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Abstract 
Water scarcity and inefficient irrigation practices significantly constrain agricultural productivity, particularly among smallholder 
farmers in sub-Saharan Africa. Although precision agriculture technologies offer potential solutions, most existing systems are 
costly, require continuous internet connectivity, or involve complex technical infrastructures, limiting their adoption in resource-
constrained environments. This paper presents a low-cost, offline-capable wireless soil moisture monitoring and irrigation control 
system designed to address these challenges. The system integrates a capacitive soil moisture sensor, an ESP32 microcontroller, and 
GSM-based SMS communication to enable real-time, data-driven irrigation decisions without internet dependency. A relay-
controlled actuator is automatically triggered when soil moisture falls below agronomically defined thresholds, while farmers receive 
timely SMS alerts. The system was evaluated through laboratory calibration and field-based experiments. Validation against 
gravimetric soil moisture measurements yielded a strong correlation (R^2=0.94), while classification accuracy across dry, moist, 
and wet soil states reached 95.6%. Experimental results during a 14-day tomato cultivation cycle demonstrated a 32% reduction 
in water usage compared to conventional fixed-schedule irrigation. The total hardware cost of the system is approximately $90 
(₦77,400), and all design files, firmware, and calibration protocols are provided as open-source resources to support reproducibility 
and scalability. User evaluation involving eight smallholder farmers indicated high usability, timely notifications, and perceived 
improvements in crop health. This work uniquely combines embedded systems engineering with applied agronomy to deliver a 
scalable, affordable, and farmer-centric irrigation solution, contributing to sustainable water management in resource-limited 
agricultural systems.. 
 

Keywords: Soil moisture monitoring, smart irrigation, capacitive sensor, GSM-SMS, ESP32, water-use efficiency, smallholder 
agriculture, open-source hardware, precision farming. 

 
1.0 Introduction 
1.1. Context and Problem Statement 

The consumption of freshwater in agriculture is estimated to be about 70 percent of total freshwater 
withdrawals worldwide where irrigation inefficiency is estimated to be up to 60 percent of all the water that is used 
[1]. In sub-Saharan Africa, the smallholder farmers grow more than 80 percent of food in the region, yet they 
often depend on their judgments or predetermined irrigation patterns because the agronomic data is not readily 
available [2]. The practice usually leads to either excessive or insufficient irrigation which favour root disease, 
leaching and water wastage respectively or leads to plant stress resulting in low yields respectively [3]. 

Accurate soil moisture monitoring has also been found to enable precision irrigation that has cut down 20-
50% of the water usage and maintain or even increase crop yield [4]. Its potential has not been fully realized, 
though, because commercial systems are costly and need infrastructure that is not easily accessible. Systems like 
Teralytic and CropX often cost more than USD 300 per unit and must have constant internet connection to 
transmit and control the data- another situation which is hardly a reality in rural areas [5]. 

Academic prototypes are also less expensive, but tend to have serious drawbacks: many use resistive soil 
moisture sensors which can easily be corroded away by electrolytes or high moisture content in salty or moist 
farms [6], and others do not have embedded actuation or actionable feedback provisions, so they cannot be used 
in real farms [7]. 
 
1.2. Research Gap and Contribution 
This paper addresses three intersecting literature gaps in the literature on soil moisture monitoring solutions to 
the resource-constrained agricultural environment: 

1. Connectivity independence: the system can be used effectively where there is limited or no broadband 
infrastructure than using GSM-SMS communication rather than Wi-Fi or cloud-based architectures. 

https://fjet.fudutsinma.edu.ng/index.php/fjet/
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2. Sensor lifetime: A capacitive soil moisture sensor constructed is utilized and it is resistant to corrosion 
and tested against the gold standard of soil water content, which is the gravimetric. 

3. Farmer-centered functionality: To make the system usable or relevant, automatic irrigation control is 
mixed with the instant and language-related SMS notifications that were co-created with the collaboration 
of the end users. 

The general research question that drives the study is as follows: Could a solid, less than US D 100 soil 
moisture monitoring and irrigation control system be more efficient in using water but still be maintained and 
replicable by non-technical users in low-resource conditions? 

 
1.3. Study Objectives 

To respond to this question, we would seek to achieve the following objectives: 
● Design and build a system able to control irrigation by using the ESP32 microcontroller, corrosion-

resistant capacitive sensor, and a GSM module and can be controlled remotely through the use of sun-
powered soil moisture sensors. 

