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A highly sensitive body motion sensor has been fabricated based on a com-
posite active layer of zinc stannate (ZnSnO3) nano-cubes and poly(vinylidene
fluoride) (PVDF) polymer. The thin film-based active layer was deposited on
polyethylene terephthalate flexible substrate through D-bar coating tech-
nique. Electrical and morphological characterizations of the films and sensors
were carried out to discover the physical characteristics and the output re-
sponse of the devices. The synergistic effect between piezoelectric ZnSnO;
nanocubes and f§ phase PVDF provides the composite with a desirable elec-
trical conductivity, remarkable bend sensitivity, and excellent stability, ideal
for the fabrication of a motion sensor. The recorded resistance of the sensor
towards the bending angles of —150° to 0° to 150° changed from 20 MQ to
55 MQ to 100 MQ, respectively, showing the composite to be a very good

candidate for motion sensing applications.
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INTRODUCTION

With an increasing amount of research being
carried out in the field of artificial skin for advanced
robotics, flex and strain sensors are among the
major components being studied for this purpose.
Other applications of flex sensors include gesture
controlled human machine interface devices,'™
interpretation of sign language by mounting them
on glove fingers,>® health monitoring devices to
measure the muscle joint angle and muscle-induced
movement,” ! and so on. Flex sensors are a simpler
form of strain sensors that are only able to detect
bending when compared to strain sensors that can
also measure elongation or strain. This simplicity,
though, limits their operation and application scope,
yet makes the flex sensors easier and cheaper to
fabricate compared to strain sensors.? The working
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principle of most common and cheap flex sensors is
usually based on the change in resistance of the
device upon bending at different angles relative to
its straight position.'? Another famous type of flex
sensors include fiber optics-based sensors that
detect the bending as a function of change in their
refractive index and power output.'® Two-dimen-
sional stress and flex sensors based on metal-oxide—
semiconductor field-effect transistors have also been
fabricated with a very low detection range and
percentage sensitivity and high error.'*

Resistive sensors, however, are the main focus of
current research owing to their low cost and ease of
fabrication and use. With the advancement in
materials sciences, a wide variety of other materials
ranging from carbon nanotubes (CNTs), nanowires,
nanoparticles, conductive polymers, graphite along
with its derivatives, and composites of some con-
ductive polymers with piezoresistive materials have
been studied for their contribution to specific appli-
cations in strain sensing.'®'® Conductive polymer
composites show a great potential in piezoresistive
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devices.'®22 Graphene, graphene oxide, its deriva-
tives, and conductive polymers have been deployed
to fabricate resistive strain sensors with good
sensitivity, but their mechanical durability and
stability are not ideal.?*%¢ Single-walled and mul-
ti-walled CNTs have also been used for piezoresis-
tive strain sensors due to their unique
electromechanical properties.?®®! Strain sensors
based on piezoelectric ZnSnO3 nano-/microwires
and their composites with ZnO, CNTs, and other
piezoelectric non-polymeric materials have been
fabricated, but their durability and sensitivity is
not ideal for real-life applications.?” Similarly, sen-
sors based on piezoelectric polymeric materials like
PVDF and its composites with ZnO nanowires have
been fabricated with an improved performance.!?:33

In this work, a composite of zinc stannate
(ZnSnOs3) and poly(vinylidene fluoride) (PVDF) has
been used as the active layer on polyethylene
terephthalate (PET) substrate for flex sensing in
both positive and negative bending directions.
Although ZnSnO; has excellent piezoelectric prop-
erties but its thin film structure is not very robust
for sustaining high deformation through bending in
both directions. To counter this issue, the PVDF
polymer has been introduced to help bind the
ZnSn0O3; nanocubes together, while maintaining
the piezoelectric properties of the film. The effects
of the sensor dimensions and the film thickness on
their performance has also been investigated. The
sensors exhibit excellent responses towards bending
angles between —150° and 150° with almost 40%
reduction in 0° intrinsic resistance at —150° bend,
and a 60% increase at a bend of 150°. A detailed
comparison of a wide range of strain and flex
sensors based on materials, working principles,
sensitivity, stability, and durability has been pro-
vided in supplementary information Table 1.

EXPERIMENTAL
Material Synthesis

The cubic crystals of zinc stannate (ZnSnO3) were
synthesized through a hydrothermal process®* from
zinc sulfate heptahydrate (ZnSO47H5;0) and
sodium stannate trihydrate (NaySnOs33H,0) pre-
cursors. Both the precursors were purchased from
Duksan Pure Chemicals, South Korea. The forma-
tion of ZnSnO3 nanocubes was confirmed by x-ray
diffraction (XRD) spectroscopy, field-emission sur-
face electron microscopy (FE-SEM), Fourier trans-
form infrared (FTIR) spectroscopy, and Raman
spectroscopy.>* PVDF powder, average Mw ~
534,000, was purchased from Sigma. The solvent
[N,N-Dimethylformamide, ¥ HCON(CHj3);, pur-
ity 2 99.5%] (DMF) was purchased from Daejung
Chemicals, Korea, and acetone [CH3COCHj3] was
purchased from Kanto Chemicals, Tokyo, Japan.

