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A water destructible SnS2 QD/PVA film based
transient multifunctional sensor and machine
learning assisted stimulus identification for
non-invasive personal care diagnostics†

Naveen Bokka, Venkatarao Selamneni and Parikshit Sahatiya *

With the advent of the internet of things, where millions of sensors are connected, they come with two

important problems: disposability of the fabricated sensors and the accurate classification of the sensor

data. Even though there are reports on multifunctional sensors, research into tackling both the

disposability and the accurate frontend processing of the sensor data remains limited. This report

demonstrates for the first time the use of a water soluble SnS2 QD/PVA film as a multifunctional sensor

for both physical (strain, pressure) and chemical (breath) stimuli and further incorporating machine

learning algorithms for the accurate classification of the sensor data. The water-soluble nature of the

fabricated sensor allows for its easy disposability wherein the sensor completely dissolves in B360

seconds when immersed in water. The fabricated sensor exhibited an excellent pressure sensitivity of

B10.14 kPa�1 and a gauge factor of B3.08 and can distinguish various respiration patterns. The

multifunctional sensor data were subjected to machine learning algorithms wherein the data were trained to

classify the stimulus with the highest accuracy of 87.7%. Combining both, the sensor has been projected for

real time applications such as human motion monitoring, touch sensors, and breath analysers.

1. Introduction

The development of modern silicon-based CMOS electronics
has typically focused on long lifetime, miniaturization, and
stability over time. In contrast, water soluble electronics takes
an opposite approach wherein the fabricated device can be
disintegrated upon use. The development of transient electro-
nics has gained researchers’ attention, offers unique possibi-
lities and allows a wide variety of applications in biosensors,1,2

flexible and stretchable electronics,3 environmental sensors,4

and hardware-secure electronics.5 The conventional materials
used for transient electronics (water soluble) include silk
protein, cellulose, polyvinyl alcohol (PVA), and poly lactic-co-
glycolic acid (PLGA), however, these only serve as substrates
and for embedding devices.6 Even though there are reports on
the use of various materials for transient electronics, one of
the major issues that remain unaddressed is the ability of the
device to utilize functional nanomaterials, which are mostly not
soluble in water.7 Such functional nanomaterials offer exciting

electronic, chemical, and mechanical properties which not only
enhance the device functionality but also offer a plethora of
applications that can be targeted.

Personal health monitoring has become an indispensable part
of human life and if it is cost-effective, accessible, and user-friendly,
then it can be used to assist and monitor the health of an
individual even without the use of sophisticated equipment.8,9

Monitoring of personal healthcare requires sensitive multifunc-
tional sensors that can sense both physical (strain and pressure)
and chemical (breath) stimuli.10 Achieving such high sensitivity
along with the detection of different stimuli requires extremely
sensitive transducers that can provide a high signal to noise ratio
and a particular sensing pattern that is extremely specific to
particular stimuli. Multifunctional sensors handle complex inputs
from different stimuli and differentiating such complex input data
is a challenging task and usage of the same sensor for multiple
sensing applications often leads to data misclassification.11 One of
the major issues of the multifunctional sensor is the inability of the
frontend processing to accurately predict the stimuli because of low
recognition and high cross-sensitivity.12 Many methods have been
utilized such as principal component analysis, pattern recogni-
tion, etc. which do not accurately predict the stimuli.13 Hence
there is an urgent need to develop a robust multifunctional sensor
system that would not only sense various stimuli but also accu-
rately predict the stimuli.
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Machine learning techniques have gained widespread inter-
est in many fields, particularly in identifying psychophysical
signals from human activities, which aid in easy diagnosis.14–16

Electrocardiogram (ECG) and photoplethysmogram (PPG)
signals obtained from a wearable sensor, wherein 21 features
are extracted from those signals were used to train the various
machine learning algorithms for the estimation of cardiovas-
cular dysfunction.15 The extracted features from worn
miniature inertial and magnetic sensors were used in different
machine learning classifiers for the detection of human
activity.16 Similarly, smart watch sensor data obtained from
inertial sensors were used to extract optimum features using
filter and wrapper approaches for human activity identification,
validation, and testing via a support vector machine (SVM).17

In another reported work, the digital shade matching device
for dental colour determination was adopted to identify the
optimal solution for quantitative tooth colour measurement.18

The above literature suggests that machine learning has huge
potential for the frontend classification of the multifunctional
sensor but the study towards it remains unexplored.

