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This work presents an interesting approach towards rapid manufacturing of multi-stripes based deflec-
tion sensors developed through printing technologies. The deflection sensor is made of multiple
small-scale strain sensing stripes sandwiched between consecutive conducting stripes. The drop-on-
demand inkjet printing is used to pattern silver (Ag) nanoparticles ink as conducting interconnects and
metallic stripes, whereas the piezoresistive sensing layer is obtained by mixing powdered carbon black
and MWNTs in PDMS base matrix, resulting into a conducting nanocomposite. Different physical, optical,

Ilffij;vtvi?lrgs" electrical, and adhesion-loss tests were performed as evaluation of the printing experiments. Deflection
Strain/Deflection sensors sensing was evaluated by mounting the sensors on opening cover-head of a plastic box to monitor dif-
Polymer ferent opening angles. Four detection angles at 0°, 10°, 45° and 90° were evaluated, for which the sensor

showed prominent response at each level. The plastic box was used to represent the fill levels of a waste
collection bin. The sensors will be advanced further by making an array of sensors where other param-
eters such as temperature, humidity, and concentration of the VOCs can also be monitored. All these
advancements will be headed towards smart waste collection that is an integral part of Smart Cities

Nanoparticles
Nanocomposites

development as well as internet-of-things (IoT) applications.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Printed electronics on unconventional substrates are grow-
ing swiftly, while new exciting applications are emerging as the
technology heads toward maturity [1-6]. Printing is an additive
manufacturing technology used to deposit solution-based mate-
rials in less processing steps on diverse planar and nonplanar
substrates [2,7-10]. The substrative procedures in standard clean
room processes involve more material wastage, increased man-
ufacturing time and are restricted to the use of finely polished
substrates such as electronic grade Silicon (Si) wafers [7,8,11]. As
against the multi-steps’ silicon micromachining, the direct printing
of functional materials on target substrates simplifies the pro-
cess, minimize the fabrication time and cost as well as reducing
the material wastage [1,12,13]. Various printing techniques have
evolved in-line with the rapid growth of printed and flexible elec-
tronics [14-18]. All these methods are distinguished based on the
operating principle, process-ability of materials with different rhe-
ological properties i.e. viscosities, surface tension and potentially
on the desired feature sizes on the target substrates [1,7,8,11].
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Recently, many proof of concept devices have been developed
with a special focus on sensors’ applications [19-25]. Among these,
the piezoresistive based strain sensors for deflection or deforma-
tion measurements are widely explored by utilizing combination
of multiple materials for synthesis of conductive nanocomposites
[19,20,26-29].

Piezoresistance is interesting for many applications especially
for monitoring of deflections resulting from tensile stress and strain
[30-33]. Conventionally, metallic strain gauges with varying resis-
tances as well as solid-state semiconductor devices with changing
mobilities against strain are used for piezoresistance based sen-
sors [31,34]. However, these devices are limited to certain shapes
and applications, and cannot be applied onto nonplanar surfaces
in a conformable fashion. Further, these materials and structures
have low gauges factors making it challenging for a wide range of
deflection sensing applications [34-36]. Therefore, polymer based
conductive nanocomposites are considered the most suitable alter-
native to address these issues and have thus been explored by
many researchers especially in the context of printed sensors
[30,36,37]. Most of the piezoresistive nanocomposite materials are
engineered and synthesized by mixing conductive nanofillers in an
elastomeric matrix [35,37-40]. They are mechanically flexible and
stretchable maintaining the electrical properties when mounted
on uneven surfaces and are bound to repeatable relaxation and
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Fig. 1. Design of multi-stripes based deflection sensor, (a). Top View, (b) cross-
sectional view.

contraction movements [31,34]. The change in bulk resistance as
a result of external applied force is used to determine the ten-
sile strain or level of deflection [36]. Conducting nanofillers make
micron-scaled interconnecting threads or contacting point within
the elastomeric matrix and percolation mechanism causes change
the resistance against external stresses and strains [31,41]. The
elastomeric based nanocomposites are capable of sustaining large
strains without significant loss in the physical texture and have
thus found attractions in highly sensitive strain related applica-
tions [42,43]. Although these polymer nanocomposites have the
challenges of non-linearity, hysteresis, and temperature drifts, they
are effective for large strains, simple and cost-effective to fabricate
[34,35,44]. These advantages make them a better choice of sens-
ing elements for applications requiring complaint integration of
materials.

