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Abstract
A sensor-based sprayer was developed at the Department of Farm Machinery and Power Engineering, CoAE, GKVK, UAS Bangalore. This innovative system employs ultrasonic sensors to detect plant canopies with high accuracy (up to 0.7 m, )(Singh et al., 2021)  and the algorithm was coded such that the sensorsdetects the real-time, site-specific data which actuates the pumps for target actuated spraying to minimize chemical wastage, reduces environmental contamination and reduces the risk of farmers’ exposure to pesticides. This real-time, site-specific technology minimizes chemical wastage, reduces environmental contamination and lowers farmers’ exposure to pesticides. The study focused on operational performance elevation of the sprayerwhich achieved an effective field capacity of 0.31 ha/h, a field efficiency of 85.6%. The sprayer reduced the application rate by 42.1%, from 81 l/ha (conventional) to 47 l/ha at an operational cost of ₹74 /ha. Its benefit-cost ratio of 1.45 and payback period of 239 hours highlight its cost-effectiveness. This system offers a practical and sustainable solution for small and marginal farmers, enhancing crop protection the study focused mainly on row crops and the performance evaluation was done in chillicrop(,  while mitigating environmental and health risks and also provides methodological reference for other research to develop sensor based sprayers.
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Introduction
Chemical applications in agriculture are often practiced using dusters and sprayers(Dhananjayanet al, 2019) Dusting is the simpler of the two methods which relies on portable equipment and basic tools. However, it is generally less effective than spraying due to its low dust retention. While pesticides are widely used for crop protection, their application across various crops is often inefficient. During spraying, a significant amount of these chemicals is lost to drift, evaporation, off-target application and leaf runoff (Hewitt 2024). The loss of  chemicals contribute to soil, water and air pollution( Biswas et al., 2018), leading to financial losses as well. The process of pesticide application is complex, with multiple factors such as the target canopy, type of spray equipment, operational methods and the properties of the chemicals, affecting both the quantity and consistency of the sprayed material. Effective pest control requires uniform pesticide coverage from the top to the bottom of the plant canopy, including the undersides of leaves. Pesticides have a considerable negative impact on the environment( Khanet al., 2023). 
	India stands in twelfth position worldwide and third in Asia in pesticide use which is extremely less in comparison to other nations (Nayaket al., 2021). Small landholding and limited purchasing power are the primary causes of India's low per capita pesticide consumption (Reddy et al ., 2020).3.39 million tons of pesticides were used in agriculture globally, with India accounting for 61,702 tons (Reddy et al., 2024). Approximately 30 percent of India's total cultivated land is currently covered by plant protection chemicals, of which 60 percent are insecticides, followed by herbicides (16 percent), fungicides (18 percent), biopesticide (3 percent) and other chemicals (Rashmi et al, 2019). 
The use of pesticides in farming has become a big concern all over the world because they not only kill harmful pests but also stay in food and affect people (Shekharet al, 2024), animals, and the environment. Balasubramani et al. (2019) tested 40 chili samples using modern machines (LC-MS/MS and GC-MS/MS) and found that 33 samples had pesticide residues. The chemicals acetamiprid and fenzaquin were the most common. Even though the levels were below the allowed safety limits, the study clearly showed that pesticides from farming enter our food chain and cannot be ignored.Nayakand Solanki(2021) reported that the use of pesticide across Asia is more than half of the world’s pesticides. India ranked 12th in the world and 3rd in Asia after China and Turkey. In India, about 70 percent of people work in agriculture, and pesticides play a major role in crop production. 
Dou et al. (2021) designed a boom sprayer height detection system using ultrasonic sensors and data processing algorithms. Their results showed that sprayer boom height changes a lot during spraying, especially at high speeds, which can cause drift and uneven coverage. Their system aimed to automatically adjust the height for better accuracy.Zhang et al. (2018) discussed several systems such as infrared, ultrasonic, LiDAR, and stereo vision sensors. Laser scanners and stereo vision were found to be especially good for creating 3D maps of plant canopies, which can then be used to spray only where needed. 
Zilpilwaret al. (2018) developed a solar-cum-hand operated knapsack sprayer. It gave a stable discharge for hours and had a wider spray angle than normal sprayers. Its field capacity was twice that of a regular hand sprayer. Hosamani and Krishnamurthy (2020) compared different nozzle types in cotton crops and found that nozzle design and pressure directly affect discharge, droplet size, and coverage. For example, hollow cone nozzles gave the smallest droplets, which are useful for better coverage but also increase drift risk.Michael et al. (2022) compared three types of sprayers in grape farming. They found that low-volume knapsack sprayers gave good coverage and disease control, almost equal to high-volume sprayers, but with much less water and pesticide use. Mahmud et al. (2021) reviewed precision spraying in fruit crops and stressed the importance of considering air speed, droplet size, canopy structure, and field terrain to get the best results.