In search of materials for transient electronics, various
natural biopolymers have been utilized as a substrate but
the major issue that needs to be tackled is the use of functional
nanomaterials.19 Since most of the functional nanomaterials
are water insoluble, proper functionalization is required to
make them available for water soluble electronics. Transition
metal dichalcogenides (TMDs) are two-dimensional (2D)
materials and have gained considerable interest in recent
years due to their excellent chemical, mechanical and electro-
nic properties.20 One such transition metal dichalcogenide is
tin disulfide (SnS2), which exhibits excellent electronic and
chemical properties and is non-toxic.21–23 Furthermore, its
earth abundance makes it a low-cost alternative to conventional
TMDs such as MoS2 and WS2.24 But, SnS2 in its 2D form is water
insoluble and hence cannot be utilized directly for water
soluble electronics. On the other hand, SnS2 Quantum Dots
(QDs) are the 0D counterpart of 2D SnS2 exhibiting similar
excellent electronic properties and due to their very small size,
they are not visible to the naked eye after dissolving them in
water which makes them ideal for transient (water soluble)
electronics.23 Also, the mechanical properties of PVA have been
studied extensively25,26 and it has been utilized as a substrate
for pressure and strain sensors.27,28 Furthermore, research into
SnS2 QDs for their usage as a multifunctional sensor is rare
and it would be very interesting to study the response of SnS2

QD/PVA towards different physical and chemical stimuli.
This paper demonstrates for the first time the use of three

important and emergent technologies i.e. transient electronics
and multifunctional sensors with stimulus identification using
machine learning. SnS2 QDs were utilized which were synthe-
sized using the hydrothermal and sonochemistry method. QDs
have a very large surface to volume ratio and high reactivity
which is essential for breath sensing applications. Further-
more, the stain dependent bandgap of quantum dots has paved
the way for their use in physical sensors such as pressure and
strain sensors.29 Also, SnS2 in its natural 2D form is water

insoluble but SnS2 in 0D exhibits similar exciting properties
to those of 2D SnS2 with the advantage of extremely low size
and after dissolving in water is not visible to the naked eye. In
addition, the band gap of QDs is tunable and has extremely
high photo stability and chemical stability.30 Detailed struc-
tural and morphological characterization was performed and
the results confirmed the formation of SnS2 quantum dots.
Embedding a particular concentration of SnS2 QDs in PVA leads
to the formation of a conducting water soluble film which was
utilized for physical (strain and pressure) and chemical (breath)
sensing. It is important to note that the plain PVA film showed
very high resistance (B5.4 GO) and the conductivity of the
fabricated device is due to SnS2 QDs only. Furthermore, the
use of machine learning algorithms allowed for the accurate
prediction of the stimulus as for all the sensors, the transduc-
tion mechanism is resistive. Also, the fabricated sensors were
tested in real time by integrating onto human body parts for
human motion monitoring, embedding the device in a face
mask for monitoring different respiration rates, and finally a
human touch sensor. The detailed physical mechanism for
each sensor is explained in terms of charge transport and
tunnelling phenomena and also the transience (water solubi-
lity) is explained by the hydrolysis process. Successful demon-
stration of the SnS2 QD/PVA (non-toxic and biodegradable)
based water soluble multifunctional sensor with accurate
stimulus identification holds potential applications in the field
of security, biomedicine, E-waste, internet of things, etc.

2. Experimental section

A SnS2 QD/PVA film was fabricated via a two-step process
wherein in the first step SnS2 QDs were synthesized using the
hydrothermal and exfoliation method and in the second step,
PVA (Mw: 61 000 g mol�1, 98.0–98.8 mol% hydrolysis) was
dispersed in SnS2 QDs to form a SnS2 QD/PVA conducting film.