A new approach towards rapid manufacturing of a deflection
sensor is proposed in this research based on multi-stripes of a con-
ductive and nanocomposite materials. Combination of each stripe
work as an individual strain sensor and the piezoresistive mate-
rials is sandwiched between two metallic contacts in a coplanar
fashion. Inkjet printing is adopted for printing the metallic inter-
connections, pads, and stripes. Blade casting is used to deposit
the nanocomposite material. Silver (Ag) nanoparticles’ based ink
(obtained from ANP inks) is printed using inkjet system. A combi-
nation of MWNTs (multiwall carbon nanotubes) and carbon black
ink are mixed in PDMS (polydimethylsiloxane) base matrix. Differ-
ent mixing ratios were used to optimize the sensor performance.
The nanocomposite is deposited through a hard mask prepared in
a thin plastic sheet using blade casting technique. Different physi-
cal, optical, electrical and piezoresistive sensing performances are
evaluated in planar as well as in bent conditions.

2. Materials and methods
2.1. Design

Designing multi-stripes based strain sensor allows for rapid
detection of longitudinal changes occurring in a structure. Each
stripe works as a localized strain sensor and combination of multi-
ple stripes form an array that enables covering large area of strain.
The piezoresistive stripes are sandwiched between consecutive
conducting bands, which enhances the performance of overall sen-
sor and amplify the detection especially for the structures bending
atmultiple angles and at different joints. The alternate combination
of multiple sensing stripes is useful for large area coverage. Data
from the individual sensing stripe subjected to deflect is passed on
to the contacting pads through neighboring conducting band and
unobstructed sensing stripe. This would ultimately help in reducing
the conduction losses as well as the response time of the sensor that
might be occurring in large area structures. Fig. 1(a and b) shows
schematics of the top and cross-sectional views of the proposed
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strain sensor. Length of the sensor is kept at 15 mm connected by
pads, whereas length and width of each sensing stripe is 1 mm
correspondingly.

2.2. Substrates

Substrates play significant role in the design of printing exper-
iments and their selection is primarily based on the target
application determined by the physical, thermal, mechanical, and
electrical properties. Polymer substrates are the most suitable
as they are lightweight, conformable, cost-efficient, and ideal for
wearable and portable applications [12]. Glass transition tempera-
ture (Tg) is one of the most important parameters to be considered
for adopting polymer-based substrates for printed electronics. Tg of
the substrates determines the thermal budget of the whole man-
ufacturing process and therefore selection of all the constituent
materials and processes for a device are reliant on the polymer
substrate [1]. This research employs cellulose mixed polymer sub-
strates i.e. Clarifoil obtained from Celanese (UK). The 50 pm thick
substrate with Tg of 140 °C, surface energy ~42 dyn/cm, trans-
parency 91 %, specific gravity of 1.32 and surface roughness of
~10nm (rms), was selected for the printing experiments. Substrate
were cleaned with deionized (DI) water followed by a dehydration
step. AUV ozone treatment was performed for 3 min before printing
experiments.

2.3. Electrodes materials

The electrical conducting patterns are developed by using Ag
nanoparticles based solution. Ag ink especially developed for inkjet
printing was purchased from ANP (DGP 40LT-15C) and used with-
out any further modifications. Ag nanoparticles loading of ~38 % in
ethylene glycol is at the right viscosity range i.e. ~10 cP required
for drop on demand inkjet system.