Khodabakhshian et al. (2021) designed a low-cost sensor sprayer for orchards. The system used sensors to detect tree canopies and controlled the spray using solenoid valves and a programmable controller. Tests showed that pesticide use was reduced by about 50 percent compared to normal spraying. Zanin et al. (2022) tested precision spraying in soybean and maize crops in Brazil. Their system controlled each nozzle separately and adjusted pesticide use depending on the crop’s growth stage. They found that pesticide use was reduced 2.3 times without reducing crop yield. This made the system both cost-effective and eco-friendly.Jayashreeet al. (2015) developed a target-actuated sprayer that minimized off-target pesticide application by optimizing parameters like spray concentration, canopy width, sensor height, and speed.Butts et al. (2024) tested a magnetic-assisted sprayer (MAS), which was supposed to reduce spray drift and improve coverage. However, the results showed only very small improvements, such as slightly bigger droplets and a small reduction in fine droplets that cause drift. The overall spray performance was almost the same as regular sprayers. This showed that MAS technology still needs more improvement. On the other hand, Salas et al. (2024) built a smart orchard sprayer that used ultrasonic sensors to measure canopy shape, leaf density, and size. They developed a new “Density Factor” to decide how much pesticide was needed for each tree. The sprayer adjusted the spray automatically, saving pesticides and improving efficiency.
Park et al. (2022) explained three main spraying methods—ultrasonic, liquid compression, and two-phase nozzles—and compared their benefits and limits. Xun et al. (2023) tested advanced spraying in apple orchards and found that precision spraying cut pesticide use by 43 percent and reduced ground drift by 57.3 percent compared to normal spraying. An optimized system reduced drift by up to 80 percent at some growth stages, showing its strong environmental benefit.
The above studies report that that many farmers still use pesticides in unsafe and inefficient ways, often due to lack of knowledge or access to better tools. This leads to residues in food and risks to health and the environment. Further use of modern spraying technologies—like sensor-based, variable-rate, and automatic sprayers—can save large amounts of pesticides (up to 50 percent in many cases) without reducing yields (Lochanet al., 2024) . In order to achieve optimal results in pesticide application, it is crucial to consider all relevant parameters, including crop type, plant canopy area, leaf area, crop height and plant volume in relation to plant protection product applications. According to this perspective, agricultural spraying technology has advanced during the past few decades. Advanced sensing technologies, modern sensors and microcontrollers are finding direct application in agriculture. Ultrasonic sensors use sound waves to detect the presence, size and density of plants in real-time, This enables researchers to develop highly sophisticated, data-driven spraying strategies that maximize field productivity and also ultrasonic sensors can be adjusted to work with different plant heights and densities, adapting the spray pattern to match the needs of each growth stage. This flexibility makes ultrasonic sensors suitable for a wide range of crops, from low-growing vegetables to tall fruit trees(Bhalekaret al., 2023 and Jeon et al.,2011)
2. Materials and Methods
2.1 Development of sensor based battery operated sprayer
The component drawings of battery-operated sensor-based spraying unit was designed using SolidWorks software, version Autodesk 360 . Based on design and required calculations the spraying unit was fabricated and assembled in the workshop of the Department of Farm Machinery and Power Engineering, COAE, GKVK, UAS Bangalore.The developed spraying unit consists of the main frame(made of M.S hollow square of 20×20×2 mm), handle, boom, and ground wheels, each of which was carefully selected and constructed to provide strength, stability, and efficient operation under field conditions(Alhassanet al., 2020 and Nutalapati et al., 2016). The overall specification of the developed battery operated sensor based sprayer is presented in Table 1. The main frame forms the base of the sprayer and is therefore the most important structural part since it has to support all other mounted components. For this purpose, mild steel (M.S.) hollow square pipe of 20 × 20 × 2 mm was used because of its strength, durability, and light weight. The frame was designed with two distinct sections. The bottom section, having dimensions of 400 × 280 × 330 mm, was developed to hold the chemical tank securely. The top section of the frame was designed to accommodate two 12 V DC diaphragm motor pumps, two flow meters, and a 12 V battery, which are the essential power and control units of the sprayer. This arrangement ensured proper balance and easy accessibility for operation and maintenance.
Table 1: Overall specifications of developed sensor based sprayer