2.1. Synthesis of SnS2 QDs

The hydrothermal method was utilized to synthesize SnS2. In
brief, 262 mg tin(IV) chloride (SnCl4.5H2O) and 114 mg of
thiourea (NH2CSNH2) were ultra-sonicated in 30 mL deionized
(DI) water for 15 minutes to obtain a transparent solution.
Afterward, the precursor solution was transferred to the hydro-
thermal reactor and held at 200 1C for 7 h followed by natural
cooling. Thereafter, the solution was centrifuged 3 times with
ethanol at 4000 rpm for 10 minutes to remove the residue of the
reactant and then dried at 60 1C for 4 h. The obtained SnS2

powder (10 mg) was dispersed in 20 mL of NMP and was
sonicated with an ice bath continuously for 6 h to obtain the
SnS2 QDs.

2.2. Fabrication of the SnS2 QD/PVA film

The SnS2 QD/PVA film was fabricated by dispersing 300 mg of
PVA (3 wt%) in 10 mL of SnS2 QD solution by continuous
stirring for 6 hours at 60 1C. After the proper dispersion, the
solution casting method was employed wherein the solution
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was poured in a Petri dish and then dried in an oven at 60 1C for
24 h. The complete process including the synthesis and the
fabrication is shown in Fig. 1.

2.3. Sensor fabrication

The fabrication of the multifunctional sensor was done by
cutting the obtained SnS2 QD/PVA film into required dimen-
sions (2 cm � 2 cm), and the contacts were fabricated using
copper tape. Fig. 1 shows the complete synthesis and schematic
procedure.

3. Results and discussion

The structure and morphology of the as-synthesized SnS2 QDs
were studied by transmission electron microscopy (TEM).
Fig. 2a and b shows the TEM image of well dispersed SnS2

QDs which have nearly spherical morphology with varying
particle size indicating polydispersity. The average diameter
of the SnS2 QDs determined from the TEM image lies in the
range of 3.99 � 1.58 nm, as depicted in Fig. 2c. The high-
resolution transmission electron microscopy (HRTEM) images
of SnS2 QDs given in Fig. 2d show the lattice fringes separated
by 0.275 nm, which corresponds to the (101) crystal planes
of hexagonal structured SnS2 (JCPDS No: 23-0677).24 The
corresponding selective area electron diffraction (SAED) pattern
displays multiple rings and scattered dots revealing the poly-
crystalline nature and dominant (001) and (101) diffraction
planes as shown in Fig. 2e.

The optical properties of the as-synthesized SnS2 QDs were
investigated using UV-vis spectroscopy and photoluminescence
(PL) spectroscopy. Fig. 3a shows the UV-vis spectra of SnS2 QDs,
and the spectra were obtained over a wide wavelength range of

300–800 nm. The direct bandgap of SnS2 QDs was calculated
from the (ahn)2 data plotted against the energy (hn) as shown in

Fig. 1 Schematic demonstration of the synthesis and fabrication of the SnS2 QD/PVA film.

Fig. 2 (a and b) TEM image of the synthesized SnS2 QDs, (c) size
distribution of SnS2 QDs, calculated average diameter of SnS2 QDs is
3.99 � 1.58 nm, (d) HRTEM lattice fringes of SnS2 QDs, and (e) SAED
pattern of SnS2 QDs.
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the inset of Fig. 3a and it was found to be B3.13 eV. It should
be noted that the bandgap measured is for SnS2 QDs and not
bulk SnS2 and hence the measured bandgap is higher than the
reported value of bulk SnS2. The calculated bandgap is in
agreement with the reported literature for SnS2 QDs.31,32 The
increase in the bandgap when compared to the bulk or 2D
counterpart is due to the quantum confinement effect wherein
as the size decreases the bandgap increases.33 SnS2 QDs at an
excitation wavelength of 360 nm showed a strong blue fluores-
cence with an intense peak at B430 nm and a red shift was
observed in the emission peak of SnS2 QDs as the excitation
wavelength increases from 345 nm to 390 nm as shown in
Fig. 3b. The red shift is due to the different radii of quantum
dots and it decreases with an increase in the radius of QDs.34

