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HIGHLIGHTS

e Our study has validated the precision of the SEN0193 sensor.
¢ Manufacturer calibration of the SEN0193 exhibited low accuracy.

¢ We recommend a two-point linear calibration considering soil-specific characteristics.

Abstract: Monitoring soil moisture is an essential aspect of comprehending the functioning of terrestrial
ecosystems. However, the cost of commercial sensors often challenges their acquisition. In response to this
issue, manufacturers have developed several low-cost soil moisture sensors in recent decades, but there is
still a need to improve the evaluation of their precision and accuracy. This article assesses the precision and
accuracy of a low-cost soil moisture sensor SEN0193. The assessment results highlight the consistent
precision of SEN0193 and emphasize the homogeneity of responses among sensors of the same model.
The study also underscores the significant impact of soil granulometry on sensor precision, emphasizing the
importance of realizing site-specific calibrations. In terms of accuracy, the study reveals that the calibration
recommended by the manufacturer tends to overestimate moisture, particularly in soils with smaller
granulometry. The study suggests that soil-specific calibration methods utilizing linear equations are more
reliable and effective than polynomial and exponential approaches, especially when employing three to five
calibration points. This study offers an essential contribution to the advancement of accessible methods for
soil moisture monitoring. These methods are crucial for efficiently monitoring soil moisture in agriculture and
natural ecosystems.

Keywords: calibration; precision; smart agriculture; soil water content.

Brazilian Archives of Biology and Technology. Vol.68: €25240380, 2025 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Genovez, J.G.F.; et al. 2

INTRODUCTION

Soil moisture is essential for terrestrial ecosystems functioning [1, 2, 3]. It is determinant of plant growth,
reproduction and development [4, 5, 6, 7]. It also influences the activity of microorganisms, shaping soil
functionality through nutrient cycling [8, 9]. Insects and other soil organisms also rely on humidity for their
survival and reproductive activities [10, 11]. In addition to its ecological importance, it is crucial in agriculture
since controlling soil water content is determinant for food production and crop protection [12, 13].

However, commercially available soil moisture sensors are often expensive and may not be widely
available to farmers and researchers worldwide [12]. These financial limitations can prevent access to
essential technologies for adequate soil moisture monitoring. Furthermore, the scarcity of affordable sensors
directly affects the capacity to make informed decisions concerning water resource management in
agriculture and preservation of natural ecosystems [14, 15, 16]. Therefore, the current demand for low-cost
soil moisture sensors is evident [13].

Nevertheless, errors in measuring soil moisture can result in mistaken decisions that negatively affect
ecosystem conservation and agricultural production [17]. Therefore, precision and accuracy are essential
requirements for low-cost sensors. Precision refers to the sensor's ability to provide consistent readings,
indicating a low degree of variability among other sensors of the same model. Accuracy, on the other hand,
represents the proximity between the sensor readings and the actual soil moisture values, reflecting how
faithfully the device mirrors reality [18]. The low-cost sensor SEN0193 (DFRobot, Shanghai, China) [19] has
been widely utilized in recent years, mainly in irrigation projects [20, 21, 22, 23, 24]. However, a few studies
explore aspects such as the precision and accuracy of this instrument. The scant literature documenting
precision outcomes of SEN0193 reveals divergent findings, wherein Schwamback and coauthors [24] attains
satisfactory results while Kulmany and coauthors [25] does not. Studies evaluating the calibration methods
of this sensor note that polynomial equations prove to be the most effective [25, 26]. While most studies
achieve high accuracy through extensive calibrations, this approach poses challenges for real-world soil
monitoring due to the impracticality of using numerous calibration points by farmers. Furthermore, some
studies highlight the limitations of the manufacturer's recommended calibration methods [27, 28],
underscoring the importance of researches that evaluate alternative calibration methods.

Therefore, our study initially focused on assessing the precision of the SEN0193 sensor. By validating
the precision of the sensor, a properly executed calibration can be universally applied to any sensor unit of
this model. We then compared the effectiveness of the manufacturer's suggested calibration versus a simple
calibration approach, considering a linear equation with only two calibration points. Additionally, we explored
more robust calibration methods, employing a limited number of calibration points, aiming to propose
accurate methods that can be more easily employed. Finally, as the SEN0193 sensor estimates soil moisture
based on dielectric permittivity and how soil structure affects it, we assessed whether and how the distinct
granulometry of the soil affects the precision and accuracy of the SEN0193 sensor.

