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ABSTRACT
This study tackles the challenges of pesticide drift and low mechanization in Indian smallholder agriculture by developing a battery-powered, shielded inter-row sprayer tailored for vegetable crops. Designed at CAET, AAU, Godhra, the sprayer was tested on chilly and cabbage crops under various nozzle types, forward speeds, and nozzle heights. The system comprises a DC motor-driven unit with lithium-ion batteries, a 40-liter tank, a 12V diaphragm pump, and an adjustable boom supporting shielded, interchangeable nozzles to minimize off-target drift. Laboratory analysis (as per IS standards) and ImageJ software were used to assess droplet size, density, and homogeneity factor (VMD, NMD, HF). Field trials over 54 plots measured performance indicators such as field capacity, efficiency, and economic viability. The sprayer significantly reduced drift, increased uniform deposition, and improved time and cost efficiency compared to traditional knapsack sprayers. The system demonstrated a high B:C ratio (3.13), making it an affordable and sustainable option for small and marginal farmers.Compared to a knapsack sprayer (₹626/ha), the developed unit cuts application costs (nearly by half). It covers 1 ha in 4.40 hours, whereas the knapsack sprayer requires 11.62 hours (2.5 times longer) highlighting superior time efficiency. 
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1. INTRODUCTION
	India’s agriculture sector, employing over 42% of the population and contributing 18.2% to GDP, faces unique challenges due to small landholdings over 86% of farmers own less than 2 hectares. Traditional pesticide application methods contribute to inefficient spraying, chemical wastage (up to 90%), environmental pollution, and human health risks. These inefficiencies are compounded by low mechanization levels and increasing labor shortages. With the workforce share in agriculture projected to drop from 58.2% in 2001 to 25.7% by 2050 (India Economic Survey, 2018), there is an urgent need for affordable, efficient, and scalable mechanization solutions.
	 Manual spraying remains common but is labor-intensive and environmentally unsustainable. Global research supports the use of shielded sprayers for drift control (Threadgill & Smith, 1975; Ozkan et al., 1997), yet their adoption in India is largely restricted to basic knapsack types. With the rising costs of chemicals and labor, a low-cost, battery-operated shielded sprayer offers a viable solution. This study aims to address drift reduction, improve application efficiency, and promote sustainable pest and weed control in vegetable crops through a compact, inter-row battery-powered sprayer.