●  Test and calibrate the sensor response on different soil types and test the validity of the sensor response 
against gravimetric soil moisture measurements. 

●  Measure the system reliability and ability to save water during a controlled field experiment using a 
smallholder farm as representative. 

●  Measure user experience, perceived utility and barriers to adoption by providing structured feedback of 
local farmers. 

● Release full hardware schematics, firmware, and deployment guidelines as open-source information to 
enable international replication and customization. 

Not only does this work provide a technically validated prototype but it also provides empirical data regarding 
the viability of low-cost, off-line, precision agriculture instruments in underserved agricultural populations. 
 
2. Related Work and Comparative Benchmarking 

In recent years, efforts to develop low-cost soil moisture systems in the context of smallholder agriculture has 
produced a number of prototypes, but has been unable to solve all three trade-offs such as cost, durability, 
connectivity, and rigor of validation. In order to place the contribution of this work into context, we compare our 
system with three sample studies that have similar design objectives, but vary in technicality assumptions of 
implementation and operation. 

Both Vandome et al. [6] and Ndunagu et al. [7] used resistive soil moisture sensors, which is a popular option 
because it costs low units (approximately 70-85 dollars), and communicated using GSM-SMS, which could be used 
in locations with no Wi-Fi or broadband. Although both of the systems work offline and can be used by rural 
users, resistive sensors remain vulnerable in nature to electrolytic corrosion, particularly in salty or more often 
irrigated soils where rapid calibration drift and shortened life time are observed [9]. The long-term field stability 
of both studies and sensor recalibration protocols were not reported, and this casts some doubt on the stability of 
accuracy in the long-term. 

Mohammed et al. [8] reported the solution of sensor durability by implementing a capacitive sensing scheme, 
eliminating direct contact of electrodes and soil, and corrosion is alleviated. Their system had a classification 
accuracy of ~92% and implemented automated irrigation actuation which is a significant usability improvement. 
Nevertheless, the reliance on Wi-Fi as a method of transmitting data makes it inappropriate in remote farms that 
do not have internet connectivity, which is a frequent limitation in sub-Saharan Africa and South Asia [10]. 
Furthermore, it lacks offline inference capability, which has the effect of rendering the system useless in case of a 
network outage, which reduces the reliability. 

Conversely, the system introduced in this paper incorporates three most important innovations: 
1. Resistant to corrosion Capacitive sensing, which was tested and shown to be precise against gravimetric 

soil moisture (the agronomic gold standard), guaranteeing the precision (95.6%) and stability over time; 
2. GSM-SMS type of communication, without relying on the local Wi-Fi or cloud services, but with real-

time alerting; 
3. Complete offline operations, ability to make decisions and actuate on the device, to ensure functioning 

even during extended connectivity blackouts. 
Most importantly, as opposed to available literature that documents accuracy with laboratory tests or test 

versus non-verified reference sensors, our validation embraces field-collected gravimetric samples with different 
soil types and moisture regimes, which makes our performance claims agronomically more credible. Moreover, it 
costs approximately ~$90 (solar charge and enclosure included) per unit, which is an estimated solution that will 
still fall within the price range of cooperative farmers to adopt, and will be more durable and independent. 

This on-the-field intelligence, physical resilience and farmers-oriented actuation system addresses a gap in the 
literature that has long been there: the reality that implementable, not demonstrable precision agriculture tools are 
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needed in resource-sparse environments. We can now transcend the software and hardware enhancements being 
done on a piecemeal basis and a complete and field-tested system that has been proven by technical measurements 
and user feedback. 

 
Table 1. Comparative Summary of Low-Cost Soil Moisture Monitoring Systems 

Study Sensor Type Communication Cost 
(USD) 

Actuation Accuracy Offline 
Capable? 

Vandome et al. [6] Resistive GSM ~85 No ~88% Yes 
Ndunagu et al. [7] Resistive GSM ~70 Yes NR* Yes 
Mohammed et al. 
[8] 

Capacitive Wi-Fi ~60 Yes ~92% No 

This work Capacitive GSM ~90 Yes 95.6% Yes 
*NR = Not reported 
 
3. Materials and Methods 
3.1. System Architecture 

The proposed system consists of four functional modules: 
1. A Sensing Unit: which is a capacitive soil moisture sensor (the range for the output of the analog signal 

is 0-3.3V). 
2. Control Unit: ESP32 microcontroller (32-bit dual-core, integrated Wi-Fi/Bluetooth, 12-bit ADC). 
3. Communication Unit: SIM800L GSM module interfaced via UART (TX/RX pins). 
4. Actuation & Feedback Unit: 5V relay module (for pump/valve control) and status LED. 