MATERIAL AND METHODS

SENO0193 and the reference sensor

SENO0193 is a low-cost capacitive soil moisture sensor consisting of a dielectric material surrounded by
two terminals, capable of measuring the water concentration in the soil by detecting variations in the
capacitance of its dielectric zone [19]. The readings provided by the device are expressed through voltage
oscillations in millivolts (mV) resulting from changes in capacitance caused by the presence of water. In this
unit of measurement, lower voltage values indicate a high soil moisture content, while higher voltage values
correspond to a reduced water content in the soil. However, it is essential to convert these millivolt values to
technical soil moisture units through a calibration process. Therefore, it is essential to assess the precision
of the low-cost sensor to determine if the conversion from millivolts to a technical unit of moisture, developed
by one SEN0193 sensor, can be applied to other sensors of the same model.

We used the field capacity method for millivolt conversion, according to the manufacturer's guidelines
for converting the Mv values obtained by the SEN0193 sensor to the humidity unit (%) [19]. However, the
method proposed by the manufacturer does not consider soil characteristics, suggesting a standardized
calibration approach for different soils — which will be further detailed below. Field capacity estimates soil
maximum water storage capacity until saturation occurs [29]. The degree of soil saturation is calculated based
on the obtained field capacity for each soil type, where 0% represents completely dry soil and 100% indicates
that the soil is fully saturated.

As a reference for soil moisture, we used the high-accuracy and higher-cost EC-5 sensor, from Decagon
Devices (Washington, USA). This capacitive sensor has been extensively studied regarding the influence of
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soil temperature, composition and granulometry to obtain the humidity value [30, 31, 32] and continues to be
widely employed worldwide [33, 34, 35, 36]. The reference sensor was also calibrated using the field capacity
method for each soil sample, as previously described to the SEN0193 sensor.

The millivolt measurements of the low-cost sensor were obtained using nine individual SEN0193 sensors
connected to an Arduino Uno R3 microcontroller board based on the ATmega328P, and visualized through
the Arduino Integrated Development Environment (IDE). The sensors operated under a 5V operating voltage,
chosen due to the increased variability in moisture measurements reported when operating at lower voltages
[26]. The mV values obtained were recorded to assess the consistency among the nine SEN0193 sensors
and for subsequent calibration (conversion mV to %) to evaluate accuracy against the reference sensor. The
reference sensor was integrated into the H21-002 data logging microstation (Hobo, USA) and configured
using HOBOware software.

Laboratory procedure

Commercially washed sand was used as the soil matrix to obtain soil samples for moisture tests. The
sample preparation process began with drying the sand at a constant temperature of 105 °C over 24 hours.
Subsequently, the dried sand was sieved to obtain different soil grain sizes: coarse grains (greater than 0.5
mm), medium grains (between 0.5 and 0.25 mm), and fine grains (between 0.25 and 0.1 mm). Then, place
100 grams of sand from each grain size in a cylindrical glass container with a diameter of 45mm and a height
of 12cm.

In each cylinder, we added 5 ml aliquots of purified water seven times, taking measures after each
addition. The soil was manually stirred after each addition to ensure uniform water distribution. We recorded
millivolt values (from the nine SEN0193 sensors) and soil moisture values (from the reference sensor). After
adding 35 ml of water, all grain sizes reached saturation, and each sensor recorded 24 readings (8 moisture
levels x 3 grain size categories).

Calibration equations

The SEN0193 sensor features a manufacturer-suggested standard calibration involving a linear equation
with two calibration points. The point corresponding to dry soil (0%) is determined by the millivolt value
obtained when the sensor is in contact with no object, while the point for saturated soil (100%) is determined
by the millivolt value obtained when the sensor is immersed in water [19]. In other words, the manufacturer's
suggested calibration does not take into account the specific characteristics of distinct soil types. Many
studies emphasize the importance of considering the specific properties of each soil when calibrating
moisture sensors [37, 38, 39]. Therefore, we also conducted a calibration based on a linear equation with
two calibration points, considering the soil's specificities. In this approach, the point for dry soil (0%)
corresponds to the millivolt value obtained by the sensors when inserted into each dry soil, while the point
for saturated soil (100%) corresponds to the millivolt value obtained by the sensor in saturated soils. Both
calibration methods described above are based on extreme values and do not require intermediate moisture
values, eliminating the need for a reference sensor. Hence, they are referred to as unreferenced calibrations.