The red shift, principally, occurs if either the top of the valence
band is an optically passive state or if the electron and the hole
are in a triplet state.34 The red shift is also referred to as a
Stokes shift and it arises due to the distance between the
optically active states, and as the optical ground state increases
there is an increase of the Stokes shift.35 To further study the
elemental composition, binding characteristics, and surface

chemical states of SnS2 QDs, XPS analysis was performed.
Fig. 3c shows the wide range XPS spectra of SnS2 QDs wherein
binding energy peaks confirm the presence of Sn, S, C, and O
elements. Oxygen was present in spectra due to the partial
oxidation of SnS2 QDs upon exposure to ambient conditions
and carbon was present because of the carbon tape used while
performing the XPS measurements. The deconvoluted carbon
1s spectra show the presence of C–C and C–O as seen in Fig. 3d.
High resolution spectra of Sn 3d are shown in Fig. 3e, wherein
the characteristic peaks corresponding to Sn 3d5/2 and Sn 3d3/2

were observed at 486.6 eV and 495.2 eV and the difference
of B8.4 eV between these two peaks clearly shows the +4
oxidation state of Sn in SnS2 QDs.36,37 Fig. 3f shows the
high-resolution spectra of S 2p wherein two peaks at 162.9 eV
and 161.6 eV signify the presence of S 2p1/2 and S 2p3/2 which
correspond to the 2-oxidation state of S in SnS2 QDs.38

3.1. Strain sensing

Wearable strain sensors have been intensively studied to moni-
tor human motion.39–41 The development of high sensitivity
and low-cost devices is critical to meet the needs of wearable

Fig. 3 (a) UV-Visible absorption spectra of SnS2 QDs; the inset is the Tauc plot showing a bandgap of B3.13 eV. (b) Photoluminescence spectra of SnS2

QDs at different excitation from 345 nm to 390 nm. (c) XPS survey spectra of SnS2 QDs. (d) High resolution spectra of C 1s. (e) High resolution spectra of
Sn 3d. (f) High resolution spectra of S 2p.
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electronics. The sensing material SnS2QDs are embedded in a
water soluble polyvinyl alcohol (PVA) polymer substrate for the
fabrication of a flexible strain sensor, which is resistant to
various strains. The average conductance of the SnS2 QD/PVA
film was measured to be 2.04 � 10�8 S (N = 4). The character-
istics of current vs. voltage (I–V) under various strains are
shown in Fig. 4a and b. A linear relationship is exhibited by
the I–V characteristics indicating that the fabricated sensor
exhibits ohmic contacts. By increasing the applied compressive
strain, the slope of the I–V curve increases suggesting the
increase in the sensor current. Conversely, when increasing
tensile strains were applied, the slope of the I–V characteristics
decreases suggesting the decrease in the sensor current under
the external tensile strain. To verify whether the fabricated
sensor was able to repeatedly sense the applied tensile and
compressive strain, a constant compressive and tensile strain
of B15% was applied and the temporal response is shown in
Fig. 4c and d respectively. The fabricated sensor was able to
repeatedly measure the constant strain with much accuracy
suggesting the reliability of the fabricated sensor. Fig. 4e and f
shows the temporal response of the fabricated sensor upon
increasing compressive strain and tensile strains and as it is
evident from the graph, the sensor current increases upon
increasing the compressive strain and the sensor current
decreases upon increasing the tensile strain which is in good
agreement with the I–V characteristics. The gauge factor of the

strain sensor is defined as GF ¼ DR=R0

De

� �
, where DR is the

resistance variation upon strain loading, e is the applied strain,
and R0 is the initial resistance. As seen in Fig. 4g, the gauge
factor of the fabricated strain sensor under tensile strain was
calculated to be B3.08. It is worth noting that the gauge factor
calculated was comparable to the gauge factor of the devices
fabricated using sophisticated techniques.42,43 To verify the
reliability of the fabricated sensor, the device was subjected to
1000 cycles of compressive strain, as can be observed from Fig. 4h
in which a negligible change in the device performance was
observed suggesting the excellent reliability of the fabricated
SnS2 QD/PVA sensor. Response time is one of the important
figures of merit for the strain sensor and is calculated by taking
the time difference of the sensor signal to reach from 10% to 90%
of its maximum value. As can be seen from Fig. 4i and j, the rise
time and fall time of the sensor subjected to compressive strain
were found to be B1.2 s and B690 ms respectively.

