CHAPTER 1

INTRODUCTION

For sustainable agriculture, there is a need for constant monitoring of soil quality and
other parameters in our environment. However, in many remote areas, the north-
eastern regions of India in particular, the soil quality monitoring facilities are very
limited. Though India is primarily an agriculture based nation where approximately
50% of the total population are directly or indirectly involved, the sector needs extensive
research and development for overall growth of the nation’s economy. The monitoring
of soil quality parameters therefore bears a great relevance as far as agricultural
yield is concerned. It is with this background the introduction chapter deals with the
importance of soil quality monitoring at the beginning of the chapter. The chapter then
discusses different conventional techniques that are available for monitoring of soil
quality parameters. The section also includes the disadvantages with the conventional
sensing tools. Following this, the new section discusses the evolution of smartphone
technology in the past three decades. In the next section, the meed for disruptive
technology mainly driven by smartphone-based sensing systems for monitoring of soil
quality parameters has been discussed. The following section then illustrates the
scope of the present thesis work. This section further summarizes the different works
being carried out related to the development of smartphone based sensing systems for

monitoring of various soil quality and agricultural parameters during the PhD work.




1.1 Need for soil quality monitoring for sustain-

able agriculture

Soil along with water and air quality plays a critical role in our ecosystem [1]. Water
and air quality are primarily determined by the amount of various contaminations
that directly affect the animal kingdom, and the natural ecosystem as a whole [2].
Soil quality is generally defined more broadly as “the capacity of a soil to sustain
biological productivity, maintain environmental quality, and promote plant and ani-
mal health” rather than being restricted to the level of soil pollution [3]. In order
to control the fertility and quality of the soil and the production processes of agri-
cultural products, it is crucial to analyse the soil nutrients in a farmland [4, 5]. Soil
has physical as well as chemical elements. It’s physical property depends on the soil
particle size, shape, and distribution etc. while its chemical property depends on
pH value, macronutrients (nitrogen, phosphorus and potassium) and micronutrients
(zinc, nickel, cobalt etc.) and total organic matter [5, 6]. The primary macronutrients
of soil have a significant impact on agricultural quality and yield. Soil’s macronu-
trients are referred to the major elements as they supply most nutrients to the soil
and plants. Each macronutrient is crucial for maintaining the soil’s health and en-
hancing the growth of the crops [7, 8]. For example, magnesium and nitrogen are
crucial for agricultural growth. Potassium ensures the plant’s rigidity and boosts its
resistance against fungus and other infections, while phosphate helps the root of the
plants to grow [8]. Micronutrients are also important plant nutrients that are present
in tissue in minute levels yet are crucial for the growth and development of plants.
These nutrients are necessary for the normal, healthy growth and reproduction of
both plants and animals [9, 10]. Every micronutrient has a distinctive role within the
plant organism. However, boron, iron, manganese, and zinc are the most essential
micronutrients. The deficiency of these elements effects the chlorophyll production
and flowering process of plants [11]. Hence monitoring of soil nutrients is important
to improve the soil quality that determines the crop health. Additionally, monitor-
ing of these nutrients helps to identify the nutrients that are deficient in agricultural
farmlands, which subsequently would influence the choice of crops to invest in and
the use of fertilisers. Therefore monitoring of various soil parameters is vital for effec-
tive production as well as for preventing pollution of groundwater from agricultural

run-off.
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Figure 1.1: Classification of mostly used soil sensing techniques

1.2 Techniques available for monitoring of soil qual-

ity parameter

Conventional soil nutrient measurement procedures involve extraction and prepara-
tion of soil samples. The extracted samples are usually transported to the central
soil testing laboratories for data sensing and analysis using the sophisticated instru-
ments to estimate a particular soil parameter. Traditional methods of soil analy-
sis require a number of instrumental techniques, including molecular emission spec-
troscopy, atomic absorption spectrometry (AAS), nuclear magnetic resonance (NMR)
spectroscopy, high performance liquid chromatography (HPLC), and gas chromatog-
raphy combined with mass spectrometry (GC-MS) [12]. Additionally, field-effect
transistors and ion-selective electrodes are also utilised for electrochemical sensing
[13, 14]. Out of all the available techniques, the majority of soil sensing involves

optical and electrochemical techniques as shown in the flowchart in figure 1.1.

1.2.1 Optical sensing techniques

Optical sensing techniques are useful for fast and minimally invasive measurement of
soil nutrients. These are UV-Vis spectroscopy, infrared spectroscopy (IRS),
reflectance spectroscopy and Raman spectroscopy. In spectroscopic based
techniques soil samples are radiated with a polychromatic radiation source and the
amount of light that is diffusely reflected or absorbed by soil sample is measured
to quantify the soil nutrients. The basic principle of spectroscopic based method is
the interaction of light with matter. In matter the bond between molecules vibrate
with some frequencies and the oscillation of a specific chemical bond is accompanied
with a particular frequency and energy levels. When electromagnetic radiation is
incident on medium, a particular frequency gets absorbed, some are transmitted while

others are reflected. A spectrometer captures the transmitted or reflected radiation,



