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Abstract

Soil is one of the most important farming resources. Appropriate managing of its quality promotes productive and sustainable
agriculture. The valuable farm practice in soil quality managing is based on regular soil analysis with the aim of determin-
ing the exact amount of nutrients or other chemical, physical, and biological soil properties. Soil analysis usually requires
sample collection at the desired sampling depth followed by sample delivery to chemical laboratories. However, laboratory
analyses are resource-intensive and costly, and require a lot of time, effort, and equipment. A low-cost, fast, and effective
alternative for soil quality control is the application of smartphones to perform chemical analyses directly in the field or on
the farm. In this paper, an overview of recent developments on smartphone-based methodologies for agricultural purposes
and portable evaluation of soil quality and its properties is presented. The discussion focuses on recent applications of
smartphone-based devices for the determination of basic soil parameters, content of organic matter, mineral fertilizers, and
organic or inorganic pollutants. Obvious advantages of using smartphones, such as convenience and simplicity of use, and
the main shortcomings, such as relatively poor precision of the results obtained, are also discussed. The general trend shows
the huge interest from researchers to move the technology into the field with the aim of providing cost-effective and rapid
soil analysis. This paper can broaden the understanding of using smartphones for chemical analysis of soil samples, as it is
a relatively new area and is expected to be developed rapidly.
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Introduction

Chemical analysis of soil is a cost-effective management tool
aimed at determination of nutrients (the content of elements,
i.e. nitrogen, phosphorus, or potassium), chemical and physi-
cal soil properties (pH, cation exchange capacity, organic
matter, soil texture), and chemical contaminants (e.g. heavy
metals or persistent organic pollutants). Based on the labo-
ratory measurements, decisions could be made about the
species cultivated on a given soil, appropriate agrotechnical
treatments (liming, fertilization), remediation processes, or
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abandoning cultivation in the case of high concentrations
of pollutants [1]. In general, soil analysis usually requires
sampling at desired sampling depth at a certain sampling
site following by samples delivering to the analytical labo-
ratories and analysis according to the appropriate procedure.
However, soil analysis may appear to be problematic due to:

e Potentially large distances from the sampling sites to the
analytical laboratory,

e Large time delay between taking a sample and obtaining
analytical measurement result,

e High costs of outsourced analyses.

In order to overcome the above-mentioned problems,
on-site chemical analysis can be performed directly in the
sampling site without involving analytical laboratory. For
this purpose, it is necessary to have an ease-of-operation,
portable, and inexpensive measurement device. One of the
possible ways in simplification of chemical analysis pro-
cedures is an application of computer scanners or cameras
integrated with mobile phones instead of traditionally used
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skill-intensive laboratory equipment. The smartphone has
been recognized as a powerful, inexpensive, and ease-of-use
analytical platform for the colorimetric measurement of a
variety of substances [2] which could be easily applied for
on site analysis.

Agriculture has changed a lot in the past hundred years
which is also reflected in the way how the soil quality control
is performed. Base on the literature overview, it was found
that the interest to smartphone application for soil analysis
increases gradually and covers all possible tasks in manag-
ing of soil quality. On the one hand, such interest relates to
the necessity to make soil quality control less tedious based
on application of user-friendly approaches that are intuitive
for farmers; on the other hand, smartphones application for
soil testing could be a significant beneficence to farmers in
developing countries without access to laboratories.

Several reviews have been presented to describe the
application of smartphones in agriculture. The topics that
have been discussed are monitoring of agri-food and water
quality; seeds phenotyping; soil classifications [3]; farming
and farm management which involve various day-to-day
activities on the field, such as sowing, weeding, fertilizing,
and making related agricultural decisions [4] including crop
operations related to crop protection and diagnosis, nutrition
and fertilization, and crop harvest [5]; and monitoring of
operating behaviour of agricultural machinery cooperatives
[6].

In comparison to previously reported reviews, this con-
tribution provides the potential of smartphones application
in soil chemical analysis and highlighted the importance of
appropriate managing of soil quality and health for promo-
tion of productive and sustainable agriculture. Developed
solutions for determination of the content of soil basic
parameters, nutrients, and environmental contaminants are
discussed. The main benefits and shortcomings of smart-
phone-based procedures are presented through the applica-
tion examples.