	Sl. No.
	Parameters
	Value

	1
	Overall dimensions, (L x W x H) (mm)
	1030 x 1400  x 570

	2
	Weight (kg)
	25

	3
	Power source
	Battery power

	4
	Type of Pump
	12V dc diaphragm pump

	5
	Type of battery
	Dry battery (12V 7Ah)

	6
	Number of nozzles
	2

	7
	Nozzle spacing (mm)
	500 (adjustable)

	8
	Type of nozzle
	Hallow cone

	9
	Boom spray length (mm)
	1000

	10
	Tank capacity (l)
	16

	11
	Pressure
	8.15-10.19 kg/cm2



The spraying unit is push type so to facilitate handling and easy maneuverability of the unit in the field, specially designed handles were provided. The material used for fabrication of the handles was M.S hollow pipe of 20 mm diameter. The hollow pipe was bent at an angle of 135º and then it is extruded 280mm at an angle of 35º and was welded at the height of 530 mm from the bottom of the frame(Benoset al., 2020 and Selvaet al., 2023)
The spraying boom, another crucial component, was constructed using a 20 × 20 mm square aluminium extrusion profile, which was chosen due to its lightweight nature and resistance to corrosion. The boom consisted of two individual sections, each of 500 mm length, placed parallel to each other at a spacing of 400 mm, resulting in an overall boom length of 1400 mm. To ensure versatility, clamps were mounted on the boom for holding both nozzles and sensors. These clamps were designed in such a way that they could be adjusted along the boom length, thereby allowing flexibility in nozzle spacing to match the row-to-row spacing of different crops. This adjustable feature enhanced the suitability of the sprayer for a wide range of cropping systems and field conditions.The ground wheels were also carefully selected to ensure better traction, stability, and minimal soil compaction. The unit was fitted with two front rubber tires of 10 × 1.57 inches and a rear castor wheel of 6 × 1.5 inches. The front rubber wheels provided the necessary traction for forward movement, while the rear castor wheel offered stability and facilitated easy turning of the unit in the field. The wheels were powered manually by the operator’s effort, making the unit simple, cost-effective, and suitable for small and marginal farmers. The combined arrangement of the main frame, handle, boom, and ground wheels ensured that the spraying unit was compact, user-friendly, and capable of delivering uniform spraying with minimal operator fatigue and soil disturbance.The unit mainly consists of the following components. The Isometric view , developed view and working photo of spraying unit is shown in the Fig.1.,Fig.2., and Fig.3. respectively
 (
a) Handles 
b) Chemical tank 
c) Clamp  
d) Boom section  
e) Sensor box  
f) Nozzle
g) Circuit box 
h) Caster wheel 
i
) Drive wheels  
j) Battery  
k) DC pump  
l) Hose pipe
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Fig.1 Isometric view of the developed spraying unit
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Fig.2 View of the sprayer in the actual field condition 

