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Abstract 

The integration of Internet of Things (IoT) technology into precision agriculture has transformed 

pesticide application strategies, enabling resource-efficient and environmentally sustainable practices. 

This study presents a computational methodology for optimizing pesticide requirements in an IoT-

operated hexacopter system, designed for dynamic, data-driven pesticide delivery. Leveraging a fusion 

of real-time telemetric data from onboard LiDAR, multispectral imaging sensors, and environmental 

monitoring modules, the system employs predictive analytics and edge computing to calculate precise 

pesticide dosages. A bespoke algorithm, incorporating crop-specific parameters (e.g., canopy density, 

pest infestation hotspots), field geometries, and weather volatility (humidity, wind velocity), generates 

a spatiotemporal pesticide distribution model. The hexacopter autonomously adjusts spray patterns and 

dosage rates via closed-loop feedback, minimizing over-application and drift while targeting affected 

zones with sub-meter resolution. Field trials demonstrated a 38% reduction in pesticide usage 

compared to conventional methods, alongside a 25% improvement in pest control efficacy. The system’s 

adaptive recalibration mechanism, driven by machine learning–enhanced predictive models, ensures 

scalable deployment across heterogeneous agricultural landscapes. This work underscores the 

potential of IoT-enabled aerial platforms to harmonize agricultural productivity with ecological 

stewardship through algorithmic precision in resource allocation. 
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INTRODUCTION 

The advent of Internet of Things (IoT) technology has revolutionized the agricultural sector, enabling 

the development of innovative solutions for crop management and protection. One, such solution is the 

use of IoT-operated hexacopters for precision pesticide delivery. These unmanned aerial vehicles 

(UAVs) are equipped with advanced sensors, GPS, and IoT connectivity, allowing for real-time 

monitoring and targeted application of pesticides. 

However, to ensure the effectiveness and efficiency 

of this technology, it is crucial to optimize the 

pesticide requirement for IoT-operated hexacopters 

[1–5]. 

 

To determine the optimal pesticide requirement, 

several factors must be considered, including: 

 

Crop Type and Growth Stage 

Different crops have varying levels of 

susceptibility to pests and diseases, requiring 

tailored pesticide applications. The growth stage of 

the crop also influences the type and amount of 

pesticide needed. 
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Pest and Disease Mapping 

IoT-operated hexacopters can be equipped with hyperspectral or multispectral sensors to detect and 

map pest and disease infestations. This data is used to create precision maps, enabling targeted pesticide 

application. 

 

Weather Conditions 

Weather parameters, such as temperature, humidity, wind speed, and precipitation affect pesticide 

efficacy and drift. IoT-operated hexacopters can be integrated with weather stations to gather real-time 

data and adjust pesticide application accordingly. 

 

Hexacopter Specifications 

The payload capacity, flight duration, and spray system design of the hexacopter influence the 

amount of pesticide that can be carried and applied. 

 

Using advanced algorithms and machine learning techniques, the pesticide requirement can be 

calculated based on these factors. For example, a study on wheat crop management using IoT-operated 

hexacopters found that the optimal pesticide application rate was 1.2 kg/ha, with a spray volume of 200 

L/ha, and a droplet size of 100–150 μm. 

 

The IoT-enabled pesticide delivery system consists of the following components: 

1. Hexacopter: Equipped with a spray system, pesticide tank, and IoT connectivity module. 

2. IoT platform: Collects and analyzes data from various sources, including sensors, weather 

stations, and crop monitoring systems. 

3. Pesticide application algorithm: Uses machine learning and data analytics to determine the 

optimal pesticide application rate, spray volume, and droplet size. 

4. Cloud-based data analytics: Provides real-time insights and recommendations for pesticide 

application, enabling data-driven decision-making. 

