tensile Loadings. A: Relative change in resistance (RCR) under different stretching strains. B: RCR for
different stretching strain rates (0.20, 0.25, 0.30, 0.40, 0.50, and 0.75mm/s) under a tensile strain of 10%. C: The response
time of the strain sensor under 5% strain. D: The response time of the strain sensor under a large-scale 30% strain. E: Stability
and durability investigation at a frequency of 1Hz under a large-scale tensile strain of 30% for more than 600 cycles.

strain sensors demonstrate negligible dependency with
respect to cyclic stretching-releasing in the tested strain
rate range of 0.20-0.75mm/s and exhibits prominent
recovery performance when the applied strain is reversed
indicating the high performance of the Dragon skin/
GNFs/Dragon skin sandwich structured nanocomposite
strain sensors. The baseline drift in the RCR signal at
higher strain rates can be attributed to the migration
as well as reorientation of the GNFs in the Dragon skin
matrix resulting in the alteration of original continuous
conductive pathways. Moreover, it can be noticed that

the RCR signal cannot fully reverse to its initial value in
first releasing process for each applied tensile strain rate,
which emanates from the hysteresis effect occurring
due to the viscoelastic stretchable supporting material
and perpetual destruction of the electrically conductive
networks.

In order to evaluate the response time of the as-
fabricated wearable strain sensors, instant stretching
(strain rate of 600mm-min™) was carried out under
both small-scale and large-scale strains of 5 and 30%,
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Figure 5. Small-scale Sensing by the Dragon Skin/GNFs/Dragon Skin Sandwich Structured Nanocomposite Strain
Sensor. The RCR of the strain sensor to (A) cheek movement, (B) eye blinking, (C) vocal cords vibration while phonating
different words, "Graphite", and "Nanoflakes", respectively, and (D) frowning. Insets: photos of a Dragon skin/GNFs/Dragon
skin sandwich structured nanocomposite strain sensor mounted onto a human cheek, canthus, larynx, and forehead with

corresponding motions.

respectively as illustrated in Figure 4C and 4D. For
wearable strain sensors, the response time is a crucial
parameter for the practical application of the Dragon skin/
GNFs/Dragon skin sandwich structured nanocomposite
strain sensors. The straight line-type sensors demonstrate
a super-fast strain responsiveness with response time as
low as 80ms, and 240ms, respectively under 5%, and
30% strain. The above mentioned results demonstrate
attractive perspectives in the detection of complicated
human motions.

Furthermore, the durability of the wearable strain
sensors was evaluated by subjecting them under large-
scale 30% strain for more than 600 stretch-release
cycles as illustrated in Figure 4E. It is observed that the
maximum value of RCR signal slightly declines in the initial
several stretching-releasing cycles, which results from
the formation of supplemental conductive pathways and
the rearrangement of conductive networks during the
dynamic cyclic strains. At a later stage, the electrical signal
remains consistent in the following cycles. Meanwhile,
the minimum value of RCR signal also can be unvaried
after several stretching-releasing cycles, implying stable
repeatability and durability of the stretchable strain

sensors. Minute performance degradation in the relative
resistance variation signal was observed under these
long-term stretch-release cycles, indicating prominent
mechanical resilience of the wearable devices.

The Dragon skin/GNFs/Dragon skin nanocomposite
was employed for wearable sensing applications to
monitor full-range human motions by laminating the
device onto various epidermal spots of the human body
with the aid of Skin-Tite, a bio-adhesive. Initially, the
wearable strain sensor presented here can also monitor
slight human physiological activity including blinking of
an eye, cheek motion as well as frowning, indicating
the emotional state of humans (Figure 5A, B, and D).
Human emotion detection is critical in the field of
human monitoring'®”’. During the cyclic muscle tissue
movements, the electrical resistance of this wearable
strain sensor varied with favourable reproducibility. After
that, when the wearable device was mounted onto the
human throat, the laryngeal prominence movements
and the vibration of vocal cords could be monitored and
spoken letters, such as “Graphite”, and “Nanoflakes”,
were effectively distinguished through the shape of the
RCR (Figure 5C). One can clearly identify distinctive
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Figure 6. Large-scale Sensing by the Dragon Skin/GNFs/Dragon Skin Sandwich Structured Nanocomposite Strain
Sensor. The RCR of the strain sensor to (A) bending process of a finger under different modes, (B) step-wise finger bending,
(C) elbow bending and holding, (D) wrist bending and holding, (E) closing process of the fingers, and (F) walking, running,
and squatting activity of a knee joint. Insets: photos of a Dragon skin/GNFs/Dragon skin sandwich structured nanocomposite
strain sensor mounted onto the finger knuckles, elbow, wrist, between the fingers, and knee joint with respective movements.

