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Abstract

This research proposes the development of an Internet of Things (IoT) monitoring system for tracking and verifying palm oil
fertilization based on Geotagging and QR Code to overcome challenges in manual fertilization supervision, such as location
accuracy, dose precision, and transmission vulnerabilities in remote areas. The system ensures compliance with field standard
operating procedures (SOP) through a dual-validation mechanism: spatial coordinate recording via geotagging for location audit
trails, and QR Code scanning for fertilizer identity verification. The hardware system architecture integrates a ESP32
microcontroller, a NEO-6M GPS module, and a LoRa Ra-02 SX1278 (433 MHz) transceiver mounted directly on the
wheelbarrow. Field workers utilize a Flutter-based mobile Android application to scan the fertilizer labels, which wirelessly
forwards data via a Bluetooth Low Energy (BLE 4.2) link to the ESP32. Field integration trials were conducted exclusively at
the ITSI Campus estate; therefore, system generalizability to other palm oil plantations with different climatic conditions,
topography, or canopy densities has not yet been validated. Although the system achieved a 70.0% geotagging compliance rate,
the remaining 30% of invalid or unrecorded transactions were primarily caused by GPS signal degradation under dense palm
canopies, temporary Bluetooth synchronization instability, and intermittent network interruptions during offline-to-online
transitions. Despite these challenges, the NEO-6M module consistently secured spatial accuracy within a 5 to 12-meter radius
when locked onto at least 6 satellites. Future mitigation strategies may include the implementation of high-gain GPS antennas,
adaptive coordinate filtering algorithms, and fault-tolerant synchronization protocols to improve positional reliability and data
consistency. Furthermore, while the offline-first architecture enables workers to continue scanning QR Codes and storing
transaction logs locally during network outages, the current system still presents several limitations regarding local data
resilience. Risks such as local cache manipulation, synchronization failure before Firebase upload completion, and the absence
of end-to-end encryption mechanisms have not yet been comprehensively mitigated. This study primarily emphasizes hardware
architecture integration, dual-validation mechanisms, and digital traceability infrastructure. Consequently, the long-term
operational impact on workforce efficiency, behavioral compliance toward fertilization SOPs, and long-duration mechanical
resilience under continuous plantation deployment still require deeper empirical investigation. Ultimately, this research
contributes to the advancement of precision agriculture by providing a verifiable, offline-capable digital framework that replaces
manual tracking, thereby eliminating administrative bottlenecks and ensuring transparent agronomic audit trails.
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Introduction

The palm oil industry represents one of the most strategic pillars of the agricultural and agribusiness sectors in
tropical developing countries, significantly contributing to global vegetable oil supply chains and regional economic
stability. Within oil palm agronomy, fertilization management is widely recognized as one of the most influential
factors affecting long-term crop productivity, nutrient efficiency, and Fresh Fruit Bunch (FFB) yield optimization [1].
Oil palm trees that consistently receive macro and micronutrients at the correct physiological growth stage, appropriate
dosage levels, and designated planting coordinates demonstrate improved vegetative performance and sustainable
production capacity [2].

From an industrial management perspective, fertilizer procurement and distribution activities constitute a major
operational expenditure in plantation companies. Consequently, plantation management requires transparent and
accountable fertilization monitoring mechanisms to ensure that fertilizer materials are applied precisely according to
Standard Operating Procedures (SOPs) and agronomic allocation plans [3]. Every fertilizer package distributed from
the central warehouse must be traceable to its final field destination in order to prevent material leakage, under-dosage
practices, or unauthorized cross-block allocation. Therefore, fertilization transparency is not solely associated with
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agricultural productivity, but also functions as an essential component of financial governance and operational
accountability capable of protecting company investment efficiency and return on investment (ROI) [4].