The increase in the sensor current due to the applied strain
can be understood by the piezoresistive phenomenon in QDs.
The homogeneous distribution of aggregated QDs in the SnS2

QD/PVA film facilitates the conduction current. The piezoresis-
tive effect in QDs can be ascribed to the tunneling effect
between adjacent QDs. In the SnS2 QD/PVA film, quantum dots
are separated in the subnanometer scale (1–3 nm) as evident
from the TEM image. When compressive strain is applied on
the device, nanoscopic gaps between the adjacent QDs reduce
which decreases the tunneling resistance. The decrease in the
tunneling resistance eventually increases the overall sensor
current. Similarly, when tensile strain (i.e. bent outwards) is

applied on the SnS2 QD/PVA film, the distance between the QDs
increases which further increases the tunneling resistance that
leads to a decrease in the sensor current. Furthermore, the
fabricated sensor exhibits a low hysteresis graph (ESI,† Fig. S1)
which can be attributed to no cracks or ruptures in the SnS2

QD/PVA film due to an external strain applied thereby suggest-
ing that the tunneling process plays a prominent role in the
sensor current change.

To test the fabricated strain sensor for real time human
motion monitoring, the flexible SnS2 QD/PVA device was
mounted on the human body to monitor the movement of
the thumb finger joint, elbow, knee, and human neck as shown
in Fig. 5. Two ends of the sensor are attached with adhesive
tape for safe contact of the sensor on the body. As shown in
Fig. 5a the sensor attached to the thumb experiences the tensile
strain resulting from thumb bending. The resistance increases
when the thumb bends and recovered to its initial value during
thumb straightening. When a sensor is mounted on the outer
surface of the elbow and knee, a similar sensor resistance
response behaviour was observed as shown in Fig. 5b and c,
furthermore, when the sensor was integrated onto the neck to
monitor movements it induces compressive strain during the
bending of the neck which resulted in reduced resistance as
shown in Fig. 5d. The results clearly show that the fabricated
SnS2 QD/PVA sensor is capable of monitoring the joint move-
ments whether it is compressive or tensile movement.

3.2. Breath sensing

Another parameter for monitoring personal health is human
breath. The breath pattern of an individual is one of the most
significant aspects of physiological condition assessment in
real-time monitoring and it plays a vital role in the manage-
ment of patients in the biomedical sector.44 The prepared SnS2

QD/PVA film was cut into 2 cm � 2 cm dimensions, and copper
tape was used for contacts. Fig. 6a shows the cross-section
schematic wherein the active area of a breath sensor is 1.4 cm�
2 cm. The sensor was placed at a distance of 4 cm from the nose
of an individual as illustrated in Fig. 6b. As shown in Fig. 6c the
sensor responds towards the normal breath pattern of a healthy
individual and as can be seen upon exhalation the sensor
current increases and during inhalation the sensor current
decreases. It is worth noting that the sensor current does not
reach the baseline (initial) value during the inhalation process
which can be attributed to the slower desorption process of
water molecules from the SnS2 QD/PVA film surface. However,
the unstable baseline is not important in the application
targeted and depends on the number of peaks to monitor
various respiration patterns. To test whether the fabricated
sensor was able to sense and differentiate between the respira-
tion patterns, the device was subjected to various modulations
of human breath. The frequency and the amplitude of
the sensor current peaks were utilized to distinguish between
the different breathing patterns. Fig. 6d shows the temporal
response of the fabricated sensor towards slow breaths
(9 breaths per min) wherein the sensor was able to recover
the initial current because of the larger time gaps between the
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consecutive exhalations. Fig. 6e displays the response of the
sensor towards faster breaths (42 breaths per min) and because

of the lesser time gap between the consecutive exhalations the
sensor was not able to regain its initial current/resistance value.