electrical response pattern for each of the words, implying
the ability of the stretchable strain sensor to monitor
phonation. Pronouncing the word “Nanoflakes” produced
a fast and sensitive response with a larger frequency
compared to that of the word “Graphite”. Hence, the
Dragon skin/GNFs/Dragon skin nanocomposite could be
utilized in speech monitoring and other human larynx
movement-related applications. Moreover, the open-close
postures of fingers were also monitored by laminating

the device in the middle of two fingers (Figure 6E).
The strain sensor demonstrated a relative resistance
variation in a step-wise manner while holding the device
at different bending angles, indicating its promising
potential in gesture recognition. These wearable sensing
applications demonstrate the significant potential of the
Dragon skin/GNFs/Dragon skin nanocomposite based
wearable devices in the field of healthcare and biomedical
engineering, gesture-controlled robotics, athletic
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Table 1. Performance Comparison of the GFs with Respect to the Maximum Strain Sensing Range
for Previously Reported Flexible/stretchable Strain Sensors

Sensor Type Fabrication process Materials GF Strain Range Ref.
Resistive Chemical vapor CNT embroidered 0.36 20% Shi et al.”””!
deposition graphene
Resistive Dry-Meyer-rod coating Graphite flakes/silk 14.5 15% Zhang et al.””!
fibers-Ecoflex
Resistive Drop casting CNT/PDMS 15 25% Li et al.”®"
Capacitive Capillary force AgNWs/PDMS 2 30% Kim et al.”*”
lithography
Resistive Roll-to-roll gravure Ag flake/PI 2.24 1.6% Park et al.”*”
printing
Resistive Dip coating, and roll- GNPs/Polyurethane 20 30% Wu et al.””"
to-roll process
Optical Drop casting Polystyrene-AuNCs/ 0.47 40% Fu et al.”*"
PDMS
Resistive Drop casting AgNWs/PDMS 8.32 20% Hashemi et al.”*”’
Resistive Spin coating, Constantan/PI-Ecoflex <1 50% Li et al.”™
lithography, and laser
cutting
Resistive Sputtering Platinum/Polyurethane 2,000 2% Kang et al.””
acrylate
Resistive Spray coating GNFs/Dragon skin 41,326.15 50% This work

performance monitoring, and virtual reality as well as
entertainment technologies™” .

Apart from monitoring small-strain mechanical deform-
ations, the wearable strain sensor also exhibits a reliable
responsiveness to large-strain human motions including
bending process of a finger, wrist, elbow, and knee joint
deformations (Figure 6A-D, and F). Different degrees
of finger joint bending were identified reliably using the
Dragon skin/GNFs/Dragon skin nanocomposite based strain
sensor, indicating its substantial potential in human posture
monitoring. The motions induced by the bending of human
wrist, arms, and human legs (during walking, running,
and squatting) were monitored in real-time continuously,
indicating the promising potential of the Dragon skin/GNFs/
Dragon skin nanocomposite based strain sensor in the
monitoring of sports activities, human motion monitoring,

and human-machine interfaces™.

Finally, the strain monitoring performance for previously
reported strain sensors have been compared with the
Dragon skin/GNFs/Dragon skin nanocomposite strain
sensor in Table 1. It can be noticed that the stretchable
strain sensors reported in this work demonstrates high
performance, indicating substantial potential for utilization in
future wearable electronic devices and soft machines.

4 CONCLUSION

In summary, this investigation presented the develop-
ment of high performance stretchable strain sensors
composed of GNFs networks sandwiched in between two

slabs of epidermis-like Dragon skin elastomers via a low-
cost, and scalable spray coating technique. The Dragon
skin/GNFs/Dragon skin sandwich structured nanocomposite
strain sensors demonstrated several fascinating merits
including ultra-high sensitivity (a gauge factor of 41326.15
in the strain range of 1.6-2.3%), a sensing range of up to
50% strain, prominent linearity, quick response time (80
ms), and excellent dynamic durability and cyclability (more
than 600 stretching-releasing cycles under a large-scale
dynamic tensile strain of 30%). The excellent dynamic
durability and cyclability can be attributed to the highly
elastic nature as well as the strong interfacial adhesion
between GNFs networks and Dragon skin elastomeric
matrix owing to the sandwich structure. Moreover, owing
to the simple device designs and structures, easy readout
mechanisms, and strong piezoresistivity, the Dragon skin/
GNFs/Dragon skin sandwich structured nanocomposite
strain sensors can be employed as a wearable monitor for
practical applications with favourable reproducibility and
stability.
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