However, conventional fertilization supervision practices in plantation environments still rely heavily on manual
recording systems and direct human observation. Foremen and field supervisors generally document fertilization
progress using handwritten reports or paper-based logs [5]. This traditional monitoring approach presents several
structural limitations, including delayed reporting cycles, high susceptibility to administrative manipulation, lack of
objective field evidence, and ambiguity regarding the actual location where fertilizer materials are applied [6]. In
many plantation operations, management personnel experience considerable difficulties in validating whether workers
have truly distributed fertilizer according to the assigned block coordinates and prescribed dosage requirements.

The operational challenge becomes increasingly severe because oil palm plantation concessions usually span
extensive geographical areas characterized by uneven terrain, dense canopy coverage, muddy transportation routes,
and remote locations with limited telecommunication infrastructure [7]. Under such conditions, direct physical
supervision of workers transporting fertilizer using wheelbarrows across plantation blocks becomes highly inefficient
and operationally impractical [8]. These limitations frequently result in high supervision costs, inefficient reporting
bureaucracy, and insufficient valid field data required for objective agronomic audits and evidence-based management
evaluation [9].

To address these operational weaknesses, a technological transformation toward a measurable, transparent, and
digitally verifiable fertilization monitoring framework is urgently required [10]. The implementation of Internet of
Things (IoT) technology in precision agriculture has emerged as a promising solution capable of integrating sensor-
based monitoring, spatial tracking, and automated data recording into a unified digital ecosystem [11]. IoT
architectures enable plantation management systems to collect, transmit, and analyze field operational data in near
real-time while minimizing manual reporting errors and improving overall monitoring transparency [12].

Several previous studies have proposed IoT-based agricultural monitoring systems to improve fertilization
efficiency and automation processes. Nevertheless, most existing implementations primarily focus on stationary
environmental automation systems, such as automated irrigation valves, greenhouse monitoring platforms, or
chemical dosing control mechanisms [13]. These previous approaches generally do not address the operational
behavior of mobile field workers in open plantation environments, particularly regarding spatial validation, worker
accountability, and real-time verification of fertilizer application activities. Furthermore, conventional systems still
lack integrated mechanisms capable of validating whether fertilizer materials are physically distributed at the correct
plantation blocks according to operational SOP requirements [14].

To overcome the challenge of spatial verification, geotagging and geofencing technologies can be utilized to
digitally validate the working area of plantation operators [15]. By defining virtual coordinate boundaries within the
monitoring application, the system can classify fertilization transactions as valid only when workers are physically
located inside the assigned plantation block perimeter. Previous agricultural studies have demonstrated that
geotagging-based monitoring systems significantly improve operational accountability, reduce spatial reporting
manipulation, and minimize fertilization misplacement risks [16].

In addition to spatial validation, Quick Response (QR) Code technology can be implemented as a digital
identification mechanism for fertilizer materials and dosage verification [17]. Each QR Code attached to fertilizer
packaging contains encoded information regarding fertilizer type, material allocation, and dosage specifications.
During field operations, workers scan the QR Code using the mobile application, allowing the system to automatically
combine material metadata, timestamp information, and geographical coordinates into a unified digital transaction
record [18]. This dual-validation mechanism strengthens the reliability of fertilization audit trails while reducing
opportunities for operational fraud or reporting discrepancies.

Nevertheless, the implementation of [oT monitoring systems in real plantation environments still encounters major
infrastructure constraints, particularly the existence of telecommunication blank spots and unstable network
connectivity in remote plantation sectors. Oil palm plantation areas are frequently located far from cellular coverage
zones, making continuous internet communication unreliable [19]. To mitigate this limitation, this research adopts an
offline-first architecture in which transaction data can still be recorded locally on the smartphone device even when
network connectivity is unavailable. The mobile application communicates directly with an ESP32 microcontroller
mounted on the fertilizer wheelbarrow through a Bluetooth Low Energy (BLE 4.2) connection, while spatial
coordinates are continuously obtained from the NEO-6M GPS module. Additionally, a LoRa Ra-02 SX1278
transceiver operating at 433 MHz is integrated to support long-range telemetry communication under dense vegetation
conditions [20].