In addition to the two unreferenced calibration methods, we conducted nine additional calibration
methods, including linear, second-degree polynomial, and exponential calibrations, each considering three,
four, and five calibration points. To obtain intermediate millivolt values, we used the values obtained from the
reference sensor to determine the millivolt value corresponding to the target moisture level. For equations
with three, four and five calibration points, the millivolt values obtained for dry soil (0%), saturated soil (100%
moisture) and intermediate reference values (50% for three-point equations; 33% and 66% for four-point
equations; and 25%, 50% and 75% for five-point equations) were considered as the points for the
corresponding levels of soil moisture. The reference sensor was used to obtain intermediate millivolt values
during the calibrations described above. Therefore, we will refer to them as referenced calibrations.

Statistical analysis

To assess the precision of SEN0193, a one-way analysis of variance (ANOVA) was conducted among
the nine sensors at each soil moisture level, using millivolt values as response variables and the sensors as
categorical variables. Additionally, to investigate the potential influence of grain size on sensors accuracy, a
one-way ANOVA was performed at each moisture concentration, using millivolt values as response variables
and the three grain sizes as categorical variables. Moreover, in the presence of statistically significant results
from the ANOVA, Tukey's post-hoc test was employed to discern pairwise differences. Conducting these
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analyses across the moisture gradient allowed us to evaluate whether, at certain moisture levels, the sensors
exhibit variations in the influence of grain size and the accuracy of SEN0193 in the obtained millivolt values.

An evaluation of the calibration models in relation to reference moisture was conducted using Mean Bias
Error (MBE; Equation 1) and the Coefficient of Determination (R2; Equation 2). MBE represents the mean
difference between the obtained moisture value and the actual moisture value. Therefore, values equal to
zero indicate no difference between the obtained and actual values, while negative values suggest that the
calibration method is underestimating the actual moisture, and positive values indicate overestimation. On
the other hand, R2 quantifies the degree of fit of the obtained moisture value in relation to the actual moisture
value, with 1 indicating a perfect fit between obtained and actual values.

Equation 1: MBE = %Z?zl(Actuali — Obtained;)

Y, (Actual; — Obtained;)?
Y, (Actual; — Actual)?

Equation 2: R? = 1

where: n represents the number of observations, Actuali is the actual moisture value for observation i,
Obtained; is the obtained moisture value for observation ;, and Actual is the mean of the actual moisture
values.

The comparative statistical analysis between unreferenced calibration models involved the application
of the Student's t-test to investigate potential disparities in MBE and R2 values between the manufacturer-
recommended calibration and a linear calibration with two points, adapted to account for soil-specific
characteristics. Additionally, an analysis of variance (ANOVA) was employed to understand the potential
influence of grain size in each calibration model, assessing both MBE and R2 across different grain sizes.

For the comparative analysis between referenced models, we conducted ANOVAs for both MBE and R?
among the referenced calibration models (Linear, Polynomial, and Exponential), individually for each grain
size and number of calibration points. In order to examine the potential influence of grain size on each
calibration model, we performed separate ANOVAs for MBE and R2 among grain sizes (Coarse, Medium,
and Fine) within each calibration model and number of calibration points. Finally, to determine if there are
significant differences between calibration points, we carried out ANOVAs for both MBE and R2 among
calibration points (Three, Four, and Five points) within each calibration model and grain size. Tukey's post-
hoc test was employed to discern differences within grain sizes, calibration techniques, and calibration points.

In cases where the assumptions of normality and homoscedasticity were not met, the decision was made
to perform the Mann-Whitney test as a substitute for the Student's t-test, and the Kruskal-Wallis test as a
substitute for ANOVA. All statistical analyses were carried out using R software v. 4.3.2 [40]. Normality and
homogeneity of variances were checked using the shapiro.test and levene.test functions, respectively, from
the "car" library.