2.4. MWNT/Carbon/PDMS nanocomposite

The nanocomposite solution was synthesized by mixing
MWNTs (multiwall carbon nanotubes, product no. 412,988), Car-
bon black (product No. 699,624) and PDMS (polydimethylsiloxane)
(Dow SYLGARD 140) matrix. Incorporating only MWNTSs in PDMS
require higher concentrations of the conductive fillers, which are
more challenging for printing processes. A low percolation thresh-
old is desired to retain the static as well as dynamic mechanical,
physical and electrical properties of MWCNT/PDMS composites.
Uniform dispersion of nanofillers is of prime importance and
contributes mainly to performance of the sensors. Therefore, to
enhance the solubility and reduce MWNTSs content in PDMS, carbon
black ink was used as a precursor. Powdered carbon black pur-
chased from Sigma Aldrich and mixed in chloroform at ~10 wt.%.
The solution was stirred manually and for uniform dispersion, solu-
tion was sonicated at a frequency of 40 kHz for 30 min. MWNTSs
purchased from Sigma Aldrich having outer diameters of 6—9 nm,
length 5 wm and ~2.5 g/mL density at room temperature. MWNTs
(at 5 wt. %) were also dispersed in chloroform through mechan-
ical stirring and kept in ultrasonic bath at frequency 40 kHz for
30 min. After uniform dispersions, both the solutions of carbon and
MWNTSs were mixed at 2:1 respectively. Further, PDMS (Dow Corn-
ing Sylgard 184) was mixed with the prepared solution followed by
mechanical stirring for 10 min. Composite solution was kept again
in ultrasonic bath at 40 kHz for 3 h. Cross-linking agent was added
in 10:1 into the composite and degassed completely in a desiccator.
After degassing steps, nanocomposites were printed at the desired
positions using a blade casting procedure. Schematics in Fig. 2 show
the process flow of synthesizing nanocomposite solution.
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Fig. 2. Steps for synthesizing nanocomposite material.

3. Printing experiments
3.1. Inkjet printing of Ag

Ag nanoparticles ink was used to print the electrical intercon-
nections, pads and conducting stripes using piezoelectric actuation
based Dimatix 2850, Inkjet printing system. Dimension of the
interconnections, sensing stripes and inter-stripes spacing were
experimentally validated and the optimized designs were selected.
To maintain the electrical conductivity under bending conditions,
width of the interconnections and sensing stripes were kept at
1 mm. A 10 pL nozzle printhead was used for the Ag printing.
Substrates were properly cleaned, and surface activated before
printing. Deionized (DI) water was used to clean the substrate,
followed by drying using nitrogen. UV (ultraviolet) ozone treat-
ment of 3 min was performed after dehydration step. This time
was optimized experimentally by changing the treatment time
and observing the corresponding print quality. Important printing
parameters such as jetting waveform, drop velocity (at 7 mm/sec),
platen temperature (45 °C), jet frequency at 2 kHz, print stand-
off from platen at 500um, and drop-to-drop spacing of 25 pm
were optimized and selected in the Dimatix drop manager soft-
ware. Three layers were deposited to increase layer thickness. This
contributes significantly to enhancing the electrical conductivity as
well as the mechanical robustness and adhesion of the Ag patterns
to the target substrate. The final step of drying the ink was per-
formed in an oven at 100 °C for 4 h. The increased time is sufficient
to produce stronger adhesion and electrical conductivity.

3.2. Printing nanocomposite

The inter-stripes’ spacing of printed Ag was filled with
carbon/MWNTs/PDMS-based nanocomposite using the doctor
blade coating technique. The substrate was treated again with UV
ozone after completing the sintering of Ag patterns. This allows to
surface modification of the substrate resulting into uniform dis-
persion and strong adhesion of the nanocomposite material on the
target substrate. As the nanocomposite is more viscous as com-
pared to the Ag solution, a hard mask with corresponding opening
for the stripes at desired spacings is used for the patterned depo-
sition. A laser scribing tool was used to prepare the hard mask in a
thin sheet of plastic. Thickness of the plastic sheet determines the
deposition of sufficiently thick layer of the nanocomposite. There-
fore, to achieve sufficient thickness and easy processability, 150 pm
thick plastic sheet was selected for the hard mask. Internal sides of
shadow mask openings were lubricated with petroleum jelly that
makes the lift-off easier after the drying step. A moderately warm
platen (i.e. 50 °C) is desirable for uniform distribution as well as

rapid evaporation of the residual solvents. Two coating cycles were
executed at an inter-layer delay of 10 min. The samples were kept
at 70 °Cfor 2 h as a partial curing step. This allowed the safe removal
of the masking sheet before keeping the samples for complete poly-
merization of the PDMS at 90 °C overnight. An encapsulation layer
by using only a thin layer PDMS is applied. ZIF (zero insertion force)
connectors were used to connect to the pads for the signal readout.