Application of a smartphone as a detector

Nowadays, smartphones are increasingly considered as a
portable and easy-used detection device, which could be
applied for diagnostic, prognostic, quantification, or moni-
toring [7]. They are actively being used in many research
fields including:

— Medicine as diagnostic tools at the point-of-care testing as
well as noninvasive monitoring of disease conditions [8],

— Environment as devices for contamination monitoring
and quality control of water [9], soil [10], or air [11],

— Food as a tool for products quality assessment [12, 13],
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— Cultural heritage for in situ diagnosis of cultural herit-
age surfaces and objects [14],

— Agriculture for fast soil quality management, crop dis-
ease diagnosis [15], agri-food safety analysis [16].

Different kinds of sensors commonly used in smart-
phone could be applied for data acquisition. A standard
smartphone is equipped with a number of built-in hard-
ware sensors including image sensor (camera), audio
sensor (microphone), an accelerometer, gyroscope, mag-
netometer, GPS, fingerprint identity sensor, proximity sen-
sor, and light sensor, as well as sensors to collect informa-
tion on ambient pressure, humidity, and temperature [17].
For example, accelerometer and gyroscope sensors were
utilized for activity recognition of the user in daily life
and have potential applications in healthcare systems [18].
Additionally, the mobile sensing application was devel-
oped for the android platform to gather GPS, acceleration,
and microphone data from the mobile phone carried by a
farmer while performing any activity for classification of
a particular activity [19]. A novel ambient light sensor-
based acetylcholinesterase colorimetric dipstick reader
has been proposed for rapid organophosphate pesticides
monitoring [20]. A magnetometer sensor has been utilized
for robust structural health monitoring capable of identify-
ing and evaluating different structural damage types [21].
However, for chemical analysis, camera image sensor is
the most frequently used and assumes images acquisition
and their digitizing [22]. Generally, detection is made after
the smartphone-based device has been calibrated, using
the calibration curve method for one-colour scale or with
the use of artificial neural networks. The simplest way
to use smartphones in the viewpoint of its application in
chemical analysis is its combination with digital image
colorimetry, where the proper colour spaces should be
firstly selected according to different demand. The colour
space for computerized display systems is often visual-
ized using a three-dimensional coordinate system. Each
colour (red, green, and blue) is assigned to one of the three
orthogonal coordinate axes in three-dimensional space
[22]. An example of a cube created in this way is shown
in Fig. 1. Along each axis of the cube, the range of colours
from the lack of this component to full colour saturation is
presented. Any point (representing a colour) in a cube is
defined by three numbers assigned to R (red), G (green),
and B (blue), respectively. The diagonal line of the cube
represents the colours from black (0, 0, 0) to white (1, 1, 1)
through the shades of grey, and the three axes represent the
colours red, green, and blue, respectively. In practice, the
software will express the colours in the range 0-256 for
each component. This RGB colour space is in the human
perceptual space, which means that the RGB system rep-
resents fewer colours than the human can see.
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Fig.1 RGB colour space, placed in a three-dimensional coordinate
system

Assessment of basic chemical and physical
soil properties

Soil colour

Soil colour is one of the important properties used for clas-
sification and identification of soil strata. Depend on the
colour, it is possible to conclude about the soil chemical
composition, fertility, and water content. Attempts have been
made to apply smartphone camera for the measurement of
the soil colour. Various smartphone cameras were tested
in the field study under bright sunlight and under overcast
conditions. The results obtained were then compared with
those of the visual assessment using Munsell soil colour
cards. Additionally, spectrophotometry has been utilized as a
reference method to confirm the results obtained with smart-
phone-based procedure. Soil colour determination results
from smartphone measurements in both sunny and cloudy
conditions were shown to be similar as those obtained with
Munsell soil colour cards. However, the accuracy of meas-
urements is influenced by lighting conditions, more accurate
(more in line with the results obtained using the reference
method) and more precise (characterized by lower variance)
results were obtained for sunny conditions. The proposed
mobile device has a great potential to enable users with no
experience and lack access to colour charts to determinate
colour of the soil [23]. The smartphone used to determine
the colour of the soil allows for easy, automatic export of
the results of determinations to an application based on geo-
graphic information systems [24]. Maps of this type, such as
the one shown in Fig. 2, can be used to assess soil erosion,
soil fertility, or water content.