PVDF is a semi-crystalline non-centrosymmetric
polymer which exhibits piezo-, pyro- and ferroelec-
tric properties. It is a linear polymer that exhibits

permanent electric dipoles perpendicular to the
direction of the molecular chain. These dipoles are
the result of the difference in electronegativity
between the atoms of hydrogen and fluorine with
respect to carbon. Depending on the processing
conditions, PVDF exhibits several different crys-
talline phases that include ¢, f3, y, and § phases. The
f phase of PVDF is exhibits the best piezoelectric
properties.'® The structure of the o and f phases of
PVDF are shown in Fig. 1 along with the crystal
structure of ZnSnO3; nano-cubes.

Ink Preparation

Liquid inks were necessary for the fabrication of
sensors owing to the implementation of all printing
methods in this research work. The ink for the
active layer was formulated by first preparing a 15
wt/vol.% PVDF solution in 20 mL of 1:1 DMF and
Acetone solvents. The solution was kept on mag-
netic stirrer at 1200 rpm for 4 h at 50°C. After the
formation of a homogenous solution of PVDF, 4 wt/
vol.% ZnSnOs; nanocubes were added into the
solution that was again magnetically stirred over-
night at room temperature. In order to get a fine
and homogenous dispersion of ZnSnO3; nanocubes in
the solution, the solution was probe sonicated for
20 min with parameters of 5 s pulse-on, and 2 s
pulse-off. The composite ink was ready to be
employed in device fabrication at this stage.

Sensor Fabrication

The active layer of the sensors was fabricated
using the D-bar coating technique that is a simple,
cost-effective, and scalable method for thin-film
fabrication. The D-bar coating system and its com-
ponents are presented in Fig. 2.

Before starting the deposition of the active layer,
the PET substrates were first cleaned and then UV-
treated for 10 min as a hydrophilic treatment of
PET to facilitate the deposition of the ZnSnOs/
PVDF active layer. The system photograph pre-
sented in Fig. 2 shows a steel rod that rolls over the
substrate surface for the fabrication of thin films.
The roller does not touch the substrate directly but
there is a gap of the order of a few microns between
the roller and substrate. The thickness of the
deposited film is controlled by adjusting this gap.
A larger gap means a higher film thickness and vice
versa. After the substrate is placed in position on
the printing bed, the rod is moved to the desired
height through manual adjustment of the pneu-
matic control knobs. Once the desired bar height is
set, ink is supplied that covers the rod surface which
is then slowly rolled on the substrate for thin film
deposition. After the deposition of the active layers,
the samples were dried at 60°C overnight in fur-
nace. Smaller sensing devices of desired sizes and
shapes were later cut off from the main sample.
Copper tape was used as electrical contacts
for response measurement. The step-by-step
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Fig. 2. (a) The semi-automatic D-bar coating system with (b) inset showing the substrate, steel bar in the fixture, and springs for pressure

control.

fabrication process and the final device images are
presented in Fig. 3.

Sensor Characterizations

The physical, morphological, and electrical char-
acterizations of the sensors were performed to
evaluate the performance and attributes of the
devices. Optical microscopy was performed at dif-
ferent magnifications using an Olympus BX51M
colored microscope. The surface morphology and
film thickness of the films was investigated using
Jeol JSM-7600F field emission scanning electron
microscope. 2D and 3D surface profiles of the films
were obtained using a NanoView high accuracy non-
contact surface profiler. The electrical response of
the sensors was measured using an Applent AT825
digital LCR meter that was connected to a computer
through a USB interface for data logging, plotting,
and processing. The schematic diagram of the
electrical response measurement setup is presented
in Fig. 4.

RESULTS AND DISCUSSION

Optical microscopic images of the composite based
films are presented in Fig. 5 showing the deposition
quality over large areas. The results confirm the
deposition of high-quality films with no visible
cracks or deformities. They also indicate that the
surface roughness of the films is expected to be very
high due to the formation of a high-viscosity sus-
pension of ZnSnOg in PVDF solution.

To measure the surface roughness and confirm
the predicted film morphology from optical micro-
scopy, 2D and 3D surface profiles of the films were
measured and the results are presented in Fig. 6
and show that the average roughness of the films is
1.4 yum while the maximum z-axis roughness can
reach up to 16.8 ym which ascertains the prediction
made on film roughness through the microscopic
images. High surface roughness provides high
physical mobility to the films enabling the operation
of sensors for a wide range of bending angles, i.e.
—150° to 0° to 150°.
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Fig. 3. (a) Schematic illustration of the sensor fabrication process with inset showing the actual sensors having dimensions of (b)

3.5cm x 2cm, and (c) 3.5cm x 1 cm.
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Fig. 4. Schematic diagram of the setup used for measuring the resistive response of the sensors against different bending angles.