4. Results and discussion

The printed Ag conducting patterns as well sensing piezoresis-
tive layers were characterized to determine the different physical,
electrical, and electro-mechanical properties required for the reli-
able performance of a strain sensor. In case of Ag patterns, the
uniformity, layer thickness, and adhesion-loss tests are of prime
importance for the electrical conductivity and reliability of the
printed patterns on polymer substrates. Profilometry, adhesion and
performance of nanocomposite stripes is also determined at differ-
ent orientations. Finally, the piezoresistive response of the sensors
is checked at different angular deflections on practical applica-
tions. Results based on the physical characteristics and responses
with both materials are investigated and discussed in the following
sub-sections

4.1. Sheet Resistance of the conductive patterns

Sheet resistance of the Ag patterns is important be to be mea-
sured both in planar and in bent mode. As the sensor is aimed
to be deployed on a bending or deflecting objects, therefore any
drop in the electrical conductivity during varying conditions need
to be pre-determined. Four-point collinear probe (Weistron) sys-
tem was applied utilizing high impedance voltmeter for current
and voltage analysis (configuration shown in inset of Fig. 3). The
probes are equally spaced, where the outer two probes are used
to source current while the inner two probes are used to measure
the voltage drop across the test sample area. The sheet resistance
measured both in the planar and bent (50 mm diameter) showed
no significant difference. The sheet resistance values obtained i.e.
~ 13.2-13.8 €2/sq, are in the close ranges as provided by the sup-
plieri.e. 11-12 2/sq. Fig. 3 shows results of the sheet resistance in
planar and bent mode.

4.2. Optical characterization and adhesion-loss test

Optical characterizations of the printed Ag and nanocompos-
ite layers were performed using optical microscope as well as SEM
(scanning electron microscope). It is important to observe the print
quality and uniformity of the printed structures. Fig. 4(a-c) shows



S.Khan, S. Ali, A. Khanetal.

105

Planar -+

50 Bent-15mm Radivs  —&—

. -

60

Bent
Rs=13.8Q/5q
Correction Factor 4.53

—_—

0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32
V (mV)

Planar
Rs =13.24 Q/Sq
Correction Factor 4.53

I (na)

45

Fig. 3. Sheet resistivity in planar and bent mode (radius 25 mm) of substrate.

optical micrograph of the printed sensing structures, SEM images
of Ag and carbon/MWNTs/PDMS nanocomposite, respectively. It
is clear from the SEM images that a very uniform layer of the Ag
patterns is obtained, as the ink is comprised of single type of mate-
rial with uniform average size of the Ag nanoparticles. A uniform
agglomeration of these nanoparticles is desired after complete sin-
tering, which is ideal for better performance of the sensing devices.
Nearly uniform distribution of the nanofillers is obtained for the
nanocomposite layer as shown in Fig. 4(c). Micron-scaled agglom-
eration sites of the carbon/MWNTSs at random positions within the
PDMS matrix are observed, showing increased contacting chan-
nels for the electrical conduction within the PDMS bulk. Thickness
of both Ag and nanocomposite layers are determined by using a
mechanical profilometer. The three inkjet printing cycles produced
approximately 1 wm thicker layer, whereas the nanocomposite
layer thickness is about 50 p.m. Optical 3-D Nano-Profiler is used for
the surface morphology. Ag is observed to have very smooth surface
as obvious from the uniformly dispersed nanoparticles solution as
well as from the ideal printing conditions. The surface roughness for
Ag observed is about 20 nm RMS (root mean square). On the other
side, the nanocomposite layer surface is more rougher as also can
be seen in the SEM image of Fig. 4, and this is due to the agglomera-
tion peaks occurring from the MWCNTSs. An approximate value for
the surface roughness observed for multiple nanocomposite layers
is in the range of 450—500 nm (RMS). These values are acceptable
and are observed to have least effect on the sensor performance.

SEM LEI 1.0kV X3000 WD 13.7mm 1um
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The adhesion-loss test was performed at multiple orientations
by using standard peel-off test. The tests were performed at differ-
ent stages i.e. in planar mode and after multiple bending cycles. No
adhesion-loss in the Ag patterns were observed before and after
executing the bending cycles. However minor detachment of the
nanofillers is observed from the top surface of the nanocomposite
layer. The bulk layer remained firmly in contact with the substrate
without any significant degradation or cracks in the physical struc-
ture of the nanocomposite layer. This measurement was repeated
for more than hundred bending cycles resulting into no delamina-
tion of any of the printed layers.