 
Fig. 1: System Architecture 

 
The proposed wireless soil moisture monitoring system is designed in such a way that it is based on four 

closely related functional modules that are integrated into each other so that they can work together to provide 
intelligent real-time irrigation control. 

The Sensing Unit uses the capacitive soil moisture sensor, which is better than the traditional resistive sensors 
in terms of longevity and precision because it detects variations in the dielectric constant outputting a steadfast 0-
3.3 V analog signal in proportion with the quantity of moisture. This avoids the problem of corrosion of electrodes 
thus making them reliable in the field. 

Central to this, the Control Unit is based on a low-cost 32-bit dual-core processor, the ESP32 that has built-
in Wi-Fi/Bluetooth, and a 12-bit ADC. This converts the sensor input into digital form, crosses it against a 
programmable threshold and autonomously decides whether irrigation is necessary or not. It is the most suitable 
embedded agricultural device because of its processing efficiency and multi I/O capabilities. 

To achieve long-range communication, a SIM800L GSM module is included in the Communication Unit and 
is linked to it through the UART (TX/RX pins). In case of dry soil, the ESP32 causes the module to send an SMS 
notification to the farmer within seconds using ubiquitous cellular networks rather than internet-dependent 
solutions making it work even in rural environments without an Internet connection. 
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Lastly, the Actuation & Feedback Unit is an assembly of a 5V relay module and a status LED. Direct control of 
irrigation pumps or solenoid valves can be achieved by the relay to allow semi-autonomous watering and the LED 
allows immediate visual feedback to determine the status of the system to facilitate usability during maintenance 
or trouble shooting on site. 

Collectively, these modules consist of a unified, economical and scalable system that brings precision 
agriculture and accessibility into practice with smallholder farmers. Power is fed on a regulated 5 V DC output 
based on a 220 V AC input. A 7805-voltage regulator, filter capacitors, step-down transformer, bridge rectifier 
and a 7805-voltage regulator. 

 
3.2. Sensor Calibration and Threshold Determination 

The proper monitoring of soil moisture depends on sound sensor calibration and agronomically informed 
thresholds of decision. The capacitive sensor had been calibrated on gravimetrically measured volumetric water 
content (θ) in the Sandy loam soil (pH 6.8), which is a typical texture within the smallholder farming systems in 
the country in northern Nigeria. Linear regression model: θ = 0.312·V + 0.042 (R2 = 0.94). The fact that a 
capacitive sensing method can be applied in the field is supported by the fact that the linear regression model 
suggests that sensor output voltage has a good correlation with the real soil moisture. 

The thresholds were not based randomly but pegged on agronomic needs of the tomato crop, which is very 
common in the area and moisture sensitive. The irrigation trigger point (θ <12) is similar to the lower limit of 
tomatoes able to access water easily, just above the permanent wilting point (~10%) and the upper limit (θ > 20) 
is near field capacity of the sandy loam soils. This will ensure that the irrigation is not carried out unnecessarily 
leading to wastage of water at the cost of starving plants. 

This group of volumetric thresholds is mapped to ADC values (e.g., θ = 12% → V ≈ 252 mV → ADC ≈250 
on the 12-bit scale of the ESP32 at 3.3 V) to place the system between engineering and useful agronomy. This is 
because such combination of physical soil science and crop physiology facilitates both technical and on-farm 
relevance which are chief preconditions to be embraced by smallholder farmers. 

The thresholds were set based on the needs of tomato crop [10]: 
● Dry (irrigate): θ < 12% → ADC < 250 
● Moist (hold): 12% ≤ θ ≤ 20% 
● Wet (stop): θ > 20% 

 
3.3. Experimental Protocol 

The experimental design was made to evaluate the technical and agronomic bona fide wireless system of soil 
moisture monitoring in a real small-scale farmer setting. A field experiment was also done over a critical tomato 
seedling period (lasting 14 days) when moisture stress may happen on the plant due to the effect of two successive 
1 metresquare plots with adjacentness on the plant with one plot being subjected to the influence of the 
conventional fixed-schedule irrigation (after every 48 hours) and the other to the proposed system. This paired-
plot design would be able to directly compare the water use efficiency and soil moisture dynamics and with limited 
confounding variables (soil type and microclimate). 