creating a spectrum that reveals the amount of energy captured as a function of
wavelength. Thus, by comparing the absorption peak of a particular molecule to the
database of spectrums, it is possible to identify as well as quantify the molecule [15].
Numerous soil properties, including moisture [16, 17], organic matter [18], nutrients
[19, 20], nitrogen content [21] and pH [22], can be determined rapidly and effectively
using spectroscopic technique. Visible near-infrared and mid-infrared spectroscopy
are also used to analyse soil properties, although these measurements are mostly
conducted in a lab using prepared soil samples [23]. Along with visible and infra-red
spectroscopy, Raman spectroscopy is another important analytical tool to measure
different soil nutrients. It is a technique that includes measurement of the change in
wavelength and intensity of scattered light upon interaction with the sample. The
Raman spectrum obtained from a sample is a distinctive fingerprint of the sample that
provides details regarding its chemical composition and identity. By using Raman
spectroscopy available nitrogen [24], carbon materials [25], phosphorus [26], and other
nutrients in soils [27] can be measured. Although these optical techniques provide
highly accurate results, but continuous real-time analysis of farm soil cannot be done

with these conventional techniques.

1.2.2 Electrochemical sensing techniques

Electrochemical sensing technique is another established and preferred sensing method
for detection of various chemical compositions in soil sample. The electrochemical
device operates by connecting an electrochemical transducer to a chemically selec-
tive layer known as a recognition element. The transducer transforms the chemical
energy of the selective membrane into an electrical signal when the recognition layer
comes into contact with the ion of interest [28]. Based on the applied electrical tech-
niques, electrochemical sensors can be further divided into different subcategories-
potentiometric analysis, which evaluates variations in membrane potential conducto-
metric for determining the conductance changes; impedance-based sensors that mon-
itor changes in resistance, and amperometric sensors to monitor current variations
at the sensing membrane. The two electrochemical sensors that are most frequently
used to measure soil nutrients are ion-selective field-effect transistors (ISFET)
and ion-selective electrodes (ISE) [29]. ISEs are used for rapid measurements of
nutrients in slurries, unfiltered soil extract, and naturally moist soils [30, 31]. ISEs
with glass membranes are frequently used to measure pH other than soil nutrient
detection. However, different polymer doped membranes are mostly used for detec-
tion of soil nitrogen, nitrate, potassium and phosphate [32]. Ton-selective field-effect
transistors (ISFETSs) are essentially ISEs connected to a field-effect transistor (FET).

ISFET system is used for in-field measurements of soil nitrate in real-time in less than



5 seconds [33]. ISFET devices have proven to be capable of analysing different soil
nutrients [34]. However, ISE based sensors have the drawbacks of frequent calibration
requirements, the potential need for additional extraction solutions, and dependence
on soil moisture for accurate nutrient measurements. Another drawback is that dif-
ferent soil characteristics, such as the texture type, particle size, volumetric water,
organic matter, etc., have an impact on nutrient sensor response [35]. Although,
there are various techniques available for detection of different soil nutrients but all
these techniques have disadvantages in terms of sample preparation cost and time,

laboratory confined methods, and the requirement of sophisticated instruments.

1.3 Problem statement of conventional techniques
with reference to resource-limited environments

and possible solutions

The monitoring of soil quality is often done in soil testing laboratory using standard
laboratory techniques and benchtop measurement equipment. Soil samples from dif-
ferent locations are analysed in the central testing laboratory, however, if the sample
collection area is located far away from the laboratory then the soil analysis proce-
dure become costly and time-consuming. Numerous other technical obstacles also
contribute to the failure of conventional soil quality monitoring in centralized labo-
ratory facilities in addition to the cost factor. Advanced analytical tools including
spectrophotometers and electrochemical sensors are conventionally used to test the
soil quality and waste water in a laboratory environment. Additionally, in order to
run these facilities technically skilled personal are required. Many commercial test
kits are now available for soil analysis, however they only provide an approximate
reading of the nutrient content (i.e., low, medium, and high), hence they are useful
only for preliminary screening purposes [36-38]. Also, the colorimetric techniques
of soil analysis method relies on how people perceive colour, which may differ from
person to person [39]. Due to numerous financial and political constraints, it is not
possible to build up soil testing laboratory facilities with the necessary expertise in
many remote areas where agriculture is not the mainstream source of income. Farm-
ers from these areas face many problems due to lack of adequate laboratory equipment
and infrastructure facilities. Yet again, the application of the analytical instruments
in resource-poor environments is limited by their size, price, weight, and need for
external power sources. Due to geographical constant, many rural and remote ar-
eas in our country are still lacking soil quality monitoring programme. To initiate
such programme it is important to have some basic knowledge of optimum levels

of soil nutrients required for different kinds of crops. Field crop yields are severely