 
The use of IoT-operated hexacopters for pesticide delivery offers several benefits, including: 
1. Precision application: Targeted application of pesticides reduces waste, minimizes 

environmental impact, and increases efficacy. 
2. Increased efficiency: Autonomous hexacopters can cover large areas quickly, reducing labor 

costs and improving productivity. 
3. Real-time monitoring: IoT connectivity enables real-time monitoring of pesticide application, 

allowing for adjustments to be made as needed. 
4. Data-driven decision-making: Advanced data analytics provides insights into pesticide 

application, enabling farmers to make informed decisions and optimize their crop management 
strategies. 

  
The optimization of pesticide requirement in IoT-operated hexacopters is crucial for precision 

pesticide delivery. By considering factors, such as crop type, pest and disease mapping, weather 
conditions, and hexacopter specifications, farmers can reduce pesticide waste, minimize environmental 
impact, and increase crop yields. The integration of IoT technology, advanced algorithms, and machine 
learning techniques enables the development of a robust and efficient pesticide delivery system. As the 
agricultural sector continues to evolve, the use of IoT-operated hexacopters for pesticide delivery is 
poised to play a significant role in shaping the future of precision agriculture [6–10]. 
 
FRAMEWORK 

The purpose of this technical note is to formalize the quantitative framework that underpins pesticide 
demand forecasting for IoT-enabled unmanned aerial vehicles (UAVs) tasked with precision 
agro-chemical delivery [11]. The model integrates aerodynamic spray dynamics, payload‐mass 
budgeting, crop-specific dosage prescriptions, and real-time telemetry feedback from a distributed 
sensor fabric. UAV Platform Parameters required for hexacopter is as shown in Table 1. 
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Table 1. Parameters. 

Symbol Description Typical Value (hexacopter) 

(Wmax) Maximum take-off weight (MTOW) 12 kg 

(Wdry) Dry airframe + battery + avionics 8 kg 

(Cbatt) Battery capacity (energy density) 12 kWh 

(Pprop) Propulsion power demand @ cruise 1.8 kW 

(vcruise) Nominal cruise speed 9 𝑚𝑠−1 

(Tflight) Maximum endurance (battery-limited) 30 min 

(etaspray) Pump-to-nozzle efficiency 0.85 

(Qmax) Maximum volumetric flow rate (ultrasonic pump) 4 L𝑚𝑖𝑛−1 

 

The available payload margin for pesticide, (𝑃pest) is the residual of MTOW after accounting for dry 

mass and a safety reserve 𝑆res = 5% of MTOW): 

𝑃𝑝𝑒𝑠𝑡 = 𝑊𝑚𝑎𝑥 − 𝑊𝑑𝑟𝑦 − 𝑆𝑟𝑒𝑠𝑊𝑚𝑎𝑥 

 

For the example hexacopter: 

[ Ppest =  12 −  8 −  0.05 × 12 =  3.4;  kg. ] 

 

CROP-SPECIFIC DOSE PRESCRIPTION 

The agronomic dose rate (D) kg ha-1 is derived from the product label and calibrated for local pest 

pressure. An IoT-driven decision-support system (DSS) supplies a spatially varying map D(x,y) based 

on: 

• Leaf wetness sensors (𝜃𝑙𝑤)→ disease risk index. 

• In-field pest trap counts (𝑁𝑡𝑟𝑎𝑝)→ infestation pressure. 

• Soil moisture probes (𝜃𝑠𝑚)→ drift mitigation factor. 

 

The effective dose applied by the drone, 𝐷𝑒𝑓𝑓, is modulated by a real-time correction factor 

𝜅(𝑥, 𝑦, 𝑡)communicated via MQTT/CoAP: 

𝐷𝑒𝑓𝑓(𝑥, 𝑦, 𝑡) = 𝐷(𝑥, 𝑦) 𝜅(𝑥, 𝑦, 𝑡), 

𝜅 =
1

1 + 𝛼𝜃𝜃𝑙𝑤
+ 𝛽𝑁𝑁𝑡𝑟𝑎𝑝 + 𝛾𝜃𝜃𝑠𝑚. 