RESULTS AND DISCUSSION

SENO0198 precision validation

There is a noticeable uniformity in the millivolt values obtained among SEN0193 sensors, regardless of
the soil granulometry (Figure 1). This consistency is statistically validated (Table 1), revealing the absence
of significant differences between the sensors across the entire investigated moisture gradient. This result
emphasizes that, despite the low cost of the SEN0193 sensor, reliability in the homogeneity of the obtained
responses is confirmed, indicating the sensor model is precise.
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Figure 1. Millivolt values obtained by the low-cost sensor in coarse, medium, and fine grains sizes. The color of the
points of each grain size indicates the degree of moisture, where lighter points correspond to drier soil and darker points
to more humid soil.

Table 1. Results of the analysis of variance (or Kruskal-Wallis) among the nine SEN0193 sensors along the moisture

gradient.

\(/r\/na;';er content Factors Df Sum Sq Mean Sq (Fo_;/?ll\f/-value) P-value

0 Sensors 8 123.8 15.481 2.223 0.0759
Residuals 18 125.3 6.963 - -

5 Sensors 8 - - 3.632 0.8887
Residuals 18 - - - -

10 Sensors 8 - - 3.764 0.8777
Residuals 18 - - - -

15 Sensors 8 - - 3.764 0.9313
Residuals 18 - - - -

20 Sensors 8 756 94.5 0.037 0.999
Residuals 18 45995 2555.3 - -

25 Sensors 8 2449 306.2 0.485 0.851
Residuals 18 11355 630.8 - -

30 Sensors 8 - - 4.0407 0.8534
Residuals 18 - - - -

35 Sensors 8 - - 5.3395 0.7208
Residuals 18 - - - -

Df, Degrees of freedom; Sum Sqg, Sum of squares; Mean Sqg, Mean square. The rows with absent Sum Sq and Mean
Sq values refer to Kruskall-Wallis analyses.

The absence of soil moisture in the first measurement affected sensor precision and could be responsible
for the marginal significant values in the dry soil (p<0,0759; Table 1). The sensor may exhibit inconsistent
readings with insufficient water to conduct electrical current. Such inaccuracies can introduce measurement
errors and lead to erroneous results, such as Type 1 statistical errors (false positives).

Sensors showed a clear gradation in soil moisture among all grain sizes caused by the addition of purified
water, with only a few instances of overlap at specific points (Figure 1). This overlap occurs in coarse-grained
soil in the range between 650 and 750 mV, in medium-grained soil between the ranges of 650 and 700 mV
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and 400 and 500 mV, and for fine-grained soil only in the range between 400 and 500 mV. For fine-grained
soil, the addition of water seems to cause more substantial changes in the voltage recorded by the devices,
as evidenced by the lower number of intermediate points and a higher concentration of readings with lower
millivolt values. This disparity in readings among grain sizes is significant (Table 2), except in dry soil.

Table 2. Results of the analysis of variance among the three grain sizes studied along the moisture gradient.
Water content

(ml) Factors Df Sum Sq Mean Sq F-value P-value

0 Grains 2 2.74 1.37 0.133 0.876
Residuals 24 246.44 10.27 - -

5 Grains 2 12350 6175 67.28 < 0.001
Residuals 24 2203 92 - -

10 Grains 2 32035 16017 103.5 < 0.001
Residuals 24 3714 155 - -

15 Grains 2 25505 12753 118.8 < 0.001
Residuals 24 2576 107 - -

20 Grains 2 43102 21551 141.7 < 0.001
Residuals 24 3649 152 - -

25 Grains 2 9379 4690 25.43 < 0.001
Residuals 24 4426 184 - -

30 Grains 2 9526 4763 61.73 < 0.001
Residuals 24 1852 77 - -

35 Grains 2 3911 1955.6 22.81 < 0.001
Residuals 24 2058 85.7 - -

Df, Degrees of freedom; Sum Sq, Sum of squares; Mean Sqg, Mean square. Significant values are shown in bold.

Significant differences were found between fine-grained and medium- or coarse-grained particles at all
soil moisture levels; and at some intermediate levels of addition of purified water (20 to 30 ml), researchers
observed significant differences among all grain sizes.