4.3. Electrical conductance of the combined stripes

Electrical conductance of the whole structure is of particular
interest as the percolation threshold of the nanofillers is tuned
based on the electrical response of printed nanocomposite layer.
The effective utilization of these nanocomposites for sensors and
conductive structures is governed by their actuation mechanism
that is based on the quantity, orientation and conductive channels
generated by the nanofillers in the polymer matrix. The electrical
conductance is often modeled by considering the filler resistance
(R¢) and the contact resistance (R¢) as described by Eq. 1. The con-
tact resistance in turn is contributed by the constriction resistance
(Rcr) through the small area between fillers and the tunneling resis-
tance (Rt) between thin polymeric layers or surfactant coating on
the conductive fillers. Fig. 5 shows the trending line of increasing
nanofiller concentration, where a critical threshold value is needed
to acquire sufficient conductive channels within the bulk matrix.
The percolation threshold is the minimum required filler concen-
tration at which, besides the establishment of sufficient conductive
channels, mechanical properties of the matrix materials are also
retained. Concentrations (i.e. 10 and 5 wt.%) used in this research
were selected based on the experimental outcome of the electrical
as well as mechanical properties of the nanocomposite layer. Sen-
sors were tested in planar as well as deflection modes for electrical
conductivity measurements. Fig. 6 shows graph of the resistance
response of the sensor when placed on a planar surface as well as
bent in a concave fashion at an angle of 70°. A source meter is used
to record the resistance variations in the sensors both in planar
and bent conditions. The base resistance is stabilized by placing
the sensor on a planar surface for 125 s, and it is clear from the
graph (Fig. 6) that very less variation is occurring until the sensor

1.0kV X3,000 WD 11.3mm

Fig. 4. (a) Optical micrograph of the strain sensor, (b). SEM of Ag layer, (c) SEM of Carbon/MWNTs/PDMS printed layer.
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is bent at an angle of 70°. Resistance of the sensor decreases from
2.995 k€2 to 2.935 k<2 as the sensor is deflected in a concave fash-
ion partly due to the compressed conductive nanofillers enhancing
further the conducting channels within the matrix. Significant vari-
ation of 60 2 in the base resistance of the sensor at 70° deflection
is sufficient enough to monitor minute deflections. Responsivity of
the sensor (shown in Fig. 6) is monitored for more than 80 % varia-
tion in the base resistance that is reached within a short period of
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3 s. This deflection is made gradually and stopped after reaching at
an angle of approximately 70°. However, the restoration to initial
values is very abrupt and the base resistance is reached within 1 s
as soon as the sensor is released to the normal planar position. No
hysteresis is observed, and the initial resistance values are restored
within 2 s making the sensor highly responsive to angular deflec-
tions. The elastomeric property of PDMS offers slight deformation
after compressing or stretching the bulk layer within the elastic
limits of PDMS. The change in bulk resistance due to this percola-
tion mechanism can be exploited for piezoresistive related actions,
where the applied force or elastic strain is correlated with resis-
tance variations. The sensor is further evaluated for deflection at
various angles by using a custom made setup (shown in the inset of
Fig. 7). Both ends of the sensor were fixed in the clamps of the setup
to allow the deflection at central part of the sensor patch while elec-
trically connected to the sourcemeter. Effective length of the sensor
is 15 mm and the system is deflected at various angles ranging from
0° to 90°. Resistance of the sensor is measured at each incremental
angle of 150/step, as shown in Fig. 7. The change in resistance is
almost linear as seen in Fig. 7 (a) with respect to the corresponding
angular deflection. Resolution of the sensor approximated in this
configuration to about 0.85 €2/6°. Fig. 7(b) shows the sensitivity
graph, determined from the measurements acquired for angular
deflection shown in Fig. 7(a). The data presented in Fig. 7(a) is
observed to be repeatable without any significant variations when
the sensor is tested for at least twenty times. The error bars show
the accuracy level of the sensor when tested at corresponding angle
twenty times each. This showed a minimum variation of about +£1£2
randomly at each recorded value. This variation however might be
due to the physical handling of the sensor and gradual change of
the deflection angle manually. This could further be improved if
an automated system is used where abrupt change in the angular
deflection is made possible. Hysteresis in the sensor response is also
evaluated by bending and releasing at the same rate and angular
deflection as shown in graph of Figs. 8 and 9. Comparing the cor-
responding values at each angular deflection, it is observed that a
negligible amount of hysteresisis presentin the resistance response
of the sensor (approximately 1£2), which again could possibly be
due to the manual handling of the sensor for angular deflection.