2.2 Evaluation of the battery operated sensor sprayer
2.2.1 Application Rate
Application rate is defined as the volume of spray required to cover one unit of area and usually expressed as l ha-1. It depends on discharge rate of nozzle, spacing of nozzles on the boom, nozzle pressure, spray width and forward travel speed. In this study, the application rate was calculated in two operations such as with and without activation of sensors. The discharge and swath width of the boom were measured in the field by operating the developed sensor based sprayer. The above procedure was repeated thrice for more accuracy and the average application rate was calculated and the percentage of chemicals saved during operation with activation of sensors was calculated. The application rate was calculated by using the following formula.
Application Rate (l ha-1 )
Where,
             q = Flow rate per nozzle (l min-1 )
             w = One-sided working width (m)
             s = Operating speed (km h -1)
             N = Number of nozzles.
2.2.2 Theoretical Field Capacity
It is the rate of field coverage that will be obtained if the machine were performing its function 100 percent of its time at rated forward speed and always covered 100 percent of its width. For calculating the theoretical field capacity, swath width and traveling speed have been taken into consideration. Theoretical field capacity was calculated using the following formula.
Theoretical field capacity (ha h-1 )

Theoretical Field Capacity (TFC) The rate of field coverage which is obtained when a machine is performing its function utilizing 100 per cent of its time, moving at its rated speed and always covering 100 percent of its rated width.
2.2.3 Actual Field Capacity
The actual field capacity is calculated based on the time consumed for real work and that time lost for other activities such as turning and filling the spray tank was considered. In this study developed sensor-based sprayer was operated in the Chilli field and time taken for complete spraying in the given area and time lost for turning and filling of the tank were noted. The procedure was replicated thrice for more accurate results and the actual field capacity was calculated using the following formula
     Actual field capacity 
Where,
Tp = Productive time (h)
Tnp = Non-productive time (h)

2.2.4 Field efficiency
Field efficiency is the ratio of effective field capacity to theoretical field capacity. It determines the effect of time lost in the field and failure to utilize the full width of the machine. It is always expressed in percentage and calculated using following formula.
Field efficiency (per cent)   × 100
3. Results and Discussions
3.1 Performance evaluation of battery operated sensor based sprayer
The Field evaluation of the developed sensor based battery operated sprayer was carried out in an area of 1/4 acre at research farm of integrated farming system, GKVK, UAS, Bangalore. The field was divided in to two subplots and Chilli crop was grown and Naphthalene Acetic Acid (NAA) had been used for spraying during the flowering stage of the crop and before spraying operation the spray boom height and nozzle spacing were adjusted according to the crop parameters. The details of crop parameters were mentioned in Table 2.
	Sl No.

	Parameter
	Observation

	1

	Name of the crop
	Chilli

	2

	Plant height
	45 cm

	3

	Plant width
	42 cm

	4

	Row to row spacing
	55 cm

	5

	Plant to plant spacing
	60 cm



Experimental data observed was recorded and stored in spreadsheets using the MS Office Excel Software Version-2023. Calculation of descriptive statistics (average mean and standard deviation values) was performed for each parameter. The Factorial RBD (Randomized block design) was followed in the study. Statistical analysis of experimental data with its Analysis of variance (ANOVA) was done. The critical difference at 5 percent level of significance was calculated for testing the significance of difference between different parameters.