The system architecture also prioritizes lightweight wireless communication and portable hardware resilience to
withstand harsh plantation environments characterized by continuous vibrations, humidity exposure, and unstable
field mobility [21]. This research therefore focuses on the design and implementation of an loT-based monitoring
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system for tracking and verifying palm oil fertilization activities using geotagging and QR Code integration through
a customized Android mobile application named “Anti-Gravity.” The primary contribution of this study lies in the
implementation of a dual-validation mechanism combining spatial verification and material authentication, supported
by an offline-first synchronization framework capable of maintaining transaction continuity during network outages
before synchronizing data to Firebase Realtime Database once connectivity is restored.

However, this study primarily emphasizes the technical architecture of the monitoring infrastructure, including
hardware integration, geospatial validation mechanisms, offline synchronization workflows, and digital audit trail
generation. Broader evaluations regarding long-term operational efficiency improvements, worker behavioral
adaptation toward SOP compliance, user experience sustainability, and resistance against prolonged mechanical
disturbances or persistent data synchronization failures have not yet been comprehensively analyzed. Furthermore,
field implementation was conducted exclusively within the ITSI Campus plantation environment; therefore, system
generalizability to plantation areas with different climatic conditions, topography, vegetation density, or
telecommunication characteristics remains an important area for future investigation [22]. Therefore, the core research
problem addressed in this study is how to structurally eliminate spatial reporting manipulation, fertilizer misallocation,
and data loss during fertilization supervision in remote, telecommunication-deprived plantation sectors. To resolve
this problem, the proposed model intentionally integrates geotagging for spatial accountability [16], QR Code
technology for precise material verification [17], and LoRa-based telemetry for resilient offline-to-online data logging
[20], a combined architecture proven capable of enforcing physical presence compliance and establishing reliable
digital traceability.

Method

A. Research Stages and Data Collection Procedures

This research was designed using a structured systems engineering approach to ensure the reliability and validity of
the tracking infrastructure being developed. The methodology cycle systematically follows the sequence of steps
illustrated in Figure 1.

The research methodology was systematically organized into several engineering and validation phases to ensure
both technical feasibility and operational reliability of the proposed monitoring infrastructure. The initial phase focused
on identifying operational problems associated with conventional fertilization supervision in oil palm plantations,
particularly issues related to inaccurate spatial reporting, delayed manual documentation, fertilizer misallocation, and
telecommunication limitations in remote plantation sectors.

The second phase involved system requirement analysis, including the identification of hardware specifications,
communication protocols, geospatial validation requirements, and cloud synchronization mechanisms. Following this
stage, the hardware and software architectures were designed by integrating ESP32 microcontroller modules, NEO-6M
GPS positioning systems, LoRa SX1278 communication modules, and Flutter-based Android mobile applications.

The implementation phase focused on assembling the embedded hardware prototype, configuring the BLE
communication framework, integrating geofencing algorithms, and developing the offline-first transaction recording
mechanism. Subsequently, controlled field deployment and live operational testing were conducted at the ITSI Campus
plantation area to evaluate system functionality under actual plantation conditions.

The data collection process included GPS coordinate telemetry, QR Code transaction records, geofencing validation
results, synchronization logs, fertilizer inventory data, and field observation reports. These datasets were then analyzed
descriptively to evaluate transaction validity, geotagging compliance performance, synchronization stability, and
operational behavior during live plantation deployment scenarios.

Problem Identification Data Collection System Reguirement
Analysis

System Implementation Hardware and Software

Field Testing and
Validation Design

b4

Performance Evaluation

Figure 1. Research Methodology and System Development Stages
Figure 1 illustrates the sequential research methodology adopted in this study. The process began with problem
identification related to the operational limitations of conventional palm oil fertilization monitoring, including
inaccurate spatial reporting, delayed manual documentation, and limited supervision capability in remote plantation
areas. Subsequently, data collection and system requirement analysis were conducted to determine the hardware
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specifications, wireless communication protocols, geospatial validation mechanisms, and software functionalities
required for the proposed Internet of Things (IoT) infrastructure.