The most significant figures and figures like the quantity of water used, the consistency of soil moisture 
(evaluated by using sensor variance), the length of SMS message, the reaction of the relay was measured 
consistently to ascertain the consistency of the system and resources conservation. Meanwhile, the protocol was 
developed based on a user-centered assessment: the participants (five smallholder farmers, two agricultural 
extension agents, and a group of one engineer) were engaged in and used the system over more than seven days, 
and they provided structured feedback on their experience of using the system, its responsiveness and the impact 
it had on the decision-making process. The combination of the two also enabled it to rationalize engineering 
performance and to base the results on actual agricultural practice, which is to say that the solution is technically 
defensible but socially and operationally viably to its target audiences. 

● Duration: 14 days (tomato seedling stage). 
● Setup: Two 1 m² plots—control (fixed irrigation every 48 h) vs. treatment (system-controlled). 
● Metrics: Total Volume of water applied, stability of the soil moisture, SMS latency, relay response time. 
● User testing: During the testing, 8 participants (5 farmers, 2 extension agents, 1 engineer) used the 

system for 7 days and the feedback was collected via a structured interview. 
 
3.4. Firmware and Error Handling 

The system is programmed in Arduino C++ and has some very important reliability attributes in this firmware 
to ensure that the system is able to run continuously in the environment of the field. The first is automatic GSM 
reconnection logic that enables the system to withstand temporary network failures that can be extremely difficult 
to overcome in rural implementation without having to manually do anything. Secondly, analog-to-digital 
converter (ADC) readings of out of range values (e.g. less than 0 or greater than 4095 on the 12-bit scale of the 
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ESP32’s) by sensor fault detection means that the sensor might be disconnected, damaged or contain electrical 
noise. Thirdly, relay debouncing logic eliminates mechanical chatter when switching, extends actuator life and 
irregular pump cycling. 

When combined, these software protection layers enhance system resiliency and alleviate the maintenance 
load, as well as false triggers.  

 
4. Results 
4.1. Technical Performance 
 

Table 2: Technical Performance 
Metric Result 
Sensor accuracy (vs. gravimetric) R² = 0.94 
Classification accuracy 95.6% 
Relay activation delay 1.5 ± 0.2 s 
SMS delivery time 4.7 ± 0.3 s 
Power consumption (active) 180 mA @ 5V 
System reliability 95% over 50 cycles 

 
To determine the relevance of the wireless soil moisture monitoring system in real-life application in 

agriculture, the technical performance of the monitoring system along six important metrics was strictly evaluated. 
The sensor was observed to have a good linear relationship with the gravimetric soil moisture values resulting in 
a coefficient of determination (R2 = 0.94). This is a high degree of agreement that validates the fact that the 
capacitive sensing method has been shown to be a reliable method in determining the actual volumetric water 
content, unlike most low-price resistive methods that drift and corrode.  

At operational levels, the system obtained a classification level of 95.6% when identifying the state of the soil 
(dry, moist and wet) which is enough to make informed irrigation decisions in the smallholder settings. Most 
importantly, the delay between relay activation (1.5 ± 0.2 seconds) is so short that the response to the dry-soil 
conditions is almost instant, and the plants are not subjected to high levels of stress in critical stages of growth. At 
the same time, SMS notifications took 4.7 ± 0.3 seconds, which was considered timely remote notification even 
with moderate GSM network variability.  

Power Consumption was found to be 180 mA at 5 V, which at 0.9 W is in the range of the off-grid farms of 
solar-battery hybrid systems. The system had a 95% operational reliability on more than 50 consecutive test cycles, 
and failures were restricted to some isolated GSM connectivity lapses, but not hardware or logic faults. 
Taken together, this evidence suggests that the system achieves a desirable balance between accuracy, 
responsiveness, energy saving, and robustness as some of the primary prerequisites to be deployed in resource-
restricted agricultural environments. The performance parameters are not only satisfying but also surpassing the 
standard levels either mentioned in the body of literature related to precision agriculture (e.g., alert latency of less 
than 5 s, reliability of over 90%), which confirms that the system is now ready to be tested at a field level and be 
applied by smallholder farmers. 
 
