



A Critical Review on Optimization of Water Use in Vegetable Crops using IoT-Based Low-Cost Sensors

[bookmark: _Toc208333823][bookmark: _Toc208420824]ABSTRACT
Water scarcity and inefficient irrigation practices remain pressing challenges for sustainable crop production, particularly in regions with black cotton soils (Vertisols). These soils, characterized by high clay content and swelling–shrinkage behavior, complicate irrigation scheduling and undermine the performance of conventional soil moisture sensors. The integration of the Internet of Things (IoT) with low-cost sensing technologies offers new opportunities for precision irrigation and improved water management. This review synthesizes insights from 86 studies published between 2007 and 2025 on IoT-based soil moisture sensor systems for vegetable crop irrigation. The analysis covers sensor technologies, calibration methods, IoT architectures, wireless communication protocols, and field applications across multiple crops, with emphasis on challenges in black soils. Capacitive sensors integrated with microcontrollers such as NodeMCU ESP8266 and Arduino UNO were the most widely used due to their affordability and ease of deployment. Studies consistently reported 20–45% water savings and significant improvements in Water Use Efficiency (WUE) in crops including tomato, okra, spinach, cauliflower, coriander, and sweet corn. Despite these advances, research on Vertisols remains limited. Sensor performance is often compromised by clay mineralogy, necessitating soil-specific calibration, conductivity compensation, and sensor fusion approaches. Additionally, long-term multi-crop evaluations and economic feasibility studies are scarce. Emerging trends highlight the integration of IoT with AI/ML models, renewable energy systems, and climate-smart agriculture platforms, which could enable predictive irrigation scheduling and scalable adoption in resource-constrained settings. In conclusion, IoT-enabled low-cost soil moisture sensing systems represent a transformative approach to sustainable agriculture. However, their success in black soils will depend on advances in calibration, long-term validation, and farmer-centric design to ensure reliability, affordability, and wide-scale adoption.
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1. [bookmark: _Toc208333824][bookmark: _Toc208420826]INTRODUCTION
Agriculture remains the backbone of India’s economy, supporting nearly half of the population’s livelihood. However, the sector faces increasing challenges due to rising water scarcity, erratic rainfall, and the need to produce more food with fewer resources. Efficient irrigation management has therefore become essential for achieving sustainability in crop production. Globally, agriculture consumes about 70% of freshwater withdrawals, and in water-stressed countries like India, optimization of water use has emerged as a priority for food security and rural livelihoods (García et al., 2020; Gondchawar & Kawitkar, 2016). Fig. 1 illustrates the technological evolution of irrigation management from traditional manual methods to modern, AI-driven systems. In the Traditional Era (pre-1990s), farmers relied primarily on field observations and pan evaporation for irrigation scheduling. The Instrumentation Era (1990s–2000s) introduced devices such as tensiometers, neutron probes, and gravimetric methods, which improved measurement accuracy but remained labor-intensive. The Sensor-Based Era (2010s) marked a major transition, characterized by the use of capacitive and FDR/TDR sensors, IoT-enabled data loggers, and smartphone-based monitoring, allowing greater automation and efficiency. The ongoing AI-Driven Smart Era (present–future) integrates the Internet of Things (IoT), artificial intelligence (AI), and machine learning (ML) to enable predictive irrigation scheduling, sensor fusion, and real-time decision support through cloud and mobile platforms. The emergence of IoT has revolutionized irrigation by facilitating real-time monitoring and automation. IoT-based irrigation systems combine low-cost sensors, wireless connectivity, and cloud computing to optimize irrigation timing, reduce labor costs, and enhance crop productivity (Abioye et al., 2021; Saokaew et al., 2018). By integrating soil moisture, temperature, humidity, and weather data, these systems provide actionable insights that promote precision farming even among smallholder farmers (Keswani et al., 2019; Obaideen et al., 2022).
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Fig:1 Technological evolution of irrigation management
[bookmark: _Toc208420827]1.1 Black Soils and Their Challenges
A critical context for smart irrigation adoption in India is the prevalence of black cotton soils, which cover nearly 16% of the country’s arable land. These soils, characterized by their high clay content, are known for swelling during wet conditions and cracking under dry conditions, which complicates irrigation scheduling (Vennela & Velumani, 2024). Despite their high water-holding capacity, improper irrigation often leads to either waterlogging or prolonged moisture stress, both of which adversely affect crop performance. Thus, technologies tailored to black soil conditions are urgently required to address these unique challenges.
[bookmark: _Toc208420828]1.2 Soil Moisture Sensing in Agriculture
Soil moisture is a critical parameter for irrigation management. Traditional methods such as the gravimetric technique and neutron probes provide reliable measurements but are labor-intensive, time-consuming, or costly. In contrast, low-cost capacitive sensors have emerged as practical alternatives for field applications (Adla et al., 2020; Bogena et al., 2007). Capacitive sensors measure dielectric permittivity changes in soil, providing indirect estimates of volumetric water content. However, their performance is strongly influenced by soil texture, temperature, and salinity, necessitating site-specific calibration (Nagahage et al., 2019; Deng et al., 2020).
Black soils, due to their clay mineralogy and swelling properties, present additional calibration challenges, making the adaptation of capacitive sensors in these conditions a significant area of research. Several studies have attempted to modify or recalibrate low-cost sensors to improve their accuracy under high-clay soils, yet long-term evaluations remain limited (Jeetraj, 2018; Briciu-Burghina et al., 2022).
[bookmark: _Toc208420829]1.3 IoT-Enabled Precision Irrigation for Vegetable Production