Fig. 4 (a and b) I–V characteristics of the SnS2 QD/PVA film under compressive and tensile strain respectively. (c and d) Continuous-time sensor
response under constant compressive and tensile strains. (e and f) Temporal response of the sensor with an increase in compressive and tensile strains.
(g) Graph showing the normalized resistance (%) vs. strain (%), gauge factor calculated to be B3.08. (h) Response of the fabricated sensor for 1000 strain
cycles. (i and j) Rise time and fall time of the strain sensor were B1.2 s and B690 ms.
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The results suggest that the fabricated device was able to
distinguish between the respiration rates based on the fre-
quency of sensor current peaks. To verify whether the sensor
was able to repeatedly sense human breath exhalations, itera-
tive breath was taken wherein the exhalation was performed
3 times and then stopped and the same was repeated 5 times.
As seen in Fig. 6f the sensor was able to repeatedly sense
exhalation suggesting excellent repeatability and reliability of
the fabricated sensor. Furthermore, the rise time and fall time
of the fabricated sensor were calculated by taking the time
difference of the sensor response to reach from 10% to 90%. As
seen in Fig. 6g and h, the rise time of the fabricated breath
sensor was B300 ms and the fall time measured was B710 ms.

The sensing mechanism of the SnS2 QD/PVA film can be
attributed to the water (H2O) molecule adsorption and
desorption phenomena. During the exhalation process, the
surface of the SnS2 QD/PVA film adsorbs breath water (H2O)
molecules, and since these molecules are electron donor spe-
cies, upon adsorption the sensor current increases. In the
presence of an electric field, human breath water molecules
get ionized and form H3O+ ions and an electron. SnS2 is
an n-type material and hence upon exhalation the majority
carrier concentration increases increasing the sensor current.
Similarly, during inhalation, the water molecules get desorbed
due to the ambient temperature, and hence the sensor current
decreases.

3.3. Pressure sensing

Furthermore, the fabricated SnS2 QD/PVA film was utilized for
pressure sensing. To investigate the pressure sensing proper-
ties, 1 V external voltage was applied to the 2 cm � 2 cm SnS2

QD/PVA sensor. Different pressures were applied to test the
pressure sensor and the temporal response was measured. The
digital photo shows that the human finger touches the surface
of the fabricated pressure sensor as shown in Fig. 7a demon-
strating the real time application. Fig. 7b illustrates the mea-
sured I–V characteristics of the fabricated pressure sensor
under increasing pressure and as observed as the pressure

increases the device current increases. Fig. 7c shows the
temporal response wherein constant pressure was applied
and a change in the sensor current was monitored and it was
observed that the sensor was able to repeatedly sense the
pressure applied. A similar measurement was performed
for increasing pressure and as can be seen from Fig. 7d, as
the pressure increases the sensor current increases which is
consistent with the I–V characteristics. The important para-
meter of the pressure sensor is sensitivity which is defined as
S = (DR/R0)/DP, where R0 is the initial resistance when no
pressure is applied, DP is the change in the pressure applied,
and DR is the change in the resistance due to the applied
pressure. Fig. 7e shows the graph plotted between normalized
resistance and pressure applied, the sensitivity of the fabricated
device was found to be B10.14 kPa�1. To verify the reliability of
the fabricated pressure sensor, the device was subjected to
1000 cycles and as can be seen from Fig. 7f, a negligible change
in the device performance was observed suggesting the high
robustness of the fabricated device. Also, similar to a strain and
breath sensor, the rise time and fall time of the pressure sensor
were calculated to be B987 ms and B523 ms respectively as
shown in Fig. 7g and h.

The change in the device current under external pressure
can be understood by the following phenomenon similar to the
strain sensing. The current flow in the SnS2 QD/PVA film is
realized through continuous conductive pathways formed by
aggregated QDs. When the external pressure is applied on
the device, quantum dots come closer which increases the
conductive pathways thereby increasing the sensor current.
Secondly, quantum dots are separated by very few nanometers
(B1–2 nm) as seen in the TEM image (Fig. 2a and b), which
can be considered as tunneling distance. When the external
pressure is applied on the sensor, it reduces the distance
between QDs which promotes the tunneling process and
increases the overall sensor current. The fabricated pressure
sensor has a negligible hysteresis as seen in Fig. S2 (ESI†) which
confirms that there are no cracks or ruptures in the device
under external pressure and this can further be attributed to

Fig. 5 Human motion monitoring with a fabricated strain sensor integrated on different body parts: (a) bent finger, (b) elbow, (c) knee and (d) neck.
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the excellent mechanical and flexible properties of the fabri-
cated SnS2 QD/PVA film.