Scanning electron microscopy of the films with
different thicknesses was performed and the results
are presented in Fig. 7. Both surface morphology
and film thickness can be observed through the
surface SEM and cross-sectional SEM, respectively.

The low-resolution surface profile presented in
Fig. 7a clearly indicates the presence of ZnSnOj
nanocubes embedded inside the polymer PVDF
matrix. The high-resolution surface image pre-
sented in Fig. 7b shows micropores and loosely
arranged particles in the film displaying room for
their mechanical movement upon the application of
external force through bending. This enables the

films to have a piezo-resistive effect that can be used
for flex sensing applications. The application of force
in the inward direction improves the connection
between the particles, thus reducing the film resis-
tance and vice versa. The cross-sectional SEM
images presented in Fig. 7b and d for the two
different samples indicate the thickness of the
active layers to be ~2 ym and ~1 um. The physical
morphology of the films was not much affected by
changing the film thickness. The effect of thickness
on the electrical response of the sensors are pre-
sented in Fig. 8a and b. The results show that both
sensors show excellent responses upon bending and



4176

Yang, Aziz, Mehdi, Sajid, Jagadeesan, and Choi

Fig. 5. Microscopic images of the PET substrate coated with ZnSnOs/PVDF composite film at different magnifications of (a) x5, (b) x20, (c)

x50, and (d) x100.
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Fig. 6. (a) 2D and (b) 3D surface profiles of the ZnSnOs/PVDF composite film.
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that their resistance changes with changing the
bending angle. The intrinsic resistance of the sen-
sors with lower film thickness is higher than that of
the thick film sensor as expected.

After determining the effect of film thickness, the
effect of sensor dimensions was investigated by
fabricating two different sensors of varying dimen-
sions. The resistance of the fabricated sensors
depends upon the physical properties like length,
width, and bend angle, etc. The change in resistance
of the different sensors was measured against the

bending angles for both the sensors with varying
dimensions, and the results are presented in Fig. 9.

It can determined from Fig. 9a that the intrinsic
resistance of the sensor with dimensions
3.5cm x 2cm is in range of 10s of MQ's and
switches stably between ~13 MQ to ~40 MQ for
—150° to 150° bend angles. The intrinsic resistance
of the sensor with dimensions of 3.5 cm x 1 c¢m is
around twice in magnitude compared with that of
the wider sample and switches between ~20 MQ to
~100 MQ for —150° to 150° bend angles, as
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Fig. 7. SEM images of the fabricated films showing (a) surface profile at low magnification, (b) cross-section of sample 1, (c) surface profile at

high magnification, and (d) cross-section of sample 2.
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Fig. 8. Resistive response of the sensors with film thickness of (a) 2 um and (b) 1 um.

presented in Fig. 9b. This behavior clearly shows
the effect of width on the sensor’s resistance. The
smaller the width, the lower the overall resistance
of the sensor, and the factor of change is almost
proportional to the ratio of the sensor widths. The
sensors were then tested for their durability by
recording their resistive response after flexing and
bending them for multiple numbers of cycles. The
results of the durability test with the sensor
response curves after bending for 0 cycles, 500
cycles, and 1000 cycles are presented in Fig. 10. The

results show that the sensors show very stable re-
sistive response even after bending for up to 1000
cycles.

This indicates the high robustness of the sensors
and prove their worth to be deployed in real-life
applications. This highly stable behavior of the
sensors is mainly due to the presence of the PVDF
polymer that acts as a binding matrix for zinc
stannate and prevents cracking and other perma-
nent mechanical deformations in the active
layer.
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Fig. 9. Response of the sensor for bending angles of —150° to 0° to 150° with dimensions of (a) 3.5 cm x 2 cm and (b) 3.5 cm x 1 cm.
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Fig. 10. Durability test of sensor with dimensions 3.5 cm x 1 cm
after bending for up to 1000 cycles.

CONCLUSIONS

In conclusion, it can be stated that ZnSnOs/PVDF
composite thin films were fabricated and were
employed successfully as a body motion flex sensor
for measuring minor angular changes in posture.
The piezo-electric  phase of PVDF polymer and the
octahedral structure of ZnSnOj3 in composite form
display excellent piezo-resistive properties and
exhibit large changes in electrical resistance upon
bending. The polymer also provides a binding
matrix for the ZnSnO;3 cubes resulting in a robust
piezo-resistive thin film. This feature is exploited to
fabricate a highly stable motion sensor that can
detect minor angular movements and can be used
for applications like artificial skin. The maximum
change recorded in resistive response of the sensors
was ~20 MQ to ~100 MQ for bending angles of
—150° to 150°. Durability tests for up to 1000

bending cycles show the excellent robustness, sta-
bility, and repeatability of the sensors.
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