The colour recognition system with a smartphone cam-
era was developed to classify typical soils for agricultural

Fig.2 Sample soil colour map, created in a geographic information
system based on the results of colour analyses obtained with a smart-
phone [24], reprinted with permission from Elsevier

land in China [25]. Photos of previously collected and
air-dried soil samples were taken in a dark room, from a
distance of half a meter, and in addition to the smartphone,
the measuring set includes optical lenses, diaphragms,
covers, and calibration cards. Outer lenses are used to
adjust the size of the field of view. The shading device
consists of a cover and cards for colour calibration, it is
designed to work in conditions with no external light. The
cover is made of a black plastic tube and prevents reflec-
tions. Figure 3 shows the results of classification of soil
samples in the three-dimensional space R, G, and B. The
algorithm was not able to clearly distinguish samples with
loops-podzolic soils and purple soils as well as paddy soils
and drab soils. Besides these problems, it was possible to

Latosol
Red-soil
Yellow-soil
Burozem
Drab-soil
Podzolic-soil
Chernozem
Desert-soil
Paddy-soil
Purple-soil

B Data
eEEEOCCOOO

R Data

Fig.3 Classification of soil samples collected in China in the space
expressed by the RGB model [25] with permission from Elsevier
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classify the soil on the basis of the measurements of the
colour of the soil.

Another investigation aimed to determine soil struc-
tural parameters based on two groups of input data [26].
The first group includes the parameters obtained on the
basis of photos from the RGB model, and the second
one — the parameters obtained on the basis of the geo-
graphic location system and databases such as terrain,
annual average rainfall and temperature, type of par-
ent rock, or land cover with vegetation. Photographs

Fig.4 Photos of soil profiles
with colour templates [26]

Fig.5 Photos of soil profiles,
after removing elements not
subject to analysis [26]
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were taken of soil profiles as shown in Fig. 4, using
colour standards to compensate the influence of external
conditions.

In order to properly analyse the colour of the soil pro-
file photograph, all objects that may influence the analy-
sis results and are not related to the soil colour should
be removed from the picture. These are colour patterns
themselves, above-ground and underground plant parts,
and pieces of wood or stones. Figure 5 shows the modi-
fied photos of soil profiles. Using the data from the
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photos and location parameters, decent coefficients of
determination were obtained for predicting the values
of individual parameters — soil structure (R*=0.59),
mass loss after burning as a measure of organic mat-
ter content (R?>=0.64), drainage class (R*>=0.50), den-
sity (R?>=0.57), sand content (R*>=0.58), dust content
(R*=0.63), clay content (R*=0.62), and pH (R>=0.61).
Prediction models based only on location parameters or
based only on image parameters were also tested but such
models gave worse prediction results. The continuation
of research work consisted mainly in extending the range
of estimated parameters with the content of elements —
Al, B, Cu, Fe, Mn, Mo, P, S, Zn, Ca, Mg, Na. The ability
of such models to predict the parameter values was much
lower than in the previous studies (R* coefficients rang-
ing from 0.204 to 0.5) [27]. This may be due to the fact
that the data for the localization parameters come from
Ethiopian databases and in the first study came from
Scottish databases.

Measurement of pH

Among the soil properties, determination of the pH of the
soil is highly important due to the acidity of the soil has
an influence into the soil structure as well as solubility or
absorption of nutrients. In agricultural practice, the pH of
the soil is measured in order to determine the necessity of
liming and to select a proper crop for cultivation. The soil
pH value could be predicted by using an artificial neural
network. Such a model should be previously trained to rec-
ognize images, based on a set of photos of soil samples with
known pH values. The values of the linear regression coef-
ficients for the results of determinations carried out on real
samples in relation to the reference value are 0.823-0.859
for various features of the image. However, the investigation
was done within a fairly narrow range of pH values between
7 and 8.5 [28].