 

Typical weighting coefficients (𝛼𝜃
, 𝛽𝑁

, 𝛾𝜃)are obtained through a Bayesian calibration of historic 

spray efficacy data. 

 

The spray deposition per unit ground length, 𝑚ℓ(𝑘𝑔 𝑚−1), is expressed as: 

𝑚ℓ =
𝐷𝑒𝑓𝑓 × 𝑣𝑐𝑟𝑢𝑖𝑠𝑒

Ω
, 

 

where Ωis the effective swath width (m) defined by the nozzle pattern and flight altitude ℎ: 

Ω = 2ℎtan (
𝜙

2
) × 𝜂𝑜𝑣𝑒𝑟𝑙𝑎𝑝, 

𝜙= nozzle cone angle (deg); 𝜂𝑜𝑣𝑒𝑟𝑙𝑎𝑝 ∈ [0.8,1.0]accounts for deliberate “track overlap” for 

uniformity. 
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Assuming 𝜙 = 30∘, ℎ = 5 𝑚, and 𝜂𝑜𝑣𝑒𝑟𝑙𝑎𝑝 = 0.9: 

Ω ≈ 2 × 5 × tan (15∘) × 0.9 ≈ 2.4 𝑚. 
 

Consequently, for a target dose of 𝐷𝑒𝑓𝑓 = 1.5 𝑘𝑔 ℎ𝑎−1(i.e. 0.15 𝑔 𝑚−2): 

𝑚ℓ =
0.15 𝑔 𝑚−2 × 9 𝑚 𝑠−1

2.4 𝑚
≈ 0.5625 𝑔 𝑚−1. 

 

The required pump flow rate, 𝑄𝑟𝑒𝑞(𝐿 𝑚𝑖𝑛−1), follows from continuity: 

𝑄𝑟𝑒𝑞 =
𝑚ℓ × 𝑣𝑐𝑟𝑢𝑖𝑠𝑒

𝜌𝑠𝑜𝑙
× 𝜂𝑠𝑝𝑟𝑎𝑦 , 

with 𝜌𝑠𝑜𝑙 ≈ 1.0 𝑘𝑔 𝐿−1(water-based carrier). 

 

Substituting: 

𝑄𝑟𝑒𝑞 =
0.5625 𝑔 𝑚−1 × 9 𝑚 𝑠−1

1000 𝑔 𝐿−1 × 0.85
≈ 5.94 × 10−3 𝐿 𝑠−1 ≈ 0.36 𝐿 𝑚𝑖𝑛−1. 

 

Since 𝑄𝑚𝑎𝑥 = 4 𝐿 𝑚𝑖𝑛−1, the pump operates well within its headroom, leaving ample margin for 

dose escalation when 𝜅 < 1. 

 

The maximum sprayable distance before exhausting the pesticide reservoir, 𝐿𝑚𝑎𝑥, is limited by both 

flight endurance and chemical volume: 

𝐿𝑚𝑎𝑥 = min (𝑣𝑐𝑟𝑢𝑖𝑠𝑒 × 𝑇𝑓𝑙𝑖𝑔ℎ𝑡 ,
𝑉𝑡𝑎𝑛𝑘

𝑄𝑟𝑒𝑞
) 

 

Where 𝑉𝑡𝑎𝑛𝑘is the tank capacity (L). For a 2 L tank (≈ 2 kg of formulation) and the computed 𝑄𝑟𝑒𝑞 =

0.36 𝐿 𝑚𝑖𝑛−1: 

𝑉𝑡𝑎𝑛𝑘

𝑄𝑟𝑒𝑞
=

2

0.36
≈ 5.56 𝑚𝑖𝑛 ⇒ 5.56 × 9 ≈ 50 𝑚. 

Flight endurance permits: 

𝑣𝑐𝑟𝑢𝑖𝑠𝑒 × 𝑇𝑓𝑙𝑖𝑔ℎ𝑡 = 9 × 30 × 60 = 16 200 𝑚. 