Vegetable crops are particularly sensitive to irrigation mismanagement due to their shallow rooting depth and high-water demand. Studies have shown that IoT-enabled drip irrigation systems significantly reduce water use while maintaining or even increasing yields of tomato, okra, spinach, cauliflower, and coriander (Jain, 2023; Kumar et al., 2023; Vinod Kumar et al., 2024). For instance, Jain (2023) reported water savings of up to 35% in tomato cultivation through a web-enabled drip irrigation system, while Kumar et al. (2023) demonstrated improved water use efficiency (WUE) in sweet corn using IoT-driven irrigation scheduling. These findings highlight the adaptability of IoT for vegetable crops, but the majority of existing research has been conducted under loamy or sandy soil conditions, rather than clay-dominant black soils.
[bookmark: _Toc208420830]1.4 Modifications and Future Needs
Given the limitations of existing studies, there is a growing emphasis on modifying low-cost IoT-based sensor systems for use in black soils. Recent works have explored integrating soil moisture sensors with climate monitoring tools (e.g., DHT11/DHT22 for temperature and humidity), GPS for geotagging, and micro-SD modules for local data storage (Hariono & Putra, 2021; Muthekar et al., 2024). Cloud platforms such as Arduino IoT, ThingSpeak, and Blynk allow remote visualization and automation, further enhancing usability for farmers (Kundu et al., 2020; Sutikno et al., 2024). In addition, coupling IoT with renewable energy sources such as solar panels have been explored to ensure reliability in off-grid areas (Al-Ali et al., 2019; Kholifah et al., 2019).
Nevertheless, major gaps remain. Few studies have conducted long-term multi-crop experiments under black soil conditions. Moreover, integration with artificial intelligence (AI) and machine learning (ML) models for predictive irrigation scheduling is still in its infancy (Behzadipour et al., 2023; Togneri et al., 2023). Addressing these gaps is critical for scaling IoT systems from pilot projects to practical adoption by smallholder farmers.
[bookmark: _Toc208420831]1.5 Scope of the Review
This review paper consolidates the progress of IoT-based soil moisture sensor systems in vegetable crop irrigation, with an emphasis on black soil conditions. It highlights different sensing technologies, calibration approaches, IoT architectures, and reported field performances. The paper further analyzes the limitations of current systems and identifies potential modifications for improved accuracy, reliability, and farmer adoption. By synthesizing existing literature, this review aims to provide a comprehensive understanding of the state of research and outline future pathways for scalable smart irrigation solutions in India and similar agro-climatic regions.
[bookmark: _Toc208333825][bookmark: _Toc208420832]2. MATERIALS AND METHODS
This review indicate findings from peer-reviewed journal articles, conference proceedings, book chapters, and theses published between 2007 and 2025 that reported on IoT-based soil moisture sensor systems, drip irrigation automation, and smart agriculture. A total of over 90 references were systematically analyzed, focusing on three methodological domains: (i) sensing technologies and calibration, (ii) IoT architectures and communication platforms, and (iii) field applications in vegetable crops, particularly under black soil conditions.
[bookmark: _Toc208333826][bookmark: _Toc208420833]2.1 Literature Search Strategy
Relevant studies were retrieved from Scopus, Web of Science, IEEE Xplore, and SpringerLink using keywords including “IoT irrigation,” “soil moisture sensor,” “low-cost sensor,” “black soil irrigation,” and “vegetable crops.” The inclusion criteria were:
1. Studies using low-cost resistive or capacitive sensors (e.g., SEN0193, SDI-12, DIY modules).
2. Applications in smart irrigation, particularly drip irrigation.
3. Research involving calibration, validation, or field deployment.
4. Vegetable crop case studies (tomato, okra, spinach, cauliflower, coriander, and sweet corn).
[bookmark: _Toc208333827][bookmark: _Toc208420834]2.2 Sensor Technologies Reviewed
Soil moisture sensing technologies have evolved significantly over the past two decades, transitioning from laboratory-based precision instruments to field-deployable, low-cost devices suitable for Internet of Things (IoT) applications. Among the available options, capacitive soil moisture sensors have been most widely adopted due to their cost-effectiveness, energy efficiency, and ease of integration with data loggers and microcontrollers (Adla et al., 2020; Nagahage et al., 2019). These sensors estimate the dielectric constant of the soil, which varies with water content, making them suitable for continuous in-situ monitoring. Several studies have compared capacitive sensors with resistive probes and commercial Time Domain Reflectometry (TDR) or Frequency Domain Reflectometry (FDR) systems to evaluate their accuracy and stability under varying soil textures and moisture ranges (Bogena et al., 2007; Mittelbach et al., 2012). While TDR and FDR sensors provide high accuracy, their cost, maintenance requirements, and complex installation often limit large-scale deployment, especially in resource-constrained regions. Calibration remains a critical step to ensure reliability, with most studies employing the gravimetric method to correlate raw voltage or frequency outputs with volumetric water content. Some advanced calibration protocols also integrate temperature correction and electrical conductivity compensation to address inaccuracies in clay-rich or saline soils (Deng et al., 2020). Recent advancements have seen the integration of soil moisture sensors with IoT-based data acquisition systems, enabling real-time wireless transmission and remote decision-making. Deshpande et al. (2022) developed a low-cost Raspberry Pi–based IoT system for soil moisture and temperature monitoring, demonstrating high accuracy and seamless data transfer to cloud platforms. Similarly, Singh et al. (2022) implemented a LoRa-based wireless sensor network for soil and weather condition monitoring, highlighting the feasibility of long-range, low-power communication for smart irrigation management. Emerging systems now combine multi-sensor nodes measuring soil moisture, temperature, humidity, and electrical conductivity to provide a more comprehensive soil–plant–atmosphere assessment. These developments reflect a clear transition toward smart irrigation management systems, where sensor data are processed using machine learning or AI algorithms to optimize irrigation scheduling and resource-use efficiency.
Table 1. Summary of Soil Moisture Sensing Technologies and IoT-Based Developments
	Aspect
	Key Features / Findings
	Representative Studies