Another approach assumes the application of smart-
phone at the pH reading stage with the utilization of clas-
sical indicators. Three indicators were tested: bromothy-
mol blue, methyl red, and phenol red in the pH range
between 1 and 13. The calibration curve of each indicator
was prepared by determining the relationship between the
pH values and the corresponding values of the RGB model
[29]. The pH values are determined in a solution that has
previously been in contact with the soil sample, which is
actually a classic approach. The human factor when read-
ing the colour is eliminated; therefore, more precise val-
ues of the determination results should be expected. Other
studies show the possibility of using a universal indicator,
which is a mixture of water, 1-propanol, phenolphthalein,
sodium hydroxide, methyl red, bromothymol blue, sodium

bisulfite, and thymol blue (and is usually applied to indica-
tor paper). The procedure allows to determine of the pH
precisely in the solution after contact with the soil in the
range 4-9. As part of the solution, an add-on for spec-
trophotometric measurements under constant conditions
(without the influence of external light) was printed in 3D
printing technology [30].

Water content measurement

The water content is determined in order to assess the
air—water ratios and select the appropriate plant for cultiva-
tion or to provide correct watering. The water content of
the soil sample can also be determined from photographs.
For this purpose, 150 soil samples were analysed in order to
determine the water content, with simultaneous photos taken
under controlled conditions. Twenty-two variables, which
are predictors, were read. The training dataset prepared in
this way was used to find the relationship between the pre-
dictors and the water content in soil samples. Several models
were used, while better results were obtained from the model
based on artificial neural networks (determination coefficient
R*=0.91) [31]. None of the predictors alone correlated well
with water content, but the use of several of them to train the
network gave satisfactory results.

Angularity estimating

Particle angularity significantly affects the macro-
mechanical behaviour of granular soils. However, the
characterization of the particle angularity is rather dif-
ficult; thus, this fundamental soil property is commonly
ignored by researchers. Nevertheless, the laboratory-on-
a-smartphone device has been proposed for automatic
evaluation of the particle angularities of soils. Machine
learning techniques, including speed up robust features,
k-means, and support vector machine, were used to train
a soil image classifier [32]. After, soil image classifier
automatically analyses the sharpness of particle corners
in three-dimensional soil assembly images and classifies
images based on Powers’ chart with a high classification
accuracy of 93%.

Determination of the soil nutrients content
Measurement of carbon content

In general, the soil carbon content is an approximation of
the humic substances content. Humic substances affect
water retention, balance of soil minerals, improve root

growth conditions, and reduce soil mechanical resistance.
Attempts have been done to develop analytical procedures
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for the determination of carbon or organic matter in soil
samples with the use of smartphone devices. The smart-
phone with a custom-made extension was used to take
photos of 90 samples collected from three different types
of soil. To compensate illumination varying effect, the illu-
mination factor component of the image has been removed.
Based on the photos received, it is possible to predict
the content of organic matter with reasonable accuracy
(R?=0.88) using the original images after minor modifica-
tion [33]. The relationship between the RGB model param-
eters and the content of organic matter was found. Another
investigation compared the effectiveness of predicting soil
organic carbon from soil colour using a smartphone. Soil
colour measurements were performed for samples with
organic carbon content ranging from 0.03 to 4.74%. Photos
of the samples were taken under standardized conditions.
Various models and colour space descriptors were tested for
predicting soil organic carbon.

Modelling was performed using multiple linear regres-
sion and a random forest method. Better prediction results
were obtained on the basis of the colour analysis of moist
soils and the organic carbon content was well correlated
with the parameters describing the brightness of the colours.
Both models under optimal conditions gave similar predic-
tion efficiency with R? values of 0.66 and 0.63. The use of
a smartphone camera was characterized by a very similar
accuracy of the obtained measurement results as in the case
of a professional camera [34].

It is also important to establish the impact of the smart-
phone model, which camera is used for determinations, on
the results of soil organic carbon content. For this purpose,
the five most popular phones were compared based on how
often they were purchased in the first half of 2020. SAM-
SUNG Galaxy Note10+5G, HUAWEI Mate 30 Pro, APPLE
iPhone 11, OPPO Reno3 Pro 5G, and XIAOMI 10 Pro were
compared, all sold on market from year 2019 to 2020. All
smartphones gave comparable results of colour readings, and
the values of the coefficients of determination of the cali-
bration models were in the range of R*=0.79-0.82, which
is important from the point of view of the availability and
universality of the proposed software algorithms [35]. In
the summary, the authors define several ways to make the
software used more universal, compatible with a wide range
of smartphone models.