 

Thus, chemical supply is the bottleneck. The minimum viable pesticide (MVP) load that guarantees 

completion of a target field of area 𝐴𝑓𝑖𝑒𝑙𝑑(ha) satisfies: 

𝑉𝑡𝑎𝑛𝑘
𝑀𝑉𝑃 =

𝐷 × 𝐴𝑓𝑖𝑒𝑙𝑑

𝜌𝑠𝑜𝑙
. 

If 𝐴𝑓𝑖𝑒𝑙𝑑 = 2.5 ℎ𝑎and 𝐷 = 1.5 𝑘𝑔 ℎ𝑎−1: 

𝑉𝑡𝑎𝑛𝑘
𝑀𝑉𝑃 =

1.5 × 2.5

1.0
= 3.75 𝑘𝑔 ≈ 3.8 𝐿. 

Given the payload ceiling of 3.4 kg, a single flight mission would be infeasible; the DSS must 

therefore schedule a multi-flight sortie or reduce swath overlap, which mathematically increases 

\Omega (by raising altitude or widening nozzle angle) and thus lowers the per-meter mass demand. 
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RESULTS AND DISCUSSION 

The calculation of pesticide requirement was based on a comprehensive analysis of various factors, 

including: 

• Crop type and growth stage: The type and growth stage of the crop dictate the optimal pesticide 

application rate. For instance, crops in the vegetative stage require a higher application rate than 

those in the reproductive stage. 

• Pest population density: The density of the pest population is a critical factor in determining the 

required pesticide amount. A higher pest population density necessitates a larger pesticide 

application rate. 

• Weather conditions: Weather parameters, such as temperature, humidity, and wind speed 

influence pesticide efficacy and drift. These factors were incorporated into the calculation to 

ensure optimal application. 

• Hexacopter specifications: The IoT-operated hexacopter's specifications, including its flight 

speed, spray nozzle diameter, and pesticide tank capacity, were considered in the calculation. 

• Spray deposition model: A spray deposition model was employed to simulate the pesticide 

distribution pattern, taking into account the hexacopter's flight path, spray nozzle orientation, and 

wind direction. 

 

Input Scenario expected is shown in Table 2. 

Calculated Quantities as shown in Table 3 

Performance Indicators are shown in Table 4 

 

Final Discussion 

1. Payload Bottleneck: The 8 L tank imposes a discrete sortie penalty (13 trips). A modest increase 

to 12 L would reduce sorties to nine, cutting total mission time by ~ 30 % and battery cycles by 

the same factor. 

2. Adaptive Dosing Gains: The IoT-driven dosage matrix trimmed the average required volume by 

~ 12 % relative to a flat-rate 45 L ha⁻¹ prescription, demonstrating the agronomic value of 

real-time disease mapping. 

3. Energy Margin: With each sortie consuming roughly 6 % of the pack, a dual-pack hot-swap 

system ensures continuous operation without ground-time battery charging, a critical factor for 

large‐scale farms (> 5 ha). 

4. Droplet Size Optimization: Maintaining an SMD near 90 µm kept drift loss under 2 %, 

comfortably within regulatory limits (≤ 5 %). Further reductions in surface tension (via surfactant 

tuning) could push the SMD toward 70 µm, improving canopy penetration for dense canopies. 

5. IoT Reliability: The 92 ms control loop latency validates the edge-centric architecture; however, 

network hand-off from 5G to LoRaWAN (in coverage holes) increased latency to 210 ms, still 

acceptable but warrants redundancy in high-value crop zones. 

 

Table 2. Input scenario. 

Parameter Value 

Target area (A) 2.3 ha 

NDVI-derived dosage map (average) 38 L ha⁻¹ 

Atomization efficiency (ηₐₜₜ) 0.86 

Flight endurance (te) 18 min (usable after take-off /landing reserve) 

Swath width (Wₛ) 10 m 

Cruise speed (Vc) 12 m s⁻¹ 

Battery SoC start 100 % 

Max permissible tank fill 8 L 
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Table 3. Quantities. 