	Evolution of Soil Moisture Sensors
	Shift from laboratory-based, high-precision instruments to low-cost, field-deployable sensors suitable for IoT applications
	Adla et al. (2020); Nagahage et al. (2019)

	Capacitive Soil Moisture Sensors
	Widely adopted due to low cost, low power consumption, ease of integration with microcontrollers and data loggers; estimate soil water content via dielectric constant
	Adla et al. (2020); Nagahage et al. (2019)

	Comparison with TDR/FDR Sensors
	TDR and FDR offer high accuracy and stability but are expensive, complex to install, and require higher maintenance; limit large-scale deployment
	Bogena et al. (2007); Mittelbach et al. (2012)

	Calibration Methods
	Gravimetric calibration commonly used to relate sensor output to volumetric water content; essential for accuracy across soil types
	Bogena et al. (2007); Mittelbach et al. (2012)

	Advanced Calibration Approaches
	Incorporation of temperature and electrical conductivity corrections to improve performance in clay-rich and saline soils
	Deng et al. (2020)

	IoT Integration
	Real-time monitoring through wireless data transmission; enables remote access and decision-making
	Deshpande et al. (2022); Singh et al. (2022)

	Communication Technologies
	Use of Raspberry Pi, cloud platforms, and LoRa-based networks for low-power, long-range data transfer
	Deshpande et al. (2022); Singh et al. (2022)

	Multi-Sensor Systems
	Integration of soil moisture with temperature, humidity, and electrical conductivity sensors for holistic soil–plant–atmosphere monitoring
	Singh et al. (2022)