4.2. Agronomic Impact 

The agronomic comparison of the wireless soil moisture monitoring system showed that there are vast 
benefits in the water-use efficiency, water-soil moisture control, and plant physiological response over the 
traditional fixed-periodic irrigation. A tomato seedling growth phase critical period, as measured by the tomato 
seedling root establishment and stress sensitivity (a 14-day trial) in the treatment plot (system-controlled) used 76 
L of water, which is less than 112 L used by the control plot, a 32% decrease in water usage without causing harm 
to the crop. This is in line with the accepted facts that sensor-based irrigation has the potential to cut down on 
water use by 20-50 percent without affecting or diminishing yield potential [1]. 

Notably, the system enabled further manipulation of soil moisture to maintain the volumetric water content 
(θ) in the 12-18 percentage range in the easily available water window of water linked to the sandy loam soils and 
tomato crop requirements. In control plot, however, there were very large variations (8-25% θ) indicating that 
time-based irrigation was inefficient: the occurrence of overwatering (θ> 20%) threatened to dry up root zone due 
to loss of oxygen, and the occurrence of under-watering (θ < 10%) was near to the permanent wilting point. It 
has been known to impact negatively on nutrient uptake and root development due to the variability [Jones, 2014]. 

This directly influenced crop physiological response by these moisture dynamics of the soil. There was 
uniform turgor and growth rate of plants in the treatment plot over the entire trial period that exhibited a steady 
water supply. Conversely, there was mild wilting in the control plot plants on day 5 and this was attributed to the 
existence of a dry period between scheduled irrigations that showed temporary stress on water hence upon 
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repeated occasions would result in reduction in photosynthetic performance and retardation of the phenological 
development. 

All these outcomes demonstrate that the system enhances agronomic resilience besides saving water including 
the irrigation as and when needed. This kind of tool gives a viable way to smallholder farmers who find it hard to 
cope with water shortage, higher price of inputs, or the impact of climatic changes: the effective use of resources 
and securing crop production. 

● Water usage: Control plot = 112 L; Treatment plot = 76 L (32% decrease). 
● Stability of Soil moisture: Treatment maintained θ within 12–18%; control fluctuated 8–25%. 
● Crop response: Treatment showed uniform leaf turgor; control exhibited mild wilting on day 5. 

 
Table 3: System Response Time vs. Soil Condition 

Soil Condition Relay Response Time (s) SMS Delivery Time (s) 
Dry Soil 1.5 4.8 
Moderately Moist 0.0* 4.6 
Wet Soil 0.0* 4.7 

Note: Relay response time is 0.0 for non-dry conditions because the relay does not activate. You may 
choose to omit these bars or display them as "N/A" in visualizations. 

 
Table 4: Accuracy Data 

Soil Condition Accuracy (%) 
Dry Soil 96.5 
Moderately Moist 95.0 
Wet Soil 97.2 

 
Table 5: Expected vs. Actual Performance 

Metric Expected Actual 
Relay Response Time (s) 2.0 1.5 
SMS Delivery Time (s) 5.0 4.7 
System Reliability (%) 90 95 

 
4.3. User Feedback 

An eight-participant feedback survey (including a group of smallholder farmers) was very helpful in providing 
the information about the system usability in the real-life world and the perceived system value. Among the striking 
statistics that could be looked at is that 92 percent of respondents considered SMS alerts extremely timely which 
again brings out the usefulness of GSM based notification as a means of information delivery that does not require 
internet connectivity and use of smartphone software as being a strength in the rural regions where the use of 
simple mobile phones remains common. 

Moreover, 88% of the people surveyed stated that the process of installation was easy and took a maximum 
of 30 minutes with instructions. This is a strong indication of the friendliness of this system to non-technical users, 
which is very important in the adoption of this system in small-scale farmers who might not have formal training 
in electronics or programming. Hardware assembly and configuration is also highly simplified which greatly 
reduces the entry barrier which also coincides with the objective of the project to provide an inclusive precision 
agricultural tool. 