Measurements of mineral compounds content

Mineral soil composition is a fundamental feature that
affects the properties and functions of soil [36]. Addition-
ally, minerals are necessary for plant growth, their deficits
lead to plants low growing as well as pathological changes
in leaves. In agricultural practice, the measurement of the
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mineral compounds content is required for correct fertiliza-
tion process and setting the doses of fertilizers. A smart-
phone-based procedure was developed for the fast and easy-
operated determination of soil mineral compounds content.

A procedure was developed based on application of
Android smartphones in combination with commercially
available Quantofix® test strips which were impregnated
with impregnation reagents. In this case, smartphone is
used as a portable analytical device that reads the col-
ours from the test strips, which are correlated with the
concentrations of the individual minerals present in the
soil. The smartphone results were compared to those
obtained by standard methods for the determination of
extractable N-nitrogen (nitrates) and phosphorus (phos-
phates). Determination of the nitrate content is carried
out after standard sample preparation, which assumes
extraction of the target analytes with deionized water.
The procedure is applicable in the concentration range
up to 100 mg L' NO,™. For the phosphates determina-
tion, a mixture of 0.05 N HCI and 0.025 N H,SO, has
been utilized. In both cases, colour-forming reaction has
been proceed in the test strips. However, the determina-
tion of the phosphate content was hampered by the influ-
ence of interfering substances present in the samples.
The procedure can be used as a screening tool to assess
the concentration of minerals in the soil. Three different
smartphones were used in the study, from different price
ranges. The results obtained using a smartphone from the
“top shelf” were characterized by the best precision and
accuracy, and worse cameras gave results with consider-
able systematic error [1].

The continuation of research on the use of smartphones
to determine the content of nitrates and phosphates in soil
where vegetables were grown allowed to evaluate the prac-
tical aspects of using such a tool [10]. The approach is
primarily a convenient way to optimize the soil fertilization
process. Significant financial savings can be achieved by
abandoning the use of fertilizers in situations where the
N and P content in the soil is already sufficient or even
exceeds the needs of crops. Such information can help to
improve the efficiency of the use of mineral fertilizers in
small farms, reduce fertilization costs, and reduce the risk
of nitrate and phosphate leaching into the aquatic envi-
ronment. Determination of N and P in soil could be the
first step to introducing a better crop nutrient management
model by applying nutrient corrections and will help to
reduce the continued, uncontrolled use of mineral ferti-
lizers. This, in turn, may contribute to reduction of the
eutrophication process of surface waters, reduction of soil
acidification, or the risk associated with the presence of
heavy metals in soil.
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Fig.6 Estimation results of the concentration of (1) nitrogen, (2) phosphorus, and (3) potassium in rice biomass. The photos were taken from

5 m with a smartphone camera [37]

An interesting analytical approach is taking photos of
plant crops and based on the colours of the crops, determi-
nation whether there is a sufficient concentration of mineral
fertilizers in the soil. This approach was used to assess the
content of nitrogen, phosphorus, and potassium in biomass,
particularly during the cultivation of rice [37]. The meas-
urement is based on the taking a photo of the crop from
a height of 5 m using a long selfie stick, which allows to
capture larger, more representative area. Figure 6 shows
examples of this type of photos. Calibration was performed
with the use of concentration data determined using clas-
sical analytical procedures. The calibration curves are the
relationships between the concentrations of the elements
and the parameters of the RGB model and have the values
of the coefficients of determination R*=0.837 for nitrogen,
R*=0.703 for phosphorus, and R>=0.703 for potassium.
Therefore, the accuracy of the discussed procedure is rather
low. The authors point few limitations of their solution. Pic-
tures received with a long stick from the camera must be
taken at the right angle to avoid too large area pictures of

the field. Photograph taken from a height is not free from
the influence of sunlight, from the reflection of light from
rice fields, or from the shadows of for example selfie stick
itself. Photos should be taken in favourable weather condi-
tions avoiding very cloudy weather or when it is scorching
heat. Moreover, the obtained results may be influenced by
the variability of genotypes and age of rice cultivation. The
optimal age of the rice crops used in this approach is the
plant in the tillering stage.