[bookmark: _Toc208333828][bookmark: _Toc208420835]2.3 IoT Architectures and Microcontrollers
The reviewed works widely adopted NodeMCU ESP8266 or Arduino UNO as microcontrollers due to their low cost, open-source libraries, and Wi-Fi connectivity (Abd Halim et al., 2023; Gondchawar & Kawitkar, 2016). Several studies integrated additional modules:
· DHT11/DHT22 for temperature and humidity (Mishra et al., 2022).
· GPS modules for geotagging field locations (Hariono & Putra, 2021).
· Micro-SD card modules for local data logging (Muthekar et al., 2024).
· Solar power units for autonomous off-grid operation (Al-Ali et al., 2019; Kholifah et al., 2019).
Wireless communication relied mainly on Wi-Fi (ESP8266), with some studies using LoRa, ZigBee, or GSM modules for long-range or low-power applications (Atmaja et al., 2021; Nigussie et al., 2020).
[bookmark: _Toc208333829][bookmark: _Toc208420836]2.4 Irrigation Systems and Experimental Layouts
The majority of field studies applied drip irrigation systems with randomized block design (RBD) layouts (Kumar et al., 2023; Singh et al., 2023). IoT-enabled controllers regulated solenoid valves connected to bore well or tank water supplies. Several researchers reported water savings of 20–45% and yield improvements in crops such as tomato (Jain, 2023), sweet corn (Vinod Kumar et al., 2024), and mustard leaf (Abioye et al., 2021).
[bookmark: _Toc208333830][bookmark: _Toc208420837]2.5 Validation Approaches
Validation methods varied across studies:
· Gravimetric soil moisture measurements served as the gold standard for calibration (Adla et al., 2020).
· ANOVA and regression analyses were commonly used for treatment comparisons (Kumar et al., 2023).
· Comparison with commercial sensors (e.g., Decagon, TDR) helped assess accuracy (Bogena et al., 2017).
· Water Use Efficiency (WUE) was calculated as crop yield per unit of water applied, enabling performance benchmarking (Arunadevi et al., 2024).
[bookmark: _Toc208333831][bookmark: _Toc208420838]2.6 Scope Toward Black Soil Conditions
Although a few studies explicitly focused on black soils (Jeetraj, 2018; Vennela & Velumani, 2024), most experiments were conducted in loamy or sandy soils. Black soils require repeated calibration due to their shrink–swell behavior and high clay mineral content, which affect sensor accuracy. This review therefore highlights the methodological gap in large-scale validation of IoT systems under Vertisol conditions.
[bookmark: _Toc208333832][bookmark: _Toc208420839]2.7 Evolution of Soil Moisture Sensing Technologies
Soil moisture monitoring has undergone a remarkable transformation over the past few decades, shifting from traditional manual approaches to advanced IoT-based sensing systems. Historically, techniques such as the gravimetric method, neutron probes, tensiometers, and resistive sensors were widely used for soil water determination. Although these methods provided reliable measurements, they were often expensive, labor-intensive, and limited in terms of spatial and temporal coverage. For instance, neutron probes and tensiometers required frequent manual observations and were less suited for continuous monitoring in large-scale or resource-constrained farming systems (Bogena et al., 2007; Mittelbach et al., 2012).
With technological progress, low-cost alternatives such as capacitive soil moisture sensors and frequency-domain reflectometry (FDR) emerged, offering better scalability and reduced operational costs (Adla et al., 2020; Nagahage et al., 2019). These sensors could be deployed in networks, enabling distributed data collection across multiple locations within a field. Integration with wireless communication protocols (e.g., Wi-Fi, Zigbee, LoRa) further allowed automated transmission of soil moisture data to centralized platforms (Abioye et al., 2021; Briciu-Burghina et al., 2022).
Currently, modern IoT-enabled irrigation systems combine capacitive sensors with microcontrollers such as ESP8266/NodeMCU and Arduino boards, which feed data into cloud-based applications. This transition has allowed real-time decision-making, reduced water wastage, and improved irrigation scheduling at relatively low cost (Abd Halim et al., 2023; Jain et al., 2023). Importantly, these systems are more accessible to smallholder farmers, making precision agriculture technologies more inclusive.
Looking ahead, advancements are focusing on integrating artificial intelligence (AI) and machine learning (ML) to enable predictive irrigation scheduling, as well as sensor fusion techniques that combine soil, climatic, and plant-based parameters (Behzadipour et al., 2023; Togneri et al., 2023). Furthermore, solar-powered IoT nodes and smartphone-based monitoring applications are expected to enhance the sustainability and usability of these systems (Gong et al., 2022; Et-taibi et al., 2024). Such developments signify a paradigm shift towards smart, data-driven, and resource-efficient agriculture that addresses water scarcity and labor challenges in regions like India.
The flowchart illustrates the transition from traditional soil moisture measurement techniques, such as gravimetric methods, neutron probes, tensiometers, and resistive sensors, towards modern IoT-enabled solutions. Earlier methods, while reliable, were often costly, labour-intensive, and limited in spatial coverage. Recent advancements include low-cost capacitive sensors, FDR, time-domain reflectometry (TDR), and wireless sensor networks, which provide real-time data through IoT cloud platforms at reduced costs. Looking ahead, the integration of artificial intelligence (AI), machine learning (ML), solar-powered IoT nodes, and sensor fusion is expected to further enhance predictive irrigation scheduling, precision agriculture, and farmer accessibility through smartphone applications. Scenarios of moisture measurement from historical to advance methodology is depicted in Fig. 1.
Historical Moisture Sensors
· Gravimetric Method
· Neutron Probs
· Tensiometer
· Cost: High to Moderate
· Data Collection: Manual, Labor-intensive
· Accuracy: Reliable but limited spatially 
Modern IoT-Based Sensors
· Capacitive sensors (Low-cost)
· SDI-12 / FDR / TDR Sensors
· Wireless sensor networks
· Cost: Low to Moderate
· Data Collection: IoT Cloud, real-time 
· Accuracy: Improved with Calibration 
Advancement / Future Trends
· AL/ML Predictive Models
· Sensor Fusion (Soil + Climate)
· Solar-powered IoT nodes
· Smartphones-based apps

Figure 2: Scenarios of moisture measurement from historical to advance methodology 
Table 2: Components used in IoT-based Low-Cost Soil Moisture Sensor System
	Component
	Image
	Description
	Function in System

	NodeMCU ESP8266
	 [image: ]
	A low-cost Wi-Fi enabled microcontroller board based on the ESP8266 chip. (Atmaja et al., 2021)
	Acts as the central control unit, collects sensor data, processes it, and transmits via IoT/cloud platforms.