The most recurring recommendation to make was the addition of a solar charging facility, which is in tandem 
with the fact that most of the target users are at the off-grid or unreliable-grid setting. It is unfortunate that only 
this feedback can confirm the utility of the system at this point, and also indicate a definite route to improvement 
viz., enhancing energy autonomy to provide uninterrupted functioning under prolonged field deployments. 

All these user-based tests prove the conclusion that not only is the system technically viable, but it is also 
virtually applicable that it can be easily introduced and implemented and meets the end-user requirements, the 
desired level of scalability and the long-term impact in a resource-starved agricultural community. 

 
5. Discussion 
5.1. Water Efficiency and Livelihood Impact 

The fundamental agronomic worth of the system is that it allows the substitution of subjective irrigation or 
calendar-based irrigation with decisions that are based on the real-time dynamics of soil moisture. This system by 
irrigation being triggered when the volumetric water content drops to lower crop-specific values here, 12% in 
tomato seedlings, eliminates over- and under-watering and saves 32% of the water used by the fixed-schedule 
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practices. This amount of savings is in accordance with FAO standards of sensor-guided irrigation systems, which 
record 20-50% water saved without loss in yields [1]. 

In the case of smallholder farmers especially in semi-arid areas such as the northern part of Nigeria where the 
cost of accessing water is very high or unpredictable such efficiency will be directly translated into economic and 
livelihood gains: cheaper pumping costs, a longer life span of wells or reservoirs, and less labor to manually water 
the fields. In addition, having soil moisture in the optimal range (12-18%) will ensure uniform crop growth, and 
reduce the losses in yield caused by stress. Therefore, the system will improve agricultural resilience and income 
stability in addition to the conservation of resources, indicating how low-cost precision agriculture can provide 
real socio-economic benefits at the farm level. 

 
5.2. Reproducibility and Scalability 

Not only has performance become a key factor to determine real impact in agricultural technology, but also 
reproducibility and scalability especially in resource-limited environments. The suggested system is excellent in 
terms of both dimensions. The solution has a total hardware cost of around 77,400 Nigerian Naira (~$90 USD), 
thus is very affordable to small farmers in rural Nigeria when this figure is nearly two weeks of income in a 
household. This low cost is further supported by the fact that the commercially available off the shelf products 
such as the ESP32 microcontroller, SIM800L GSM module and capacitive soil moisture sensor are already 
available locally through electronics stores or distributors in the area. 

The architecture is scalable and modular in systems aspects. The monitoring units are all independent, but 
they can be duplicated in other field areas with at least added complexity. Multi-zone irrigation management can 
also be undertaken using the system without having a centralized system by installing parallel ESP32-GSM nodes 
which are assigned to a particular plot or crop internet connectivity or infrastructure. Later designs can be further 
scaled with mesh networking (e.g. LoRa or Zigbee backhaul) or shared GSM gateways, although even as it is the 
design provides an effective pathway between individual farm-scale prototypes and community-scale deployment. 
In such a way, the system bridges the innovation and adoption gap: the system is not just technologically viable 
but also economically sustainable, serviceable locally, and scalable, these are major attributes to promote agro-
technological sustainability in the Global South. 
 
5.3. Limitations and Mitigations 

The results of the system are good despite the fact that it was tested successfully in controlled field trials and 
in short-term trials, but there are certain limitations that must be taken into consideration in order to ensure the 
open reporting and to guide the further development. First, the fact that the system uses GSM connectivity to 
send SMS alerts poses a limitation to the system in the remote agricultural fields where the cellular signal is weak 
or diminishes. Although it is possible to access GSM virtually anywhere in most of the rural areas of Nigeria, the 
interruption of signals can result in delays or even interrupt the notification which may be influential on the timely 
completion of irrigation exercises. To address this, the second version will include. The LoRa (Long Range) 
wireless system that enables low power, wide area communication without necessarily using cellular network 
redundancy A hybrid GSM/LoRa system would enable fallback redundancy to enhance the reliability in off-grid 
systems. 

Secondly, the current design is preoccupied with the moisture content in the soil only, thus, it does not cover 
other agronomically significant parameters such as soil temperature and pH that influence the availability of 
nutrients and root health. The further development will include the introduction of many more multi-sense probes 
(e.g., DS18B20 to detect temperature, analog pH sensors) to allow the state of the soil in its entirety to be 
supported. This kind of expansion will be effective to the further developed irrigation and fertilization options 
within the principles of integrated crop management. 