2. MATERIALS AND METHODS

2.1 Design and Fabrication
	The developed sprayer consists of an adjustable mild steel (MS) frame with dimensions of 1000–1400 mm (length) and 460–1350 mm (width), with a total weight of 60 kg (loaded). It integrates:
· A 40-liter PVC tank
· 12V diaphragm pump (100 psi, 3A)
· Two Lithium-ion batteries (12V, 25Ah for traction; 12V, 15Ah for pumping)
· 0.5 hp brush-less DC motor controlled by an Atmega16 micro controller
· Interchangeable nozzles: hollow cone and flat fan (spray angle 70–80°)
· Rubber wheels: Front (300 mm), Rear (400 mm)
· Shielded nozzles with vertical/horizontal adjustment on a sliding bracket
Main frame
	The main frame served as the base for mounting all sprayer components. It was constructed using 25 × 25 × 5 mm MS rectangular hollow pipes, supported by MS angles and hollow sections of varying sizes. Two front vertical MS angles (600×50×20 mm) and two rear angles (450×50×20 mm) supported the rear platform. Horizontal supports included 450×30×30 mm MS angles on both sides. These components were welded together to form the complete frame. The overall frame measured 600 mm in length, 450 mm in width and height, and provided mounting support for the tank, motor, battery, boom, and other parts.
Battery with charger
	Lithium-ion batteries were chosen for their lightweight nature, high energy density, fast charging, and extended operational duration over lead-acid alternatives. A 12 V 25 Ah battery powered the sprayer’s movement; while a 12 V 15 Ah operated the pump. Both batteries charge fully within 40–60 minutes. With a power demand of 88.7 W, the main battery can support operation for approximately 3.3 hours.
Ground Wheels 
	Solid non-pneumatic rubber wheels were used for both front and rear due to their low maintenance. Wheel dimensions were selected for easy field transport and to support the machine’s load, including the tank and components. The front wheels (300 mm diameter, 30 mm width) served as drive wheels, while the rear wheels (400 mm diameter, 50 mm width) provided support.
Steering System
	The wheel system, suited for flat terrain (Xue et al., 2017), includes a manual steering mechanism with a vertical shaft linked to a handle for directional control as shown in Fig.1. The shaft rotates within a vertical tube and turns a spiked front wheel with a tire. This manual setup ensures precise, power-free steering, making it practical and reliable for field operations.
[image: G:\Ph.D Research Project-07-04-2025\Thesis\CAD design\2. Steering System\ISO View.jpg]
Fig.1 A views of Steering System
Spraying Unit
	The spraying unit precisely applies liquids/pesticides/pesticides to crops, ensuring uniform coverage, minimizing waste, and maximizing treatment effectiveness.
Adjustable Boom
	The boom, attached to the front of the main frame, was built from 40 × 20 mm hollow MS sections (5 mm thick) in 700 mm and 450 mm lengths. It held the shields, nozzles, and related components, with 30 mm spaced holes enabling vertical nozzle adjustment for crop height. The boom stand allowed height variation to suit different field conditions (Gholap et al., 2013).
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Fig. 2 Top views of adjustable boom
Shield frame with winding roller
	Shield design matched the boom's geometry and required ground clearance. Each 300 mm high shield maintained a 450–600 mm gap above crops (Ozkan et al., 1997), with three shields—two for pesticides and one for herbicide fully enclosed and made from 2 mm plastic. The mounting frame, built from 450 × 20 × 2 mm MS plate, was tailored to crop row spacing and spray pattern. Shields were interchangeable based on crop type and height. Each included support pipes, clamps, and four 45 × 45 mm, 2 mm thick brackets with 10 mm holes. Shields were fixed using clamps and nuts, allowing vertical and horizontal adjustments via sliding brackets. A cylindrical rod with a washer end, attached by welded brackets, likely acted as a guide or mounting point for a winding mechanism.
2.2 Experimental set up for field operation of developed sprayer

Field trials were conducted on 54 plots to assess performance under varying combinations:
· Nozzle Type: N1 (Hollow cone), N2 (Flat fan)
· Forward Speed: S1 (0.4 m/s), S2 (0.55 m/s), S3 (0.7 m/s)
· Nozzle Height: H1 (0.4 m), H2 (0.5 m), H3 (0.6 m)
A methylene blue dye solution was sprayed, and deposition was collected on glossy papers placed under each nozzle. ImageJ software was used to quantify:
· Droplet Density (DD), no./cm²  
· Volume Median Diameter (VMD), µm
· Number Median Diameter (NMD), µm
· Homogeneity Factor (HF)
· Deposition, %
Field performance indicators such as Effective Field Capacity (EFC), Field Efficiency (FE) and plant damage were recorded. Cost economics, man-hour requirements, and benefit-cost ratio were calculated for economic assessment.
2.3 Statistical Analysis and Optimization 
Data obtained from experiments was also assessed through RBD statistical analysis was used to correlate response variations with independent variables. Optimum process conditions are required to significantly enhance the performance of battery-operated sprayer with shield. Numerical optimization has been conducted to evaluate the different nozzles, optimum forward speed and height of spray nozzle for chilly and cabbage were used for the design of experiments to study the effects. 

3. RESULTS & DISCUSSIONS 
3.1 Effect of independent variables on droplet density
An experiment was conducted to know the effect of type of nozzle(N), forward speed(S) and height of nozzle(H) on the droplet density. Fig.3.a shows that the effect of type of nozzle(N), forward speed(S), km/h and height of nozzle(H), m on the droplet density was found of significant. Droplet density obtained highest in N1S1H1 (Chilly: 57.47 no./cm²; Cabbage: 58.00 no./cm²), lowest in N2S3H3 (Chilly: 42.75; Cabbage: 43.38).
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Fig. 3.a Effect of nozzle type (N), forward speed(S) and height of nozzle(H) on droplet density
3.2 Effect of independent variables on Homogeneity Factor 
An experiment was conducted to know the effect of independent variables i.e., type of nozzle(N), forward speed(S) and height of nozzle(H) on the HF at both crops. The homogeneity factor (HF) is the ratio of the VMD to NMD. Fig.3.b shows that effect of types of nozzles, forward speed(S) and height of nozzle (H) on the HF was found significant. HF obtained peak in N1S2H1 (2.00 Chilly, 1.99 Cabbage), lowest in N2S3H1 (1.58), suggesting better uniformity with hollow cone nozzles.
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Fig. 3.b Effect of nozzle type (N), forward speed(S) and height of nozzle(H) on HF