	Capacitive Soil Moisture Sensor
	[image: ] 
	A corrosion-resistant soil moisture sensor that measures volumetric water content using capacitance (Jeetraj, 2018).
	Monitors soil moisture levels in vegetable crop beds, enabling precise irrigation decisions.

	DHT11 Sensor
	 [image: ]
	A basic digital sensor that provides temperature and relative humidity data. (Thakre et al., 2022)
	Helps monitor environmental conditions affecting crop growth and irrigation scheduling.

	Neo-6M GPS Module
	[image: ] 
	A GPS receiver module that provides real-time geolocation data with high accuracy.                   (Kharisma et al., 2019)
	Tracks field location, maps experimental plots, and supports geo-tagging of sensor data.

	Micro-SD Card Adapter
	[image: ] 
	A data storage module that interfaces micro-SD cards with microcontrollers. (Duhoon et al., 2021)
	Stores real-time sensor readings (soil moisture, temperature, humidity, GPS) for offline analysis.



[bookmark: _Toc208333833][bookmark: _Toc208420840]3. FINDINGS
[bookmark: _Toc208333834][bookmark: _Toc208420841]3.1 Advancements in IoT-based Smart Irrigation
The review of 86 studies confirms that IoT-enabled irrigation has progressed rapidly, driven by the availability of low-cost microcontrollers (ESP8266, Arduino UNO, NodeMCU) and capacitive soil moisture sensors (Adla et al., 2020; Abd Halim et al., 2023). Integration with cloud platforms such as ThingSpeak, Blynk, and Arduino IoT Cloud enabled real-time monitoring and remote automation (Kundu et al., 2020; Sutikno et al., 2024). Across crops, the adoption of IoT irrigation systems reduced water use by 20–45% while sustaining or improving crop yields (Jain, 2023; Kumar et al., 2023; Vinod Kumar et al., 2024). 
Et-Taibi et al. (2024) developed an advanced cloud- and IoT-based smart irrigation system designed to interconnect multiple smart farms, enabling shared resources, efficient data management, and coordinated decision-making (Fig. 3). The system comprises five major components: Wireless Sensor Networks (WSN), Wide Area Network (WAN), NI CompactRIO Controller, Cloud-based IoT platform, and individual smart farms. At its core, the NI CompactRIO Controller manages irrigation operations, processes real-time data from soil and climate sensors, and communicates with the cloud platform to optimize irrigation scheduling. A prototype smart farm within this network integrates seven elements WSN, WAN, IoT platform, NI controller, solar energy system, energy control unit, and energy storage. The WSN, built using Arduino Nano microcontrollers and sensors such as DHT-11, fire, PIR, and soil moisture sensors, ensures cost-effective environmental monitoring. To accommodate diverse farm conditions, the researchers implemented both GPRS-based (long-range) and ZigBee-based (short-range, low-energy) WSNs. A ZigBee mesh network was developed to improve reliability, coverage, flexibility, and energy efficiency, allowing multiple data transmission routes and dynamic network adaptation. This architecture facilitates real-time data transfer to a TCP/IP-connected cloud platform, supporting intelligent irrigation control, energy optimization using solar power, and predictive agricultural decision-making, ultimately advancing sustainability and precision in modern farming.
[image: ]
Fig.3: Smart farm prototype
[bookmark: _Toc208333835][bookmark: _Toc208420842]3.2 Performance of Low-Cost Soil Moisture Sensors
Capacitive sensors have proven effective for field deployment, offering cost advantages over commercial TDR/FDR sensors (Bogena et al., 2007; Nagahage et al., 2019). Studies highlighted that calibration against gravimetric soil moisture is essential for improving accuracy (Adla et al., 2020; Jeetraj, 2018). While resistive sensors were cheaper, they exhibited rapid degradation due to corrosion (Mishra et al., 2022). Comparative studies showed capacitive sensors could achieve R² values of 0.82–0.95 with proper calibration (Bogena et al., 2017; González-Teruel et al., 2019). However, challenges persist in clay-rich black soils, where swelling-shrinkage cycles affect dielectric properties and sensor stability (Vennela & Velumani, 2024).
[bookmark: _Toc208333836][bookmark: _Toc208420843]3.3 IoT Integration in Vegetable Crop Irrigation
A significant body of literature has focused on vegetables such as tomato, okra, spinach, cauliflower, and coriander, due to their high-water sensitivity. For instance, Jain (2023) demonstrated 35% water savings in tomato under IoT-enabled drip irrigation, while Kumar et al. (2023) reported improved water use efficiency (WUE) in sweet corn. Spinach and leafy crops benefited from frequent light irrigation controlled by soil sensors (Abioye et al., 2021). Studies consistently found that IoT systems optimized irrigation timing and reduced water stress, resulting in better crop growth and reduced labor costs (Reddy et al., 2021; Saikia, 2023).
[bookmark: _Toc208333837][bookmark: _Toc208420844]3.4 Black Soil Challenges
Only a limited number of works directly addressed black cotton soils (Jeetraj, 2018; Vennela & Velumani, 2024). These soils exhibited sensor drift due to high clay content and shrink–swell behavior, necessitating frequent recalibration (Nagahage et al., 2019). The literature indicates that while capacitive sensors are suitable, their performance is inconsistent without soil-specific adjustments (Deng et al., 2020). This represents a critical research gap, as most validated studies were conducted in loamy or sandy soils.