The significant distinction on millivolt values obtained by the SEN0193 sensor between the different
grains (Figure 1; Table 2) emphasize that the sensor readings are considerably impacted by variations in soll
structure, reinforcing the importance of calibrating the SEN0193 sensor based on site-specific conditions.
This phenomenon arises from the interplay between grain size and dielectric constant. Fine-grained soils
exhibit lower dielectric constants under similar moisture conditions than coarse-grained soils [41].
Consequently, soils with a higher concentration of fine grains have a reduced capacity to conduct electric
fields, potentially overestimating soil moisture when using calibrations designed for coarser-grained soils.

The uncertainty surrounding the precision of SEN0193 would make it impractical to rely on the obtained
moisture values. However, there were no significant differences in moisture values among sensors of the
SENO0193 model, which confirms that the measurements are precise, as previously reported [24]. Thus, the
lack of precision noted by [25] may have been due to the limited number of replicates used in their study (only
3). None of the previous studies conducted statistical tests to assess the accuracy of the sensors. Our study
is the first to evaluate this sensor model's precision statistically.

Accuracy of unreferenced calibration methods

Both unreferenced calibration equations demonstrated a tendency to overestimate soil moisture, as
illustrated in Figure 2. However, there is a noticeable greater deviation between obtained and actual values
when using the equation suggested by the manufacturer. The equation that considers the specific soil
properties presents values closer to reality (based on reference sensor), especially for more extreme moisture
levels. It is observed that, the smaller the soil grain size, the greater the deviation from the actual moisture
values, which corresponds to an overestimation of 41.6 + 5.14% (average * standard deviation) for fine-
grained soils in the manufacturer-suggested calibration (Table 3).

For the soil-specific equation, there is no significant difference between grain sizes for MBE, and the
highest overestimation found was up to 15.5 + 1.29% - also registered for fine-grained soil (Table 3). Besides
to the lower MBE values observed in the soil-specific calibration, this technique also resulted in a better fit
between obtained and actual moisture values, evidenced by determination coefficients exceeding 70% for all
grain sizes, while the factory calibration presented R? values of 0.51 + 0.05%, 0.47 £ 0.04%, and 0.43 £
0.04%, respectively, for coarse, medium, and fine grains (Table 3).
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Figure 2. Actual and estimated soil moisture values through unreferenced calibration methods in different soil grain
sizes. The dashed line represents the expected soil moisture value.

Table 3. Mean Bias Error and estimated R2 for unreferenced calibrations.

o Manufacturer calibration Site-specific calibration
Grain sized
MBE R2 MBE R2
Coarse 30.1 £ 4.443A 0.51 + 0.053A 14.8 + 1.26°A 0.73 + 0.04%A
Medium 34.3 + 4.602"8 0.47 + 0.04278 14.0 £ 1.26°A 0.76 + 0.05°A
Fine 41.6 + 5.1428 0.43 + 0.0428 15.5 + 1.29bA 0.73 £ 0.04bA

Lowercase letters that are the same indicate no significant difference between calibration methods. Uppercase
letters that are the same indicate no significant difference between grain.

These results highlight that both unreferenced calibration equations tend to overestimate soil moisture.
The manufacturer calibration is more susceptible to overestimate the actual soil moisture value, especially in
finer-grained sediments. The soil-specific calibration presented moderate MBE values and a better fit to
actual moisture values (Table 3). These findings emphasize the importance of considering the specific soll
characteristics during the calibration of the SEN0193 sensor, aiming for greater accuracy and reliability in soll
moisture measurements.

Previous studies have examined the calibration of soil moisture sensors, such as 10HS and CS646,
revealing the inefficiency of relying on the manufacturer's suggested calibration [42]. Such an approach can
led to highly overestimated readings, which can be particularly problematic for low-cost sensor users. For
example, in irrigation projects, inaccurate readings can result in insufficient water being supplied to plants,
leading to water stress, poor seed germination, reduced plant growth, and lower crop yield [43, 44]. Similarly,
in environmental monitoring and research projects, misinterpretations can lead to inappropriate decision-
making regarding natural resources and a misunderstanding of ecosystem functioning.