Another example of using a smartphone is the deter-
mination of the content of available phosphates in soil
(the procedure can also be used to determine phosphate
in water) is based on the analytes extraction with Bray II
solution as with the standard procedure — the reaction
gives a blue coloured product. Here, however, instead of
using a molecular spectrophotometer, a smartphone was
used with a connected LED lamp as an external source of
radiation, as shown in Fig. 7 [38]. The set consists of a
tripod in which a smartphone is placed and a place to put
a litter box, lenses, and a light diffuser between the LED
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Fig.7 Set for measuring phos-
phate content in soil — diagram
a and photo of the set b. Copied
from Das, P., Chetry, B., Paul,
S., Bhattacharya, S. S., & Nath,
P. (2022). [38] Reprinted with
permission from Elsevier

lamp and the camera. The results obtained with such a kit
are very consistent with the results obtained with the lab-
oratory procedure based on molecular spectrophotometry.

Soil contamination monitoring

Soil contamination by naturally occurring and anthropogenic
organic and inorganic chemicals is a serious human and
environmental health problem. Soil contaminants include
heavy metals, petroleum products, and organic xenobiotics
such as pesticides, polycyclic aromatic hydrocarbons, and
polychlorinated biphenyls. General problems associated with
soil contamination monitoring are concerned with quanti-
tative extraction of the desired analytes from the sample
matrix.

Inorganic contaminants monitoring

For the Pb, Cd, or Cr determination, a procedure has been
applied based on gold nanoparticles with appropriate func-
tional groups surface modification. The use of gold nano-
particles at the extraction stage is rather inconvenient in the
case of field or home analyses; therefore, it is unlikely to find
application in agriculture and will not be discussed further
[22].

An analytical procedure was developed for the deter-
mination of As (III) in soil samples using a commercially
available test strip with a smartphone colour reading [23].
The procedure involves extracting As from soil with water
(the soluble fraction of As is determined) and then reducing
As (IIT) to arsine (Reactions 1-2). It reacts with mercury
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bromide impregnated into the indicator paper (Reaction 3).
The reaction results in a colour change to yellow—brown.

As,0; + 6Zn + 12HCI — 2AsH; + 6ZnCI2 + 3H,0 (1)
H;AsO, +4Zn + 8HCI — AsH, +4ZnCl, +4H,0  (2)

AsH; + HgBr, — AsH(HgBr), + AsH(HgBr); 3)

The content of As can be determined from concentration
0.005 mg L%,

Organic contaminants monitoring

Trinitrotoluene (TNT) may appear in the soil as a contami-
nant due to use of explosives. An analytical procedure was
developed to determine this compound in soil with a smart-
phone as a detector [39]. The soil sampler was based on a
piece of lignin-free linden wood. Then the surface of the
wood was modified to contain chemically bonded amine
groups. The determination of TNT content is based on the
reaction of the analyte with the chemically bonded amino
group to the wood surface. It is related to the formation of
the Meisenheimer complex, which results in a change in the
colour of the wood surface.

The soil TNT determination procedure is applicable to
moist soil samples, sampling is based on capillary suction.
The colour intensity of the modified wood is proportional to
the concentration of TNT in the soil, which is the basis for
smartphone determination. The detection limit of this meth-
odology is 0.07 mg g~ soil, which is not a very good result.
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Wooden sampler changes colour in contact with various
concentrations of TNT in the soil, and the calibration curve.

A paper-based colorimetric sensing procedure coupled
with smartphone has been developed for the pesticide expo-
sure analysis in environmental samples including soil [40].
The imprinting metal-organic framework has been utilized
for the sensitive and selective determination of thiacloprid
at 0.01 pg g~ ! level.