impacted by diseases that are spread through the soil. Early detection is necessary
for the application of agro-technical solutions and preventive materials, as well as for
minimizing the number of treatments in disease-free areas [40]. Although the govern-
ment approved soil quality monitoring laboratories are addressing these soil-related
challenges, but there is a great demand for handheld, field portable and affordable
soil quality monitoring facilities that are easily available to the farmers, regardless of
their financial situation. In order to provide in-field sensing in rural and distant areas,
it should be reliable and field deployable. It should have adequate communication
capabilities to enable real-time data exchange with the central soil quality testing of
governmental and non-governmental groups, enabling timely implementation of effec-
tive soil quality improvement programme. The monitoring facilities should be created
and developed with a user-oriented approach in addition to all these technological
and operational capabilities so that anyone with little or no scientific understanding
can readily operate it. The majority of laboratory-grade analytical instruments for
soil quality investigation are based on common optical concepts such light signal ab-
sorption and scattering from sample solutions or electrochemical method. Utilizing
low cost technical solutions, numerous research organisations around the world have
been working consistently to develop low cost and field-deployable sensing systems,
and utilizing it for monitoring different parameters of agriculture and environment
[41-44]. Although the existing remote sensing tools are more efficient, compact, and
cost-effective than their benchtop equivalents, they still require, external computa-
tional facility for data processing and analysis which increases the overall cost in
context of the resource poor regions. Also, the existing devices do not have the req-
uisite connection facilities for many in-field sensing applications, such as monitoring
soil and water quality, where real-time data sharing is essential. Earlier technological
tools are inadequate to bring out the best in agricultural industries. The use of tech-
nology solutions in the infield sensing devices should be simple, and operated by the
common people. Therefore it is an urgent need of such technologies in agriculture
which can make a great change to farming business as well as provide a great benefit

to the farmers by constructing a stress-free and cost-effective agricultural existence.

1.4 Evolution of smartphone technology and its

penetration to human civilization

The smartphone has become the most dependable accompany in modern times, and
it has a significant impact on how we deal in our daily lives. Over all the commercially
accessible electronic devices, it is the most popular and commonly used mobile device

in the world. Number of smartphone users increased globally by 49.89% in 2017-2022



Figure 1.2: Number of smartphone users worldwide data from 2017-2022.
(Source:Statistica)

as shown by statistics in figure 1.2. By end of 2022, there will be 6.648 billion
smartphone users worldwide, which equates to 83.40% of the world’s population. In
total, 7.26 billion people worldwide or 91.08% of the world’s population own smart
or feature phones [45]. In contrast, India, with 1.38 billion smartphone users and
a penetration rate of 31.8%, has the second-highest number of smartphone users in
the world [46]. This data reveals that the smartphone is the most widely available
electronic gadget worldwide, regardless of a nation’s economic status. The wide
spread adoption of this technology by our society is attributed to its accessibility and
consumer-focused low-cost design strategy. Because of the extensive network and low
cost, smartphones play a significant role in connecting people who are neglected from
the mainstream of progress due to numerous political and socio-economic challenges.
Various governmental or non-governmental groups are currently supporting multiple
advancement as a result of the widespread use of mobile phones in emerging and poor
nations [47].

In 1973, Martin Cooper from Motorola Company presented the first operational
mobile phone. Since then due to the rapid evolution of the technology, mobile phone
has become an inevitable part in our daily lives. In general, it can be divided into
two categories- feature phones and smartphones. Besides the basic calling and tex-
ting capabilities of a feature phone, smartphones include additional functionalities
capable of displaying images, streaming videos, sending emails, browsing the web,
etc. Modern day smartphones are the outcome of a constantly evolving process that
integrates new technologies into a compact design on a massive scale. Smartphones
have similar processing and sensing capacities to more of expensive high-end devices
due to its rapid manufacturing techniques. These not only improve communication,
but also function as a portable computer with ever-improving hardware and sensors

like ambient light sensor (ALS), display module, complementary metal-oxide semi-
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Figure 1.3: Graphical representation of number of research papers published on
smartphone based sensing and imaging applications from 2012 to 2022. [Courtesy:
Web of Science]

conductor (CMOS) module, LED flashlight, proximity sensor, USB port etc. with
optimized software interface and long battery life. In addition to the integration of
these sensors, open source tools like Android Studio and MIT App Inventor can be
used to create user-oriented software or smartphone application. By developing these
smart applications with the required algorithms, the sensing information from the
phone’s built-in sensor technology can be extracted and may be directly utilized for
scientific purposes [48, 49]. Numerous research articles have been published through-
out the years, taking into account the current status of smartphones in the social
community and taking advantage of the integrated sensor modules in smartphones.
The bar graph shown in figure 1.3 depicts the growth of research publications on
smartphone based sensing and imaging from 2012-2022. In brief, it can be stated
that the modern smartphone are portable personal computer (PC) that enables a
user to develop various scientific instruments. Researchers all over the world are
working constantly on transforming science and technology from the conventional
to the need based sensing tool on a smartphone due to its enormous availability in

nearly everywhere without any financial limitation.