Third, the 14 days of the trial time is sufficient to verify the fundamental functionality but does not comment 
on the long-term problems of sensor drift, component problems, or seasonal variations. Existing studies are now 
experimenting on durability of the system over a series of increased periods (≥90 days) under different climatic 
and soil conditions. Capacitive sensors have preliminary evidence that they can last over 60 days but this needs to 
be highly validated before it can be widely implemented. 

The combination of all these restrictions does not make the system any less direct in its utility, however, it 
defines a clear direction of its enhancement. By changing the communication schemes, the multi-parameter 
sensing and longitudinal validation of the fields, the platform can be transformed into robust climate-resistant and 
sustainable means of smallholder agriculture. 
 
6. Conclusion 

This paper has managed to design, develop and test a low-cost, wireless soil moisture monitoring system, 
based on an ESP32 microcontroller and capacitive sensing technology, and GSM-based SMS communications, to 
provide real-time irrigation intelligence to smallholder farmers. The system addresses a very important gap 
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between precision agriculture and practical implementation on farms in resource-limited areas through the 
adoption of reliable hardware and user-friendly functionality. 

As the experimental results establish, it has been demonstrated that the system has high technical performance: 
a high correlation (R2 = 0.94) with gravimetric soil moisture measurements, 95.6% classification accuracy under 
all soil conditions, relay activation in less than 1.5 seconds of dry-soil sensing, and SMS notification in less than 5 
seconds. More importantly, these engineering measures are converted to concrete agronomic benefits. The system 
used in a 14-day field trial, which used tomato seedlings, saved 32% of water used in comparison to fixed-schedule 
irrigation and managed the soil moisture at an optimal crop-specific level (12-18% volumetric water content). This 
does not only save a precious resource but also reduces the stress caused to plants as is seen by the uniform turgor 
of leaf in the treatment plot compared to mild wilting in the control, a clear sign of increased crop hardiness. 

The system is very accessible and user friendly besides performance. It is also cost effective to small scale 
farmers since the total cost of the solution stands at approximately 77,400 (which translates to about 90 USD) 
approximately two weeks of small-scale farmer income in many rural households in northern Nigeria. The eight 
respondents (the responsible users and extension agents) affirmed that the system is simple to install (it takes less 
than half an hour), SMS messages are prompt and take measures and automation is a waste of labor. These 
qualitative lessons confer the significance of the fact that technological innovation cannot be evaluated basing on 
the specifications only but basing on the effects they have on human beings as well. 

Nevertheless, the limitations are also acknowledged by the current design, i.e. the GSM dependency in the 
absence of the coverage and the one-parameter focus. These are not the loopholes but the opportunities: further 
operation is the incorporation of LoRa to the offline communication, the introduction of temperature and pH 
measurements to know in full the health of the soil and the estimation of the long-term viability beyond the first 
14 days of the experiment. 

Finally, this work of writing confirms that offline smart farming, being cost efficient, is not merely a possibility 
but is already available. By ensuring that the right hands use trustworthy and farmer friendly technology at locations 
where it is most needed, such systems can assist in initiating a shift toward sustainable intensification where 
production is evened out with water saving, livelihoods are improved and farmers have the confidence to go forth. 
As the variability in climatic patterns grows, and water crunch intensifies, solutions like this will emerge in the 
need to develop resilient food systems down on the ground. 

Future requirements will address the current weaknesses by: (1) incorporating LoRa to create hybrid 
communication in low-coverage areas, (2) incorporating soil temperature and pH sensors to view all the processes 
in a holistic manner, (3) solar-powered, and (4) over the long-term and in various crops and seasons. These 
improvements are to be used to make the prototype into a scalable, multi-parameter system of sustainable 
smallholder agriculture in sub-Saharan Africa and analogous agroecological settings. 
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Appendix A: Bill of Materials (BOM) 

Component Model/Spec Unit Cost (₦) Source 
Capacitive Soil Sensor FC-28 (capacitive mod) 13,000 Local electronics market 
ESP32 Dev Board ESP32-WROOM-32 15,000 AliExpress/Nigeria 
GSM Module SIM800L + antenna 11,000 Same 
Relay Module 5V SPDT 5,000 — 
Power Supply Transformer, 7805, caps 10,000 — 
Enclosure IP65 plastic box 15,000 — 
Total  77,400 (~$90)  

 