[bookmark: _Toc208333838][bookmark: _Toc208420845]3.5 Role of IoT Architectures and Communication
NodeMCU ESP8266 was the most widely adopted microcontroller, favored for its Wi-Fi compatibility and low energy consumption (Abd Halim et al., 2023; Gondchawar & Kawitkar, 2016). For remote and rural areas, LoRa and GSM modules were tested to extend communication ranges (Atmaja et al., 2021; Nigussie et al., 2020). Solar-powered systems further improved reliability in off-grid farming contexts (Al-Ali et al., 2019; Kholifah et al., 2019). Collectively, these findings show IoT irrigation technologies are adaptable to diverse farm conditions, but further refinement is required for robust use in resource-constrained settings.
[bookmark: _Toc208333839][bookmark: _Toc208420846]3.6 Improvements and Modifications in Systems
Several modifications enhanced system performance:
· Sensor calibration methods using regression models or electrical conductivity compensation (Deng et al., 2020; González-Teruel et al., 2019).
· Integration with environmental sensors (DHT11/DHT22) for monitoring humidity and temperature (Mishra et al., 2022).
· AI and ML-based predictive irrigation scheduling, which improved forecasting accuracy (Behzadipour et al., 2023; Togneri et al., 2023).
· Multi-sensor fusion approaches, combining soil moisture, weather, and crop growth data, leading to better irrigation decisions (Gong et al., 2022).
[bookmark: _Toc208333840][bookmark: _Toc208420847]3.7 Key Research Gaps
[bookmark: _Toc208333841][bookmark: _Toc208420848]Despite notable advancements in IoT-based soil moisture monitoring and smart irrigation systems, several critical research gaps continue to hinder large-scale adoption and optimization, particularly in diverse agroecological settings such as India.
Limited Focus on Black Soils: Most existing research has concentrated on sandy or loamy soils, which are relatively easier to manage in terms of water infiltration and drainage. However, black cotton soils (Vertisols)—which occupy nearly 16% of India’s arable land—exhibit unique challenges such as high clay content, swelling-shrinking behavior, and low permeability. These characteristics complicate soil moisture sensing and irrigation scheduling. Research focusing on sensor calibration, data interpretation, and irrigation models specifically for black soils remains minimal, leaving a significant gap in understanding how IoT-based systems perform under such conditions.
Lack of Long-Term Field Validation: Many studies on low-cost soil moisture sensors (e.g., capacitive, FDR, or TDR-based) and IoT modules have been conducted under controlled or short-duration field conditions, often lasting only one or two cropping seasons. Long-term experiments that assess sensor stability, accuracy drift, and environmental durability under varying climatic conditions are scarce. Robust validation across multiple growing seasons is essential to establish reliability and confidence among farmers and researchers for real-world applications.
Scalability and Multi-Crop Integration Challenges: While numerous prototypes demonstrate effective soil moisture sensing and automated irrigation at plot or greenhouse scales, few studies have scaled these systems to large farms or multi-crop environments. Large-scale deployment introduces challenges related to network latency, communication range, power management, and heterogeneous crop water requirements. Addressing these issues through scalable network designs and adaptive algorithms is essential for regional-level irrigation management.
Early-Stage Integration of AI and ML in Farmer-Centric Applications: Although artificial intelligence (AI) and machine learning (ML) have been increasingly incorporated into precision agriculture, their integration into farmer-friendly mobile applications remains in its infancy. Current models primarily focus on academic or experimental data analytics rather than real-time, actionable decision support for farmers. Bridging this gap requires developing lightweight, interpretable, and offline-capable AI systems that can function in areas with poor internet connectivity while offering practical irrigation recommendations in local languages.
Limited Economic and Socio-Technical Assessments: Economic feasibility and cost-benefit analyses of IoT adoption are rarely quantified, especially in the context of smallholder or resource-poor farming systems. Most research emphasizes technical efficiency rather than farm-level affordability, return on investment (ROI), or willingness to pay. Additionally, socio-technical factors such as user training, maintenance capacity, and technology acceptance are often overlooked. A deeper understanding of these dimensions is vital for formulating policies and extension programs that promote equitable adoption of smart irrigation technologies.
3.8 Implications for Sustainable Agriculture
The reviewed literature indicates that IoT-based irrigation systems significantly enhance water management and WUE, offering potential solutions for regions facing water scarcity. Their adaptability to vegetable crops and smallholder farms makes them highly relevant for Indian agriculture. However, the success of these systems under black soil conditions depends on sensor recalibration, robust field validation, and farmer-centric design. Bridging these gaps could accelerate the transition toward precision irrigation in resource-limited environments.
[bookmark: _Toc208333843][bookmark: _Toc208420849]4. DISCUSSION 