3.1.1 Application Rate
The application rate of developed sensor based sprayer was measured under actual field conditions with the forward speed of 2.0 km/hand the obtained results are presented in Table 2. 
Table 2 Application rate of sprayer with and without activation of sensors
	SI. No.
	Sensor Status
	Application rate (l ha-1 )
	Mean, l ha-1

	
	
	T1
	T2
	T3
	

	1
	Without activation
	81.84
	81.76
	80.92
	81.51

	2
	With activation
	46.95
	47.65
	46.87
	47.15

	3
	Chemical saving 
	34.89
	34.11
	34.05
	34.36


From the results, it was observed that average application rate using with and without activation of sensors was 47.15 and 81.5l ha-1 respectively. There is a reduction in application rate with activation of sensors and therefore 42.15 % of the chemical was saved per hectare by application of chemicals with sensors in the developed sensor based sprayer. The effect of chemical application with and without activation of the sensors on application rate was analysed by using ANOVA single factor analysis, the p-value shows a significant relationship at the 5% level of significance.The effect of chemical application with and without activation of the sensors on application rate is shown in Fig.3
 (
Application rate (l ha
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Fig.3 Effect of chemical application with and without activation of the sensors on application rate
3.1.2 Field Capacity (Theoretical & Actual) and field efficiency
During field trials, the time losses involved during spraying operation have been noted and the average actual field capacity of the battery operated sensor-based sprayer was calculated The results obtained during the field evaluation are presented in table 1.
Table 3. Calculation of field capacity and field efficiency for developed sprayer
	Trial No
	Effective field capacity (ha h-1 )
	Theoretical field capacity (ha h-1 )
	Field efficiency %

	T1
	0.264
	0.31
	85.16

	T2
	0.266
	0.31
	85.80

	T3
	0.259
	0.30
	84.83

	Average
	0.263
	0.31
	85.26



From the results,T1, T2, T3 were the trails carried out to evaluate the field capacity and field efficiency for developed sprayer,  it was found that the average actual and theoretical field capacity of the developed sensor based sprayer, when operated in Chilli crop, was 0.263 ha h-1 and 0.31 ha h-1. Average field efficiency of the sensor-based sprayer was found to be as 85.26 %.
Total operating cost of machine per hour was ₹ 74.33. The operating cost included both fixed and variable costs of ₹ 17.66 and ₹ 56.67 per hour respectively. The cost benefit ratio of developed sprayer was calculated as 1.45 which reveals that the machine is highly acceptable, beneficial and economical. The payback period and breakeven point of the developed machine was calculated as 239.16 h and 0.53 ha, respectively. The cost benefit ratio, payback period and breakeven point of knapsack sprayer were calculated as 1.39, 154.65 hours and 0.40 ha (Kumbhareet al.,2016,Nabiet al.,2018).The total operating cost of knapsack sprayer was calculated to ₹ 120 1h-1. Comparing the cost economics of the of battery operated sensor based sprayer with existing knapsack sprayer, it was seen that the developed sprayer was economically beneficial and ergonomically suitable for farmers.
4. Conclusion
The developed battery-operated sensor-based sprayer for row crops significantly improves pesticide application efficiency, reducing chemical wastage and environmental contamination. The system’s affordability makes it a viable solution for small and marginal farmers, enabling precision agriculture with minimal investment. The battery-operated sensor-based sprayer provides an efficient and eco-friendly alternative to conventional spraying techniques. Application rate of developed sensor based sprayer at forward speed of 2.0 km/h without activation of sensors was 81.51 l ha-1 and with activation of sensors was 47.15 lha-1 respectively. The application rate decreased by 42.15 % per hectare when operated with activation of sensors The average effective field capacity and theoretical field capacity of developed sensor based sprayer was 0.31 and 0.263 ha h-1 respectively. The Field efficiency of developed sensor-based sprayer was found to be 85.62% The cost of operation of developed sensor-based sprayer for Chilli crop was ₹ 74.33 ha 1 . The benefit cost ratio of the developed sensor-based sprayer found to be 1.45 and the payback period of the developed sensor-based sprayer found to be 239.16 hours. This innovation presents a practical solution for small-scale farmers seeking cost-effective and sustainable agricultural practices.
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