The hydrolysis of the fabricated SnS2 QD/PVA sensor is
shown in Fig. 8a–e where the images are taken in a sequence
displaying the dissolution of the fabricated sensor in DI water.
The PVA is a water-soluble substrate, and is made up of vinyl
acetate monomer; during the dissolution process, vinyl acetate
is replaced by a reactive hydroxyl group. The PVA substrate with
SnS2 QDs dissolved completely in B360 s, which shows that the
fabricated sensor has good transient behaviour. Furthermore, it
should be noted that the time taken for dissolution can be
adjusted by changing the thickness and physical dimensions of
the device. Also, only the active material (SnS2 QDs) and the

substrate (PVA) are water soluble and the metal contacts are not
water soluble thereby making the technology as destructible
electronics instead of transient electronics.

3.4. Machine learning

Since all the three stimuli discussed have the transduction
mechanism to be resistive, it becomes very difficult to identify
the stimulus due to which the sensor resistance varied.
Machine learning is commonly used to tackle such critical
issues concerning the identification of variation in the resis-
tance due to any one of the stimuli. As identification of stimuli
requires manual intervention, machine learning algorithms are
capable of learning to predict the data themselves. At first, they

Fig. 6 (a) Schematic of a breath sensor. (b) Integration of the sensor in the breath mask. (c) Continuous-time response of SnS2 QD/PVA under normal
breath. (d and e) Slow and fast breath patterns over a period of 60 seconds. (f) Three breath iterative breathing patterns for five cycles. (g and h) The rise
time and fall time of the fabricated sensor were B300 ms and B710 ms.
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learn data from the prior information of the stimuli and then
categorize a supplied dataset for validation. In this work, four
machine learning algorithms such as k-nearest neighbor
(KNN), decision tree (DT), random forest (RF), and extra tree
(ET) classifiers are used for classifying multi-class sensor out-
put data for a reliable frontend processing. The data collected
from the multifunction sensor for pressure, breath, and strain
were used to train and test the four ML classifiers. The machine
learning classifier model was trained on the collected data sets
from the different stimuli and validated against a labelled test

data set. The accuracy of the model of machine learning
algorithms depends on the values chosen for the hyperpara-
meter. The hyperparameters are used to look at different tuning
parameters to find a configuration that provides the best out-
put. The grid search method is used to change different
hyperparameters to boost the accuracy of algorithms in
machine learning (ML) over an iterative process. Here, both
binary and multi-classification was done on data by using the
Scikit learning python platform.45 The data acquired from
multifunctional sensors were categorized into three sets: strain

Fig. 7 (a) The digital photo of a finger touching the pressure sensor. (b) I–V characteristics of a SnS2 QD/PVA based pressure sensor with different
applied pressures. (c) Temporal response of the fabricated sensor under constant pressure. (d) Temporal response of the fabricated sensor under
different applied pressures. (e) Sensitivity graph showing a sensitivity value of B10.14 kPa�1. (f) The response of the fabricated sensor for 1000 cycles.
(g and h) The rise time and fall time of the fabricated sensor were B987 ms and B523 ms.
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& breath, pressure & breath, and pressure & strain. The experi-
mental research showed that current and resistance with
respect to time are two key features of sensory data that are
used to train and test various classifiers. The SMOTE
technique46 was utilized as a pre-processing tool for handling
any imbalance datasets and subsequently was divided into two
parts; trains (80%) and tests (20%). The classifier model’s
performance was assessed using a blend of tuning parameters
with the grid search method to improve the classification
accuracy, and the same is tabulated in Table 1. Extra tree gives
a testing accuracy of 84.7% for the breath & pressure dataset,
84.9% for the breath & strain dataset, and 87.8% for the
pressure & strain dataset. The model accuracy evaluation is
performed by cross-validation. Here, two cross-validation meth-
ods, k-fold and repeated k-fold stratified with tuning para-
meters, were used to validate classifier performance at k = 10
as shown in Fig. 9a–c, respectively. It is found that the extra tree
bi-classifier with repeated stratified k-fold could identify breath
& pressure, breath & strain, and pressure & strain with 84.7%,
85.1%, and 87.7% classification accuracy, respectively. Multi-
classifiers use a one-vs.-rest strategy involving training a single
classifier per class, with the samples of that class as positive
samples and all other samples as negatives. The extra tree gives
a testing accuracy of 77.5%, as reported in Table 1, whereas
Fig. 9d shows 78.4% validation accuracy on the multifunction
sensory dataset. Therefore, the extra tree with and without the
cross-validation method was best suited for multifunctional
sensory data sets.