3.3 Effect of independent variables on Deposition 
An experiment was conducted to know the effect of type of nozzle(N), forward speed(S) and nozzle height(H) on the deposition of both crops. Fig.3.c indicates the percentage of other losses, which is the spray that does not reach the target and deposition losses away. Comparing the heights of nozzle, no one major changes of deposition percentages for chilly and cabbage crops. Deposition obtained maximum in N1S2H2 (85.17%); minimum in N1S3H1 (82.44%) for chilly. While, Cabbage showed maximum at 95.07% in N2S3H2.
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Fig. 3.c Effect of nozzle type (N), forward speed(S) and height of nozzle(H) on deposition

3.4 Effect of independent variables on Effective Field Capacity (EFC)
An experiment was conducted to know the effect of type of nozzle(N), forward speed(S) and nozzle height, on the Effective field capacity (EFC) of both crops. Fig.3.d indicates the effect of height of nozzle(H) and forward speed(S) on EFC found significant for both crops. Effective field capacity obtained at maximum in N1S3H3 (0.33 ha/h); minimum in N1S1H2 (0.23 ha/h) for both crops.
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Fig. 3.d Effect of nozzle type (N), forward speed(S) and height of nozzle(H) on EFC 

3.5 Effect of independent variables on Plant damage
An experiment was conducted to know the effect of type of nozzle (N), forward speed(S) and height of nozzle (H) on the plant damage. Fig.3.e indicates that the effect of type of nozzle(N), forward speed(S), km/h and height of nozzle(H), m on the plant damage was found of significant for both crops. Plant damage obtained maximum in N1S2H1 (4.30% Chilly), N1S3H2 (2.86% Cabbage); Zero in N1S1H3 and N2S2H1 for both crops.
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Fig.3.e Effect of nozzle type (N), forward speed(S) and height of nozzle(H) on plant damage
3.3 Cost Analysis
The developed sprayer operates at a cost of 74.65 ₹/hour (329 ₹/ha) and requires 4.40 man-h /ha. A net benefit of ₹53.87/hour, with a payback achieved at ₹1024.29/hour or 232.36 ha (pesticide), depending on custom rates. The sprayer shows a Benefit-Cost (B: C) ratio of 3.13, demonstrating high economic viability for small and marginal farmers. Compared to a knapsack sprayer (₹626/ha), the developed unit cuts application costs (nearly by half). It covers 1 ha in 4.40 hours, whereas the knapsack sprayer requires 11.62 hours (2.5 times longer) highlighting superior time efficiency.

4. CONCLUSIONS
The battery-powered shielded sprayer demonstrated effective precision spraying with reduced drift, improved uniformity, and higher field efficiency. Optimal spraying at lower speeds and nozzle heights (N1S1H1, N1S2H2). Substantial reduction in labor and application costs compared to traditional knapsack methods. Improved environmental safety through minimized pesticide wastage. High B:C ratio (3.13), ensuring economic viability for small-scale farmers. Compared to a knapsack sprayer (₹626/ha), the developed unit cuts application costs (nearly by half). It covers 1 ha in 4.40 hours, whereas the knapsack sprayer requires 11.62 hours (2.5 times longer) highlighting superior time efficiency. This sprayer presents a sustainable, ergonomic, and cost-efficient solution for modernizing pesticide and herbicide application in Indian vegetable farming. The battery-powered, shielded sprayer results in effective, precise spraying, reduced drift, improved uniformity, and higher field efficiency. Spraying chemicals helps directly to farmers.
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