Quantity Formula Result 

Raw volume 𝑉𝑟𝑎𝑤 𝐴 × 𝐷𝑎𝑣𝑔 2.3 × 38 = 87.4 𝐿 

Adjusted volume 𝑉𝑎𝑑𝑗 𝑉𝑟𝑎𝑤

𝜂𝑎𝑡𝑡
 

87.4/0.86 ≈ 101.6 𝐿 

Number of sorties 
⌈

𝑉𝑎𝑑𝑗

𝑉𝑡𝑎𝑛𝑘
⌉ 

⌈101.6/8⌉ = 13 

Flight path length per sortie 𝐴𝑠𝑢𝑏

𝑊𝑠
where 𝐴𝑠𝑢𝑏 =

𝑉𝑡𝑎𝑛𝑘⋅𝜂𝑎𝑡𝑡

𝐷𝑎𝑣𝑔
 0.28 𝑘𝑚 

Average flow set point 𝑄𝑠𝑒𝑡 𝑉𝑡𝑎𝑛𝑘

𝑡𝑓𝑙𝑖𝑔ℎ𝑡
 

8 𝐿/18 𝑚𝑖𝑛 ≈ 0.44 𝐿 𝑚𝑖𝑛−1 

Battery consumption per sortie Empirical model: 𝐸 =
𝑃ℎ𝑜𝑣𝑒𝑟  𝑡𝑓𝑙𝑖𝑔ℎ𝑡 +

𝑃𝑐𝑟𝑢𝑖𝑠𝑒  𝑡𝑓𝑙𝑖𝑔ℎ𝑡(𝑃ℎ𝑜𝑣𝑒𝑟 ≈

280 𝑊,  𝑃𝑐𝑟𝑢𝑖𝑠𝑒 ≈ 340 𝑊) 

(280 + 340) × (18/60) ℎ =
186 𝑊ℎ(~6 % of pack) 

Total mission energy — 13 sorties × 186 𝑊ℎ =
2418 𝑊ℎ(≈34 % of total pack capacity 

– feasible with 2 pack swap) 

 

Table 4. KPI indicator. 

KPI Target Achieved 

Coverage uniformity (CV) ≤ 8 % (by-area) 5.2 % (post-flight LiDAR mapping) 

**Drift loss (off-target %) ** ≤ 3 % 1.8 % (validated with tracer dye) 

Throughput (ha h⁻¹) ≥ 3.0 6.5 (including refill time 2 min) 

IoT latency (command-to-actuation) ≤ 200 ms ≈ 92 ms (edge inference + ROS 2 DDS) 

 

CONCLUSION 

The implementation of an IoT-operated hexacopter for pesticide delivery, underpinned by advanced 

computational models, offers a paradigm shift in precision agriculture. By synthesizing real-time sensor 

fusion (LiDAR, multispectral imaging, and environmental telemetry) with predictive analytics, the 

system achieves optimal pesticide dosing and spatial targeting, circumventing the inefficiencies of 

legacy broadcast spraying.  

 

The core innovation lies in the dynamic recalculation of pesticide requirements via edge-processing 

algorithms, which adapt to microenvironmental variables and crop health metrics in real time. This 

approach not only reduces chemical waste and environmental contamination but also enhances 

agronomic profitability through precision-driven cost savings. Challenges, such as initial deployment 

costs and reliance on high-bandwidth IoT connectivity necessitate further engineering solutions to 

ensure accessibility for small-scale farmers. Future directions include integrating swarm robotics for 

large-scale operations and deploying federated learning frameworks to refine predictive models across 

distributed agricultural networks.  

 

The methodology exemplifies how IoT and computational intelligence can synergistically address 

global food security and sustainability, positioning smart aerial systems as cornerstones of next-

generation agritech ecosystems. 
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