Soil-specific calibration is a more reliable method to measure soil moisture and it uses a simple
methodology. Instead of using the calibration suggested by the manufacturer, it is recommended to create
an equation using the mV values of SEN0193 in dry and flooded soil. This method does not require additional
equipment and can provide accurate results. Creating a site-specific calibration is important as it tailors the
equation to the specific conditions of the site, ensuring even more accurate results.
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Accuracy of referenced calibration methods

The soil moisture values obtained using different calibration techniques show distinct distribution patterns
around the actual moisture value (as shown in Figure 3). Linear calibration tends to underestimate moisture
at extreme values (both lower and higher) and overestimate it at intermediate values. Polynomial and
exponential calibrations present cone-shaped distributions. The precision of polynomial calibration reduces
when dealing with dry soils. It becomes more accurate with increasing moisture, while exponential calibration
is more accurate in dry soils but becomes less accurate with increasing moisture.

O Coarse-grained O Medium-grained £ Small-grained

Linear calibration Polynomial calibration Exponential calibration
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Figure 3. Actual and obtained soil moisture values through referenced calibration methods in different soil grain sizes.
The dashed line represents the expected soil moisture value.

The distribution of moisture values obtained by polynomial and exponential calibration techniques is quite
heterogeneous, which results in high standard deviations for MBE (as listed in Table 4). While some of these
equations give highly confident estimates (MBE values close to zero), applying these equations for calibration
would result in low accuracy for estimates of some specific moisture intervals. As a result, polynomial and
exponential equations lower R? than linear calibration (also shown in Table 4).
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Linear Polynomial Exponential
Grain sized CP
MBE R2 MBE R2 MBE R2
Coarse 3 7.97 £ 1.782A1 0.87 + 0.042A1 0.94 + 16.73A1 0.76 + 0.19%>A1 5.18 + 8.532A1 0.75+ 0.1°A1
4 2.51 + 0.823/B2 0.92 + 0.023A2 -2.66 + 12.53A1 0.86 + 0.10%*A1 -0.75 + 7.533A1 0.8 + 0.06#81
5 3.18 + 0.943A2 0.92 + 0.023A2 3.11 + 14.62A1 0.78 + 0.14PA! 4.53 + 8.023A1 0.78 + 0.08"A1
Medium 3 6.19 + 1.042A8.1 0.88 + 0.022A1 -1.3+7.13241 0.88 + 0.062A1 3.73 £ 7.923A1 0.76 + 0.06°A1
4 3.68 + 1.08%A2 0.9 + 0.023482 4.11 + 10.58A1 0.84 + 0.06%>A1 6.47 £ 10.52A1 0.75 + 0.1°A1
5 3.13 + 0.68%A2 0.9 £ 0.02348.12 5.96 £ 9.172A1 0.8 £ 0.183AB.1 0.52 + 4.382A1 0.8 + 0.04bA81
Fine 3 5.52 +1.102B1 0.86 + 0.032A1 -3.11 + 10.13A1 0.87 £ 0.062A1 -1.07 £ 7.232A1 0.86 + 0.022B:1
4 1.22 + 0.85282 0.89 + 0.02%8:2 1.08 + 12.5241 0.83 £ 0.152A1 3.44 £ 7.032A1 0.85 + 0.072B1
5 1.99 + 0.63282 0.89 + 0.02%8:2 -5.44 + 113A1 0.87 £ 0.092B1 0.38 £ 5.592A1 0.88 + 0.05*B:1

Lowercase letters that are the same indicate no significant difference between calibration methods. Uppercase letters that are the same indicate no significant difference

between grain sizes. Equal numbers indicate no significant difference between the number of calibration points.

Brazilian Archives of Biology and Technology. Vol.68: €25240380, 2025 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Genovez, J.G.F.; et al. 10

No statistically significant differences were found between the calibration techniques for MBE (Table 4)
indicates that the methods tend to exhibit on average a similar error rate in estimated soil moisture
measurement. Nevertheless, a distinction was observed in the R? values obtained through linear calibrations
compared to exponential calibrations, with the exception of fine-grained soil. (Table 4).