1.5 3D printing technology and its role for the de-
velopment of phone based sensing and imaging

system

Along with smartphones, another manufacturing techniques like three-dimensional
(3D) printing have gained popularity [50]. It is referred to as additive manufac-
turing technique by which three-dimensional objects are built layer by layer using
a computer-generated design. Several types of 3D printing technology methods are
available based on the applications such as fused deposition modelling (FDM), laser
sintering and laser melting (SLS, SLM), stereolithography (SLA), directly ink writ-
ing (DIW), lamination (LOM), photopolymer jetting (Ployjet), and binder jetting
(3DP) [51]. The commonly used FDM 3D printing process includes three main basic
steps: digitally designing the 3D model, converting the model into printer-compatible
print files, and fabricating the model by adding patterned layers of the printing ma-
terial. The frequently utilised materials are polymers like polylactic acid (PLA) and
polyethylene terephthalate glycol (PETG). To begin the 3D printing process, a design
is created entirely in digital format by utilising CAD software, e.g. Solidworks, ZW3D
etc. The 3D CAD model is then exported in STL (Standard Tessellatio Language)
file format that contains the model’s geometric features without including any infor-
mation about colour or texture and the file can be shared with anyone. The finalized
STL file is then loaded into a slicing software (such as Ideamaker, Cura, etc.) where
it is processed into a set of G-code instructions that can be read directly by the 3D
printer. 3D printing technology is gradually becoming the most important tool for
scientific study that provides exceptional speed in the fabrication of low-cost, reliable
prototypes that may be useful in biomedical, agricultural and environmental sensing

applications [52, 53].

1.6 Literature review- Utilization of common smart-
phone sensors in agricultural and environmen-

tal sensing applications

Numerous researchers worldwide have exploited the high-end features of the smart-
phone like fast CPUs, high-resolution camera, global positioning system (GPS), ambi-
ent light sensor, etc. of the smartphones for various sensing and imaging applications
[54, 55]. The ever improving sensor feature assist users to perform various tasks
to detect different parameters at ultra-sensitive level. Smartphone-based systems

have been actively developed for diverse applications in agriculture and environment
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[56, 57]. The following sections provide a comprehensive description of the role of dif-
ferent inbuilt sensors of smartphones that have been used to develop sensing system

for agricultural and environmental monitoring purpose.

1.6.1 Smartphone camera based monitoring systems

For all the smartphones, the built-in camera of the phones is an integral part with
advanced imaging and processing technologies. The use of phone camera has several
feature that include high-resolution imaging (over 12 megapixels), manual or auto
exposure and focus control, ease of use, and programmability. Because of these
advantages, diverse research has been carried out in the field of agriculture and food
products [58]. Details of the work on monitoring of different parameters of agriculture
and environment using smartphone’s camera are outlined below.

Monitoring of soil health or quality is vital for better yields of good quality crops.
There are several works related to the smartphone-based soil monitoring systems that
have been reported in the recent literature. Moonrungsee et al. [59] have developed a
colorimetric analyzer for monitoring of available phosphorus in soil using the camera
of smartphone. In the reported work, soil samples with varying phosphorus concate-
nation have been prepared by treating chemically and then the quantification of the
phosphorus content in each soil sample have been done from images taken by built-in
digital cameras on smartphones. With a developed software program, the captured
images have processed and analyzed the RGB color of the images. With this col-
orimetric analyzer based on mobile phone camera, the available phosphorus level in
soil has been estimated with a detection limit of 0.01 mg/L. Another smartphone-
based, low-cost, and miniaturized sensing tool has been proposed by Han et al. [60]
for classification of soil color sensor. In this work, the CMOS camera of the mo-
bile phone has been directly used as the sensor and the flashgun of the phone has
been used as the light source. Along with some peripheral components like external
lens and shading devices, a color calibration card, has been also assembled with the
phone. The soil color information and calibration cards has been read from images
taken by CMOS cameras of smartphones and converted into RGB signals. The RGB
signals was processed further by a specially designed smartphone application from
which the rapid soil classification could be achieved. In another work Siddiqui et al.
[61] has proposed a smartphone based soil sample preparation and detection system
for arsenic As(III) contaminated soil. An aptamer and AuNPs based colorimetric
detection assay has been developed for the optical detection of the soil samples on a
PDMS-chip. The target sample placed on the chip has been illuminated by the LED
flash of the smartphone and the reflecting intensity has been collected in the form of a

captured image by the smartphone’s camera. For quantification of As(III) concentra-
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Figure 1.4: The development of smartphone camera based sensing platforms; (a)
working of a smartphone camera based colorimetric sensing [59] with permission from
Elsevier, (b) demonstration of smartphone camera based soil sensor, reproduced from
[60] with permission from Elsevier and (c¢) demonstration of smartphone camera based
arsenic detection system, reproduced from [61] with permission from MDPI.

tions of the samples, the RGB pixel values of the captured images has been spatially
averaged, and subsequently the evaluated ratio of the green to red values (G/R) to
correlate with the concentration of target analyte. Figure 1.4 shows the development
of different smartphone camera based sensing used for soil quality analysis.
Smartphone applications have been widely developed to monitor the crops growth,
its different parameters, and also for disease detection in farms. Recently, Vesali et
al. [62] have developed a smartphone application for the estimation of chlorophyll
content of a corn leaf. In this work, contact imaging method has been used to re-
duce the effects of ambient conditions on images of corn leaves. They have captured
the light passing through a leaf by holding the leaves near to the camera lens of
the smartphone. From these images the SPAD (Soil Plant Analysis Development)
values they have estimated and correlated with leaf chlorophyll content which was
extracted through an organic solvent method. The estimated SPAD values by their
model were compared with a SPAD meter and the model has been successfully im-
plemented on an app named SmartSPAD on the smartphone. Li et al. [63] have
developed a handheld optical scanning smartphone-based platform for non-invasive

diagnosis of late blight caused by Phytophthora infestans. The developed system
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Figure 1.5: The development of smartphone camera based sensing platforms us-
ing image processing techniques; (a) working of a smartphone camera based leaf
chlorophyll detection system [62] with permission from Elsevier, (b) demonstration
of smartphone camera based leaf volatile compound detection system, reproduced
from [63] with permission from Nature and (c¢) demonstration of smartphone camera
based leaf disease identification system, reproduced from [64] with permission from
IEEE.