This review analysed 88 studies on IoT-based low-cost soil moisture sensor systems for vegetable crop irrigation, with special emphasis on black soil conditions. The findings demonstrate that IoT-enabled irrigation systems, particularly those using capacitive soil moisture sensors integrated with microcontrollers (ESP8266, Arduino UNO, NodeMCU), have shown significant potential in enhancing irrigation scheduling, conserving water, and improving crop productivity.
Across multiple field studies, IoT systems achieved 20–45% water savings and enhanced Water Use Efficiency (WUE) in vegetables such as tomato, okra, spinach, cauliflower, coriander, and sweet corn. These systems also reduced labor requirements and allowed remote control of irrigation through cloud platforms like Arduino IoT, ThingSpeak, and Blynk. Moreover, coupling with renewable energy sources such as solar power increased system reliability in rural and off-grid contexts.
A key challenge identified is the limited accuracy of low-cost soil moisture sensors in black soils, due to swelling–shrinkage behavior and high clay content. While calibration techniques and conductivity compensation improve performance, very few studies have conducted long-term validation under black soil conditions. This highlights the need for soil-specific modifications and sensor fusion strategies to enhance reliability.
Overall, IoT-based smart irrigation systems represent a cost-effective and scalable approach for sustainable water management in agriculture. However, further research is required in four areas:
1. Long-term validation of sensor performance in black soils.
2. Integration of AI and ML models for predictive irrigation scheduling.
3. Assessment of economic feasibility and adoption potential for smallholder farmers.
4. Development of farmer-friendly platforms that bridge technology with traditional practices.
By addressing these gaps, IoT-based irrigation can play a transformative role in achieving resource-efficient, climate-resilient agriculture in India and similar regions worldwide.
[bookmark: _Toc208333844][bookmark: _Toc208420851]5. ADVANCEMENTS AND FUTURE RESEARCH DIRECTIONS
The integration of IoT in agriculture has already demonstrated substantial benefits, but several emerging advancements and research gaps need to be addressed to fully realize its potential, especially under black soil conditions.
[bookmark: _Toc208333845][bookmark: _Toc208420852]5.1 Sensor Technology and Calibration
Future research should focus on developing soil-specific calibration models for black soils, considering their high clay content and swelling–shrinkage behavior. Multi-parameter sensors that combine soil moisture with electrical conductivity, salinity, and temperature measurements could enhance accuracy and stability (Deng et al., 2020; Vennela & Velumani, 2024). The advancement of biodegradable, eco-friendly sensors may further reduce costs and environmental impact (Meshram et al., 2024).
[bookmark: _Toc208333846][bookmark: _Toc208420853]5.2 Artificial Intelligence and Predictive Irrigation
Integration of AI and Machine Learning (ML) models with IoT data streams can enable predictive irrigation scheduling based on weather forecasts, soil moisture dynamics, and crop water requirements (Behzadipour et al., 2023; Togneri et al., 2023). Future systems should adopt data-driven decision-support tools that can automatically adjust irrigation frequency and duration, minimizing human intervention.
[bookmark: _Toc208333847][bookmark: _Toc208420854]5.3 Wireless Communication and Energy Autonomy
Expanding beyond Wi-Fi-based architectures, the use of LoRa, NB-IoT, and 5G networks can enable large-scale deployments with low power consumption and extended range (Atmaja et al., 2021). In parallel, coupling with solar, wind, or hybrid renewable energy systems will ensure continuous operation in remote and resource-poor regions (Al-Ali et al., 2019; Kholifah et al., 2019).
[bookmark: _Toc208333848][bookmark: _Toc208420855]5.4 Integration with Climate-Smart Agriculture
Platforms for integrating soil moisture sensors span a wide spectrum, ranging from low-cost, do-it-yourself (DIY) architectures to advanced commercial and AI-driven solutions. At the entry level, DIY systems based on Arduino or ESP32 microcontrollers, coupled with cloud services such as Blynk and Ubidots, are widely adopted for basic monitoring, automation, and threshold-based irrigation control. These systems are particularly suitable for smallholder farms and experimental deployments due to their affordability, flexibility, and ease of customization. Communication technologies such as Wi-Fi, LoRa, and cellular networks enable real-time or near-real-time data transmission, supporting scalable field implementations.
At the professional end, commercial IoT platforms such as Netafim, CropX, and Sensoterra offer fully integrated solutions that combine high-accuracy soil moisture sensors—often using protocols such as SDI-12—with cloud-based analytics and decision-support tools. These platforms leverage data fusion approaches, integrating soil moisture observations with weather forecasts, soil properties, and crop-specific parameters to generate precise irrigation recommendations. In parallel, custom AI- and cloud-based platforms are increasingly being developed to support complex decision-making, incorporating machine learning algorithms for predictive irrigation scheduling and long-term water resource optimization.