Rrotai= Re+Rer+R1 (1
4.4. Deployment on objects

Sensor was deployed on the opening cover of a closed box to
demonstrate the practical application. Placement of the sensors
on small box is aimed to investigate the different opening condi-
tions of a box head-cover. As the sensors are partly planned for

il AR

-0.005 Sensitivity = =
& -0.01
2
=
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A AR =Rb-Ra

-0.02
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0 20 40 60 80 100
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Fig. 7. (a) Sensor response in terms of resistance variation against various angular deflections and testing 20 times each at corresponding angle, (b) Sensitivity of the sensor.
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development of a smart waste collection bin, where the sensors
will be installed to monitor the fill level of the container. Different
opening scenarios of the box’s head-cover are considered in this
investigation. The analogy is based on different conditions, keep-
ing in mind the different fill levels of the waste bin. For instance,
the unfilled condition is determined by reading the base resistance
of the deflection sensor. A small angular deflection i.e. 10° upwards
by the opening cover is considered initial alarming signal of the fill
condition. Further deflection of about 45°, show completely filled
condition, whereas a deflection of 90° is considered overfilled con-
dition. Figs. 8 and 9 shows all these four states of the head-cover by
using a small, closed box for lab level tests. The sensor was deployed
on the permanently locked side of the box and one side is free to
deflect upon opening of the head-cover. The corresponding resis-
tance responses were recorded by using Keithly sourcemeter. The
sensor is attached such that one side is fixed and other end is free
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Fig. 10. Resistance response of the sensor to different angular orientations of the
head-cover.

to move with the changing position of the opening cover. Configu-
ration and orientation of the sensor is against the orientation of the
opening cover. When the head-cover is at an angle of 90°, the sen-
sor deflection is at 0°, whereas at the closed head-cover position,
the sensor deflects at 90°. Fig. 10 shows graph of the resistance
responses at each angular deflection considered in this study. A
prominent variation of 132 and 602 were recorded both for the
minimum deflection of 10° as well as for the 90° orientation, respec-
tively. Considering the changing climatic conditions, especially the
warm conditions of Gulf countries, the sensors were tested within
the range of 25-50 °C. Fig. 11 shows temperature response for the
four different measuring tests performed on the same sensor sam-
ple. The change in temperature variation is in very close range for
all the four tests. An average change in resistance variation of 13 2
in the bulk is recorded against a temperature rise from 25 °C to 50
°C. This temperature response needs to be adjusted or filtered out

Completely filled condition and
sensor is at deflection of @ 45°

Unfilled condition and sensor
1s at deflection of 90°

Fig. 9. Different fill scenarios of the small box head-cover.
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while monitoring the fill condition of the waste bin placed in out-
door environment. One possible solution is to use the same type of
sensor explicitly for temperature monitoring. The increase in resis-
tance due to temperature rise will be added as an offset value and
subtracted from each corresponding resistance value of the fill level
monitoring sensor.

5. Conclusion and future work

Multi-stripes based deflection sensor is presented in this
research for monitoring of wide range of angular orientations. The
nanocomposite material obtained from mixing of carbon black,
MWNTs and PDMS is sandwiched between Ag conductive bands
in a coplanar fashion. Each stripe works as a discrete strain sen-
sor, which is ideal for applications exposed to uneven tensile strain
or deflections at multiple joining points. The physical, optical, and
electrical properties of the sensor were evaluated. The adhesion-
loss test performed in the planar as well as bend conditions showed
astrong adhesion of the printed materials to the polymer substrate.
Electrical properties of the metallic patterns were also evaluated
in planar and bent modes to make sure; these structures do not
contribute in the piezoresistance response of the sensor. Finally,
the sensors were mounted on a plastic box to represent a waste
collection bin, where the various fill-level scenarios such as filled
and overfilled conditions were investigated. The sensor can detect
the deflection caused by opening of the head-cover at minimum
angle as 10° and maximum at 90° at which the head-cover is com-
pletely flipped up. The presented results are very promising for
deployment of deflection sensor on large area surfaces for real-time
monitoring of strain related activities. The sensors will be advanced
further by making an array of different sensors, where other param-
eters such as temperature, humidity, and concentration of the VOCs
(volatile organic compounds) can also be monitored in a waste bin.
All these advancements will be headed towards smart waste collec-
tion methods that is an integral part of Smart Cities development
as well as IoT (internet of things) applications.
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