consists of a disposable volatile organic compound (VOC) sensor array which has
been integrated with the smartphone camera for digital quantification of relevant
plant volatiles. The disposable VOC-sensor strip has been placed at the center of a
3D-printed cartridge and sealed tightly in order to create a leak-free space for gas
exposure. One of the VOC markers, gaseous (E)-2-hexenal, has been emitted during
P. infestans infection and a reaction was occurred in the sensor array consisting of
plasmonic nanocolorants and chemo-responsive organic dyes. The sensor cartridge
has been attached to the smartphone and then illuminated by flashgun of the phone
to capture the images of the sensor array with the smartphone’s camera. From the
images of the resulted colored sensor arrays the plant volatiles has been detected at
the ppm level within 1 min of reaction. Prasad et al. [64] have demonstrated a mobile
vision system which helped to identify plant disease. In the reported work, real-time
on-field imaging of diseased plant leaves has been done using a mobile phone camera,
and after pre-processing, the images were transmitted to the laboratories. The im-

age pre-processing step is necessary for saving transmission cost of the diseased leaf
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images to plant pathologists in remote laboratories. The leaf images were segmented
by a clustering algorithm into three areas: background, non-diseased portion of the
leaf, and diseased portion(s) of the leaf. After this step, leaf images were cropped
to the location of the largest diseased patch on the leaf and transmitted over any
available network to laboratory experts for further disease identification. Figure 1.5
shows the development of different smartphone camera based plant sensing using

image processing techniques.

1.6.2 Smartphone ALS based sensing systems

The Ambient light sensor (ALS) of smartphone responds to any change in incident
light intensity over a wide range of wavelength from 350 nm-1050 nm. The applica-
bility of the smartphone’s ALS has already been explored in many research fields [65].
The following literatures explain the applications of ALS of smartphone in various
fields of agriculture and environment.

Water quality is a critical aspect of irrigation in agriculture. Water used for irri-
gation can greatly impact the farming depending on the type of chemicals present in
the water. Salinity and pH are two important parameters in determining the qual-
ity of water for irrigation [66]. Smartphone based water quality monitoring systems
have been developed by many researchers for specific applications. Hussain et al. [67]
have developed a field portable phone-based turbidimeter for estimation of turbidity
in various water sources. They have developed the system by illuminating the turbid
samples with light from an infrared (IR) LED and the scattered light intensity from
the samples has been recorded by the ALS of the smartphone. The designed sen-
sor could accurately measures the turbidity value of the target medium over a wide
range of 0-400 NTU with a sensitivity of 0.1 NTU. Using Mie-scattering theory, they
have estimated the concentration of the suspended particles in the target medium by
correlating with the scattered irradiation from the samples. Hussain et al. [68] have
further demonstrated a smartphone-based salinity sensor for measuring the salinity
level in water medium. In this work, for measurement of water salinity level, two
different sensing schemes have been utilized and compared their performances. In
the first scheme namely evanescent field absorption scheme, the light from flashgun
of the smartphone has been coupled to a multimode optical fiber and a portion of
the fiber has been uncladded to act as a sensing region. An evanescent field has been
created at the core-air interface of the uncladded U-shaped optical fiber which is al-
lowed to interact with a saline water sample placed in a glass cylinder. The interacted
light signal has been modulated depending on salinity level of the target sample and
further, the emerged-out signal from the fiber has been recorded by the ALS of the

phone. In the second scheme mentioned as direct coupling scheme, light emitted by
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Figure 1.6: The development of different smartphone ALS based water quality moni-
toring systems; (a) working of a smartphone ALS based turbidimeter [67] with permis-
sion from Royal Society of Chemistry, (b) demonstration of smartphone ALS based
water salinity measurement system, reproduced from [68] with permission from El-
sevier and (c¢) demonstration of smartphone AIS based fluoride detection system,
reproduced [70] with permission from American Chemical Society.