Another procedure base on smartphone-based image anal-
ysis has been proposed for detection of nonylphenol in soil.
To improve selectivity, molecularly imprinted polymers/
carbon dots coated on cotton fabrics were utilized. Due to
high fluorescence emission, the received composite was used
as a sensor for highly selective nonylphenol detection. The
fluorescence images were taken by smartphone and analysed
by software for RGB measurement [41].

Microplastics are ubiquitous in the environment and are
among of the soil pollutants as well. Recently, smartphone-
based method for rapid quantify determination of micro-
plastics has been proposed. The method involves isolating
of microplastics from soil or water by density separation and
vacuum filtration, staining the isolated plastic polymers with
the reagent Nile Red, and quantifying the strained microplas-
tics as small as 10 pum using a smartphone-based fluores-
cence microscope with an opti-mechanical attachment. The
authors note that the proposed method successfully detected
a wide range of plastic polymers, but a dilution step was
often needed if the samples contained high concentrations of
particulates or non-plastic debris to minimize optical overlap
or blocking [42].

The applications of smartphones in soil analysis are sum-
marized in Table 1.

Outlook

Application of smartphones in agriculture is a promising
tool to make a managing of the soil quality easy, user-
friendly, and less time- and cost-consuming. On site analysis
with the application of smartphones allows to receive results
in real time condition directly in the sampling site.
Smartphones are generally used in three ways:

— To read colour more precisely than the human naked eye.
The remaining of the analytical procedure is performed
in quite traditional way,

— For colour reading, where the analytical procedure is
modified in such a way that at the detection stage, it is
possible to use a smartphone as a detector,

— The colour reading is an input to the neural network. Previ-
ously, it was trained to find relationships between the colour
of a sample and the property or properties of soil samples.

The use of a smartphone is associated with the possibility
of performing on site analysis, i.e. at the place of sampling,
without the need to involve a chemical laboratory. Therefore,
there is no need to transport samples, which may be associ-
ated with further cost reduction and limitation of the risk of
losing the sample representativeness. However, the results of
determinations using smartphones are quite uncertain, which
means that they can be used as a rough evaluation tool.

Analysis of literature data of smartphones application
for evaluation of soil quality shows that this is a relatively
new promising area, due to most of the investigations were
published in 2019-2022. However, smartphone-based pro-
cedures significantly differ both efforts made for its devel-
opments and the way how it could be applied. The easiest
procedures assume application of test strips or paper-based
colorimetry coupled with further exploiting smartphone-
assisted image acquisition. Such procedures could be used
for nutrient content analysis as well as contaminants deter-
mination. The great efforts were done to provide smart-
phone-based procedures for physical soil properties, such
as soil colour analysis used for soil profiling. The reason is
that such procedures require significant labor in the stage of
the development and assume soil photos analysis and their
correct interpretation for soil classification. Establish of the
smartphone-based devices that could provide multicompo-
nent analysis and integrates major soil parameters with the
aim to overall soils quality seems to be the most perspec-
tive way of the modern agriculture development as well as
smartphone integration into this area. Therefore, intensive
research should be expected in this field which significantly
contribute to the further expansion of the possibilities of
smartphones application as an analytical tool.

Limitation of the smartphone’s application in the agri-
culture for chemical soil analysis could be connected to
both chemical and technical reasons. Chemical limita-
tions are related to the reaction used for the receiving
of colour product for desired analytes and providing of
colorimetric detection. The sensitivity of smartphone
devices in many cases is considerably worse than for
more sophisticated instruments like mass spectrometry;
thus, smartphones are rarely used for trace analysis and
determination of such soil pollutants as polycyclic aro-
matic hydrocarbons, pesticides, or antibiotics residue.
Additionally, tedious sample preparation for trace ana-
lytes preconcentration and dealing with matrix effect is
required, while smartphone-based device assumes fast
and not labour intensive approaches. Technical limitation
could be related to the smartphone itself, particularly in
camera’s parameters. Different types of cameras from
various manufacturers and with different lenses could be
a reason of low reproducibility of the results on a large
number of devices.
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Among the future trends, all-in-one smartphone-based
devices seem to be preferable for agricultural soils analysis
that enables users to complete a self-assessment about soil
quality and receive a performance report including action-
able insight to identify how to improve soil quality for pro-
ductive and sustainable agriculture.
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