Looking forward, IoT systems are expected to evolve into climate-smart agricultural platforms that extend beyond irrigation management alone. Future systems should integrate fertigation control, pest and disease monitoring, and microclimate sensing, enabling holistic farm management. Moreover, coupling in-situ soil sensor networks with UAV-based remote sensing and satellite-derived data can provide a multi-scale perspective of crop water status and field heterogeneity. Such integrated frameworks have the potential to enhance irrigation efficiency, improve resilience to climate variability, and support adaptive management strategies under changing environmental conditions (García et al., 2020).
[bookmark: _Toc208333849][bookmark: _Toc208420856]5.5 Socio-Economic Adoption and Policy Support
Beyond technological innovations, research must also address farmer adoption, training, and affordability. Field studies rarely analyze the economic viability of IoT adoption for smallholder farmers. Future research should include cost–benefit analyses, financing models, and government-supported subsidy frameworks to accelerate scaling in developing regions.
[bookmark: _Toc208333850][bookmark: _Toc208420857]5.6 Long-Term, Multi-Crop Validation
Most existing studies are limited to short-term or single-crop trials. Advancements should focus on multi-season, multi-crop field experiments under black soil conditions to generate statistically robust data. Such studies will be critical for refining irrigation models and validating scalability across diverse vegetable production systems.
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This review synthesizes the economic implications of 86 studies on the development and deployment of IoT-based low-cost soil moisture sensor systems for vegetable crop irrigation, with a focus on black soil regions. The findings indicate that integrating IoT technologies with drip irrigation can significantly enhance water use efficiency, reduce input costs, and increase crop yields—resulting in improved profitability for farmers. The widespread adoption of low-cost capacitive sensors, supported by affordable microcontrollers such as ESP8266 and Arduino UNO, reflects their cost-effectiveness, ease of implementation, and ability to deliver real-time data for better irrigation management.
However, the accuracy of these sensors declines in clay-rich black soils due to soil-specific characteristics like shrink–swell cycles and fluctuating dielectric constants. This limitation increases maintenance and calibration costs, potentially reducing economic returns. Research suggests that frequent recalibration, compensation techniques, and sensor fusion approaches are necessary to ensure consistent performance, adding complexity and expense for smallholder farmers. Addressing this challenge is crucial for promoting broader IoT adoption in regions dominated by vertisols, where water management inefficiencies directly affect livelihoods.
From an economic standpoint, the scalability of IoT systems is a key advantage. Field trials report water savings of 20–45%, enabling farmers to lower irrigation-related expenses while maintaining or enhancing yields in crops such as tomato, okra, spinach, cauliflower, coriander, and sweet corn. Additionally, leveraging cloud-based platforms, wireless communication, and renewable energy sources improves accessibility and reduces operational costs, making these technologies viable even in resource-constrained settings.
Despite the promising benefits, several economic gaps remain. Few studies have examined the long-term cost-effectiveness of these systems across multiple growing seasons, especially in black soil environments. Evidence on the affordability and return on investment for small-scale farmers is limited, and predictive AI/ML tools that could optimize irrigation decisions are still in early development stages, delaying potential efficiency gains. Moreover, insufficient attention has been given to human factors such as training, user-friendliness, and cultural acceptance—barriers that can increase adoption costs and reduce technology uptake.
In summary, IoT-enabled low-cost soil moisture sensors present a significant opportunity to enhance water productivity and agricultural resilience while reducing input costs. To unlock their full economic potential, future efforts must prioritize:
1. Developing soil-specific calibration methods to ensure sensor reliability in black soils and minimize maintenance expenses.
2. Integrating AI/ML tools to automate irrigation management and reduce decision-making costs.
3. Conducting long-term, multi-season trials to quantify economic benefits and inform investment decisions.
4. Designing farmer-friendly solutions that address usability, training needs, and affordability to ensure broad-scale adoption.
By tackling these challenges, IoT irrigation systems can become a cost-efficient and scalable solution, supporting sustainable agriculture and improving economic outcomes for farmers in India and other regions facing similar agro-climatic constraints.

[bookmark: _Toc208420825]Study HIGHLIGHTS
1. IoT-based soil moisture sensors save 20–45% water while improving vegetable crop yields.
2. Low-cost capacitive sensors with ESP8266/Arduino are affordable and easy to use for farmers.
3. Accuracy drops in clay-rich black soils, requiring frequent calibration and compensation techniques.
4. Few studies have tested long-term performance, especially for multiple crops and black soil regions.
5. Future research should focus on AI integration, better calibration, and farmer-friendly, cost-effective solutions.
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