specific wavelength LEDs has been allowed to pass through the water sample and the
modulated light signal has been recorded directly by the smartphone’s ALS. The per-
formance of the sensor from both the schemes has been compared and the sensitivity,
linearity, dynamic range and limit of detection of the sensor has found to be better
in evanescent wave coupling scheme. Such type of water salinity measuring sensing
tools is very useful for monitoring of water used for irrigation purpose. Fluoride being
a very reactive element has both positive and negative effect on plant health. The
high concentration of fluoride ion that is mostly found in ground water is toxic for
all living organisms [69]. Therefore, monitoring of fluoride level in nearby regions of
agricultural farmlands is necessary. Hussain et al. [70] further have reported a ro-
bust, field-portable and low-cost smartphone platform for detection of fluoride level
in ground water. The 3D printed sensing system is consisted of external lenses, opti-
cal fiber and the ALS sensor of a smartphone as a detector. A user-friendly android
application has been developed for detection and analysis of fluoride concentration in
water. In that setup, the light signal from the LED flash of the phone has been cou-
pled to a fiber through an optical filter and the light has been allowed to pass through
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the water sample placed between a lens systems. The transmitted light from the ALS
of the phone has been recorded and further estimated the fluoride concentration from
a calibrated equation preloaded on the smartphone application. Figure 1.6 shows the
development of different smartphone ALS based water quality monitoring systems
using different techniques. Pest detection system is critical for good in agricultural
yield. Qianggiang Fu et al. [71] have reported an ambient light sensor (ALS) based
smart phone colorimetric reader for monitoring of Organophosphate pesticides (OPs)
in plants. In the reported work, Acetylcholinesterase (ACHE) CDs has been used for
the testing of Ops in a 3D printed smartphone CD reader. In the reader, light from a
LED of wavelength 645 nm is allowed to fall on different kinds of chemically treated
Ops which has been placed on ACHE CDs. The CDs has been inserted into the ALS
based CDs reader and the transmission light intensity has been measured using a
free smart application Light Meter. The absorbance of ACHE CDs obtained with
the smartphone CD reader has been compared with the absorbance obtained with
gas chromatography-mass spectrometry (GC-MS) and Ellman assay and 92.86% of
correlation has been obtained between both measurements. Daniel Gaviria-Palacio
et al. [72] have reported a smartphone-based sensing tool using embedded ambient
light sensor to estimate leaf chlorophyll by light transmission method. In the re-
ported work, 3D printed adapters has been used to locate the plant leaves in the
setup where light emitted from a 663 nm wavelength LED has been measured by the
smartphone light sensor. The transmission spectra from Sorghum (Sorghum bicolor
(L.) Moench) plant leaves obtained with the ALS has been analyzed using a freely
available application- Physics Toolbox Sensor. The performance of the smartphone
sensor has been verified by comparing the results with standard spectrometer. This
type of smartphone-based system utilizing the built-in ALS of smartphone can be
applied to measure specific leaf light transmission, which was associated to chloro-
phyll presence. Baue et al. [73] have reported a novel smartphone application “Smart
fLAIr” (fast LAI retrieval), for a low-cost in-situ Leaf Area Index (LAI) estimation
with use of smartphone ALS. In this work, the sensitivity of ALS has been enhanced
by a diffuser cap combined with an optical band-pass filter for the measurement of
maize canopy. A comparative study with a commercial instrument has also been
carried out and found a convincing performance in terms of accuracy and stability.
Figure 1.7 shows the development of smartphone ALS based sensing systems useful

for agricultural based applications.
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Figure 1.7: The development of different smartphone ALS based sensing systems
useful for agricultural based applications; (a) working of a smartphone ALS based
pesticide detection system [71] with permission from Elsevier, (b) demonstration of
smartphone ALS based plant chlorophyll measurement system, reproduced from [72]
with permission from Dyna and (c¢) demonstration of smartphone ALS based Leaf
Area Index measurement system, reproduced [73] with permission from IEEE.

1.6.3 Smartphone accelerator and audio-jack based sensing

platforms

Modern day smartphones come with built-in accelerometer sensor by which the pro-
cessor of a smartphone senses its orientation in 3D space and takes actions accord-
ingly. Accelerometers based smartphone sensing systems has been used heavily as
activity recognition sensor in many areas of research [74]. Habib, M. A et al. [75]
have reviewed various smartphone based sensing system using in-built accelerator
for monitoring of fall detection and prevention. A limited number of smartphone’s
inbuilt accelerator based sensing platform has been developed for agricultural appli-
cations. Confalonieri, R. et al. [76] have developed a smartphone application “Pock-
etPlant3D”, which measures the leaf insertion angle using the device’s accelerometer
and magnetometer. A 3D distribution of the angles of photosynthetic tissues have
been created by using the leaf angles from the insertion to the tip. The developed app
measures the mean leaf tilt angle (MTA), the Campbell and leaf angle distributions

(LAD), as well as a new leaf curvature indicator from these angles.
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Figure 1.8: The development of smartphone audio jack based sensing platforms; (a)
Demonstration of embedded audio jack of the smartphone as a potentiostatic control
for ECL based applications, reproduced from [76] with permission from Elsevier, (b)
audio jack based universal mobile electrochemical detector for POC applications in
resource poor settings, reproduced from [77] with permission from American Asso-
ciation for the Advancement of Science, and (c) audio jack based potentiostat for
cyclic voltametric applications in a smartphone platform, reproduced from [78] with
permission from Elsevier.