Despite the similarities between calibration techniques shown in Figure 3, errors along the moisture
gradient are distinct among the methods. The linear calibration consistently displays an error along the
gradient, reaching up to 9.75% moisture for coarse grain with three calibration points; while the Polynomial
and Exponential calibrations present moisture intervals with small errors, but other intervals can reach up to
17.64% and 16.97%, respectively, for coarse and medium grain with three and four calibration points.
Therefore, the linear calibration method is the preferred option for equations using three to five calibration
points as it not only has the lowest MBE standard deviation but also ensures excellent reliability due to the
absence of extreme errors at certain moisture levels. The impact of these extreme errors, more evident in
the exponential method, is reflected in the R? results.

Our study has found different results from previous studies conducted [26, 25], both of which concluded
that the polynomial calibration method was the most effective for SEN0192. However, we only evaluated
calibration methods using between three and five calibration points. Therefore, polynomial calibration is more
suitable for equations that use more than ten calibration points, as used by the aforementioned authors.
However, when selecting a calibration method, it is not only the number of calibration points that should be
taken into account but also the sensor to be used. For instance, previous studies have reported that
exponential equations demonstrate better performance in calibration for 10HS [45] and ML2X sensors [46].
Therefore, in addition to the number of calibration points, the chosen calibration method should also consider
the type of sensor being employed.

The structure of soil significantly affects MBE (Mean Bias Error) and R2 (the coefficient of determination),
which is highly dependent on the type of calibration method used (as shown in Table 4). When using linear
calibrations, significant differences in MBE were observed between coarse and fine grains (3 points), medium
and fine grains (4 points), and all three-grain sizes (5 points). In all of these cases, fine grains exhibited MBE
values closer to zero. Concerning R?, linear calibrations also showed significant differences between coarse
and fine grains at four and five calibration points and between coarse and medium grains at five calibration
points for polynomial calibration. The observed trend suggested that coarse grains generally had higher R2
in linear calibrations, while finer grains performed better in polynomial and exponential calibrations.

Interestingly, the number of calibration points affected MBE and R2 only in linear calibrations (as seen in
Table 4). Regardless of grain size, using only three calibration points resulted in higher MBE and poorer fit
compared to four and five calibration points. On the other hand, using a higher number of calibration points
resulted in MBE values closer to zero and a better fit of the obtained moisture values with the actual moisture
values for all grain sizes.

The high standard deviations of MBE observed in polynomial and exponential models resulted in the
absence of a significant difference between grain sizes and the number of calibration points. For these
methods, studies employing a more significant number of calibration points could more effectively assess the
effects of grain size and the number of calibration points in polynomial and exponential equations. In contrast,
for the linear equation, where the standard deviations of MBE were lower, using the sensor in fine soils
demonstrated more remarkable similarity to actual moisture values, and employing 4 or 5 calibration points
exhibited better efficiency than relying on just 3.

Although there are significant differences in grain size and the number of calibration points in linear
calibrations, the largest difference observed in MBE was only 6.75%. Similarly, the greatest disparity found
in the R2 was only 0.06. Minimal variations among different grain types were expected in all calibration
methods, as site-specific calibration takes into account the peculiarities related to grain size in the equation.
Moreover, due to the minor differences observed in MBE and R?, the probability of this disparity compromising
accuracy regarding soil moisture is very low.

In addition to soil texture, various other soil properties influence soil dielectric constant [47]. Previous
studies with capacitive soil moisture sensors have reported the effects of soil organic matter [48], salinity [49],
and temperature [30, 50] on these sensors' readings. This study considers all these properties in the equation
during site-specific calibrations.

This study represents another significant step toward understanding and improving the functioning of
low-cost soil sensors, particularly the SEN0193 model. Further research is required to individually assess the
effects of additional soil properties, such as soil organic matter content, salinity, and temperature, on
SENO0193's performance. Investigating these factors in greater details will contribute to a comprehensive
understanding of the sensor's behavior and enhance its applicability across diverse soil proprieties.
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CONCLUSIONS

Our study has validated the precision of the SEN0193 sensor, ensuring trustworthy comparisons among
sensors of the same model with identical applied calibration. Manufacturer calibration exhibited low accuracy.
Therefore, we recommend a simple two-point linear calibration, accounting for soil-specific characteristics. If
higher accuracy is required, we recommend a linear calibration with four or five points for enhanced accuracy.
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