Several works have reported sensing different physical
and chemical stimuli on the multifunctional sensor. Yang et al.
developed sensors using network-MXene/polyurethane (M/P mat)
to detect subtle physiological signals (e.g. respiration and pulse
waves) and a wide variety of body behaviours.47 Zhao et al.
demonstrated a variety of possible applications such as walking

gaits, finger-tapping, finger flexure, and human swallowing
with the aid of nanofiber film made from carbonised electro-
spun polyacrylonitrile/barium titanate (PAN-C/BTO).48 Zhai
et al. proposed flexible conductive carbon black (CB)/thermo-
plastic polyurethane (TPU) foam used as a wearable sensor to
monitor different physiological signals from human motion
which deals with water pollution through the separation of oil
and water.49 Xu et al. used ecoflex rubber, 3D graphene foam
(3D-GrF), and modified silicon rubber (MSR) to fabricate a
strain sensor with a long cycle life of more than 10 000 cycles
for pressure and strain sensing.50 Hua et al. presented a
conformable matrix network (SCMN) that successfully expands
the e-skin sensing functionality including in-plane strain, mag-
netic field, pressure, humidity, proximity, and temperature.51

Shin et al. fabricated a PEDOT:PSS functionalized AgNW elec-
trode integrated into the polymer layer acting as a flexible
multifunctional sensor to monitor motion and temperature
change.52 Although various multifunctional sensors exhibit
excellent mechanical and electrical properties, the abovemen-
tioned state-of-the-art multifunctional sensor does not have a
proper frontend processing for stimulus identification. Also,
most of the reported sensors are fabricated using materials that
cause a lot of E-waste (Table 2). Furthermore, the authors would
like to mention that the term ‘‘multifunctional’’ in this work

Table 1 Testing the accuracy of binary and multi-classification

S. no. Algorithm
Breath and
pressure

Breath
and strain

Pressure
and strain

Multi-
class

1 k-Nearest neighbors 82.3% 82.3% 85.8% 74.2%
2 Decision tree

algorithm
83.8% 80.1% 86% 74.1%

3 Random forests 84.5% 82.9% 87.7% 76.2%
4 Extra trees 84.7% 84.9% 87.8% 77.5%

Fig. 8 Images of different stages of dissolution of SnS2 QDs with the PVA substrate in DI water: (a) 0 s, (b) 60 s, (c) 180 s, (d) 300 s and (e) 360 s.
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refers to applying the stimulus independently and not simulta-
neously. Applying simultaneous stimulus requires a much
sophisticated frontend processing of the data which is beyond
the scope of the current work. In this work, the authors report
the development of water soluble film SnS2 QD/PVA used for
a multifunctional sensor with machine learning to identify differ-
ent stimuli even though the transduction mechanism is resistive in
all cases which utilizes important recent technological advances.

4. Conclusions

In conclusion, this report demonstrates, for the first time, a
transient, cost-effective, and flexible multifunctional sensor
(strain, pressure, and breath) based on a water soluble SnS2

QD/PVA film and the accurate classification of the stimuli using
machine learning algorithms. The fabricated SnS2 QD/PVA film
with Cu contacts was utilized for real-time human motion
monitoring application and the GF of the device was calculated
to be 3.08. Also, the fabricated device was tested to track various
breath patterns and it is capable of identifying the breathing

frequency of an individual. Furthermore, the pressure sensing
ability of the fabricated device was tested and the device exhibits a
sensitivity of 10.14 kPa�1. The machine learning algorithm has
been used to recognize patterns and differentiate sensor-generated
signals upon exposure to physical and chemical stimuli with the
highest accuracy of 87.7%. Moreover, the fabricated device displays
complete water solubility within B360 s, which is a proof of
evidence for its phenomenal applications in transient electronics.
The successful demonstration of a multifunctional sensor based on
SnS2 QD/PVA enables new opportunities in flexible and eco-friendly
transient electronics for medical applications.
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