The smartphone can be connected to external devices using the built-in audio
port. The audio jack serves as a means of data transfer between devices. The ability
of audio jacks to produce audio signals makes it useful in a variety of sensing appli-
cations. Delaney et al. [77] have demonstrated that a smartphone audio jack may
be used to regulate and polarise an external electrode in order to create an electro-
chemiluminescence (ECL) signal from an electrochemical reaction. The smartphone
camera has been used to capture the emitted ECL signal to measure the analyte
content. Nemiroski et al. [78] have developed uMED, a universal smartphone-based
electrochemical sensing platform, employing the common audio wire. With the use of
commercially available electrodes, the uMED platform may be connected to several
mobile phone generations to carry out various electrochemical sensing operations.
Although less number of work has been published there are still various scope for de-

velopment of smartphone audio jack based sensing platforms for monitoring of agri-
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cultural parameters. Figure 1.8 shows the examples of different smartphone based

electrochemical sensing platforms developed by using the embedded audio jack.

1.7 Scope of the present thesis work

Ensuring food security has been a top priority for human civilization [79]. To se-
cure global food security, agriculture- the upstream food producing sector needs to
be monitored carefully. Successful agriculture depends on healthy soil, which is the
original source of nutrients that crops needs to grow. To produce good quality crops
regular monitoring of soil quality is critical. Frequent sensing of the soil nutrients
improves the efficiency of agricultural production and also boost the creation of inno-
vative soil sensing methods [80]. Although various methods are available to monitor
the quality soil as discussed in section 1.2, the conventional methods are usually ex-
pensive and time-consuming due to the involvement of extraction and pre-treatment
procedures, and it requires specialised tools and trained personals to operate these
tools. The majority of sensing protocol and detection techniques that are used for
soil assessments includes laboratory based procedures that requires sophisticated in-
struments and are mostly laboratory confined [81]. Thus, immediate measures on
controlling the nutrients of affected farmland cannot be taken. A farmer residing
in the interior regions struggles a lot to get his soil quality checked in the soil sens-
ing laboratories which are mostly located in the central places. Therefore, there is
an urgent need for a suitable alternative soil quality parameter sensing tool. Due
to the advanced technology of the smartphones, the usability of smartphone-based
sensing systems has been emerged as promising substitute for lab-constrained devices
[82, 83]. There are currently a lot of smart phone-based devices available for sensing
of different environmental and agricultural parameters [84, 85]. The inbuilt sensors
of the phone have been extensively utilized to develop smartphone based sensing sys-
tems that might serve as a substitute for laboratory-confined standards instruments.
The smartphone’s built-in camera is the most frequently used sensor to detect and
sense a parameter of interest. The advanced features of present smartphone cameras
have led to a variety of studies being conducted in the fields of agricultural and food
items [58]. In low resource settings, smartphone camera-based optical platforms can
significantly help by offering inexpensive, field-deployable equipment. Along with the
camera sensor, the embedded ALS of the phone offers an option to use it as a detec-
tor for optical sensing. Numerous significant biological as well as agricultural sensing
studies have made substantial use of the smartphone’s ALS [65, 86]. The use of ALS
in optical sensing related to agricultural applications has received comparatively lit-
tle attention till date. Although a few bio-sensing applications have reported using

ALS [87-90], however, no suitable optics design has been developed for sensing of
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agricultural parameters. Considering the urgent need of alternate soil quality sens-
ing system and observing the popularity of the smartphone-based optical platforms
in biochemical, and diagnostic applications, the present thesis work proposed to de-
velop smartphone based sensing systems that can be used for environmental, and
agricultural parameter monitoring purpose. Apart from the mostly used colorimetric
technique in optical sensing of soil nutrients, other techniques like spectrometric, flu-
orescence based sensing can also be implemented on smartphone based soil sensing
applications. This would open a new avenue for soil quality parameter sensing using
smartphone. The development of smartphone-based technology in soil sensing would
help to increase agricultural production to sustain the entire society. The continuous
monitoring of soil quality would be possible with the development of low-cost smart-
phone based optical systems. Regular monitoring of soil quality would improve the
soil fertility which would led to the less use of water and fertilizers, which, in turn,
would reduce the cost of farming. Also the sensing tool would prevent the ecosystem
from the damages due to over-application of the unsuitable fertilizer which would led
to severe nutrient leaching and waste materials goes into water bodies thus, affecting

the water resources.

1.8 Aim of the thesis and its contribution

The main objective of this thesis work is to develop smartphone-based optical sens-
ing platforms by creating robust hardware and software platforms and to promote
its applicability in agricultural monitoring purpose. The applicability of the designed
smartphone sensors in this thesis work is largely illustrated through the measure-
ment of important chemical parameters of soil considering the need of alternative soil
quality monitoring system. The optical design and user interface of the smartphone
application have been kept as simple as possible while developing these tools in order
to make them adaptable by the people from these remote and resource-poor regions
who may not have enough scientific expertise. The thesis work contributes to the de-
velopment of low-cost user-friendly smartphone based sensing systems for detection
and analysis of different environmental and agricultural parameters with reference to
the resource-poor regions. The usability of in-built sensors of the phone has been
explored for agriculture and environment monitoring purpose. The CMOS image
sensor, Ambient Light Sensor (ALS) and USB port (for powering) of smartphone
have been utilized to make a complete standalone smartphone based sensing system.
Different compact cradles have been fabricated using the 3D-printing technology to
assemble all the optical components which can be attached easily to a smartphone.
Along with the optical setup, custom-coded smartphone applications have been de-

veloped to make the designed platform a truely standalone tool. The usability of the
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developed systems have been demonstrated for detection of soil parameters such as
pH level, macronutrients (Phosphorus and Nitrogen), toxic metal ions (Arsenic and
Lead), etc. and chlorophyll content in plant leaf. Below the contributions of the
present thesis work in the development of the sensing platforms are outlined with the

motivations:

1. In the first step of the thesis, a cost-effective, portable and user-friendly smartphone-
based sensing system has been developed and demonstrated its usability for
monitoring of pH value in soil. To convert the phone into a pH sensing tool,
the smartphone has been converted into a spectrometer. In this work, a piece of
DVD has been used as a grating element that disperses the focused broadband
line source into its component colors. The use of DVD in this work reduces the
overall cost of the tool. A 3D printed compact set-up has been developed that
houses the required optical components for the present set-up. The performance
of the designed smartphone sensor has been compared with a laboratory-grade
spectrometer. The designed tool has been successfully implemented for ac-
curate and reliable estimation of the pH value of different field-collected soil
samples. Further, the designed sensor has been utilized for Localized Surface
Plasmon Resonance (LSPR) based sensing of metal ions present in soil. In
the present sensing setup the DVD grating element has been replaced by a
commercial grating element for better sensitivity. The designed tool has been
implemented to Arsenic(IIT) and Lead(II) ions using synthesized gold nanopar-
ticles (AuNP). The LSPR peak of the AuNPs shifts to the longer wavelength
region upon reaction with As(IIT) and Pb(II) which is used for sensing of these
two particular ions. The change in the absorbance for each ion at the LSPR
peak have been used for quantification of the two ions. An android based ap-
plication “Soil Quality Monitoring” (SoQM) has been developed so that onsite
detection and analysis can be performed. The performance of the device has
been checked with field-collected soil samples and compared the results with

standard UV-Vis spectrometer data for validation.

2. Monitoring of phosphorous levels in water and agricultural soil is critical for
maintaining the water quality and soil fertility. Although, several methods
to estimate phosphorous concentration are available, the existing approaches
are laboratory-confined and involve costly equipment that are not suitable for
autonomous operation in the field. To overcome these limitations, in the second
step, a compact, portable, and cost-effective smartphone-based colorimetric
analyzer has been designed for the quantification of phosphate levels in water
and soil. The integrated CMOS camera of the smartphone is used as an image

detector that captures the images of the samples to be analyzed. The designed
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sensor converts the modulated signal in the form of color information which
subsequently has been used to quantify the phosphate concentration present
in the sample. A 3D printed cradle has been developed to hold the optical
components which can be attached easily to the camera of the phone. By using
two freely available android applications, the experimental data of the sensor
have been analyzed within the phone itself thus, making the designed tool a
truly standalone platform. The applicability of the proposed sensor has been
evaluated by estimating the phosphate concentrations of different field-collected

water and soil samples.

. In the third step of the thesis work, the design of a portable smartphone-based
dual mode sensing tool for the onsite detection of trace nitrite concentration
has been demonstrated. For this purpose, Carbon Nanodot-Neutral Red sensing
medium has been synthesized where C-dots acts as donors and NR as accep-
tors. In presence of trace nitrite, the C-dot-NR sample shows colorimetric and
fluorescence emission which has been used as the basis for dual model sensing
of nitrite concentration using a smartphone. The ALS and CMOS image sensor
of the smartphone have been explicitly used for photometric and fluorescence-
based study for the present sensor, respectively. Two freely available android
applications have been used for nitrite level measurement and analysis in the
samples. The performance of the designed smartphone sensor in both the sens-
ing schemes have been compared with the standard method. The designed tool
has been successfully implemented to monitor nitrite level concentration in dif-
ferent field-collected water and soil samples, thus, offering a feasible method for

determining nitrite residues on-site.

. Chlorophyll content estimation in leaf is often required for monitoring stress
level, nitrogen content and overall health condition of the plants. Spectropho-
tometric and reflectance-based sensors are generally used for such purposes;
however, the detection methods require relatively expensive, bulky and sophis-
ticated instruments, thus hindering their use in resource-limited settings. Con-
sidering the need for an alternative platform, the last part of the thesis work
attempted to design a low-cost, robust, user-friendly fluorescence-based sensor
using a smartphone for estimation of chlorophyll content in plant leaves. This
device has been developed using the inbuilt ambient light sensor of the smart-
phone as detector with an arrangement of simple optical components. The
extracted plant chlorophyll sample is excited with an optical source (475 nm),
and the corresponding emitted fluorescence signal at 679 nm has been recorded
by the phone’s ambient light sensor (ALS). A 3D printed compact optical set-up

has been designed to couple it with the phone to record the emitted fluorescence
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signal intensity from the sample. With the designed sensing platform, chloro-
phyll concentrations in fresh tea leaves have been accurately estimated and the

results have been compared with the commercial-grade chlorophyll meter.
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