The next stages involved hardware and software architecture design, embedded system implementation, and mobile
application integration. The developed system integrates an ESP32 microcontroller, NEO-6M GPS module, LoRa
SX1278 transceiver, and Flutter-based Android application to support geotagging verification, QR Code validation, and
offline-first synchronization mechanisms.

Following the prototype development phase, field testing and validation were carried out directly within the ITSI
Campus plantation environment to evaluate GPS positioning accuracy, BLE communication stability, geofencing
verification performance, QR Code transaction validation, and synchronization reliability under actual operational
conditions. The datasets collected during the experiments included geospatial coordinate records, QR Code transaction
logs, geofencing polygon data, fertilizer allocation information, synchronization logs, and field observation reports.

Finally, performance evaluation was conducted to analyze system reliability, geotagging compliance accuracy,
operational feasibility, and the effectiveness of the dual-validation mechanism in improving transparency and
traceability during palm oil fertilization activities.

B. System Requirement Analysis and Layered IoT Architecture

This digital monitoring and verification infrastructure was built by adopting a layered Internet of Things (IoT)
architecture model consisting of three main layers: the Perception Layer, the Network Layer, and the Application Layer.
In the Perception Layer, hardware mounted on the fertilizer-carrying wheelbarrow is tasked with collecting physical
data from the surrounding environment, which in this context consists of geographical position coordinates and actual
timestamps.

The Network Layer is responsible for bridging wireless data transmission from the plantation frontline to the local
data center using a combination of short-range and long-range wireless protocols. Finally, the Application Layer
provides web and mobile-based digital interfaces that allow plantation management, foremen, and field operators to
access information, monitor logistics movement in real-time, and receive automated notifications upon detecting any
deviations from company SOP.

C. Dual Validation Data Flow Mechanism

The core contribution of this research lies in the application of a dual validation mechanism that combines spatial
location parameters (Geotagging) and digital material evidence (QR Code) to minimize operational negligence
loopholes or reporting manipulations in the field. The transaction data flow and logical decision flow within this
hardware system are detailed in the flowchart in Figure 2.
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Figure 2. Hardware system flowchart

Figure 2 illustrates the operational workflow of the proposed hardware monitoring system. The process begins when
a field worker scans the QR Code label attached to the fertilizer packaging using the smartphone camera through the
Flutter-based Android application. The system then captures the encoded string data containing information regarding
fertilizer type, fertilizer variant, and dosage allocation.

Simultaneously, the real-time coordinate position of the wheelbarrow is continuously acquired through the NEO-
6M GPS module connected to the ESP32 microcontroller to determine the worker’s spatial location within the
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plantation area. The Flutter application operates as a Bluetooth Low Energy (BLE) client responsible for handling data
communication and streaming transaction metadata from the ESP32 server characteristic.

After both datasets are successfully acquired, the system executes a dual-validation mechanism combining QR Code
verification and geotagging-based spatial validation. The geofencing algorithm evaluates whether the worker’s
coordinate position falls within the predefined plantation block perimeter. If the QR Code identity and coordinate
position are both validated successfully, the transaction is classified as VALID and transmitted directly to the Firebase
Realtime Database or temporarily stored within the local offline cache layer during network outages.

Conversely, if either the QR Code data or the coordinate position does not satisfy the predefined validation
requirements, the system automatically rejects the transaction and displays an error notification within the monitoring
interface. This validation workflow ensures that fertilization activities remain spatially traceable, transparent, and
compliant with plantation operational Standard Operating Procedures (SOPs).

D. Hardware Circuit Design and Portable Power Engineering

The hardware design in this study focused on portability features of the electronic circuits to operate independently
within the wheelbarrow. The main data processing component is centered on the ESP32 microcontroller board, which
is connected to the GPS NEO-6M module, LoRa Ra-02 SX1278 transceiver, and LED indicators. The electronic circuit
wiring diagram and the structural relationship design among these hardware components are presented in the simulation
model in Figure 3.
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Figure 3. Flowchart hardware system

The GPS NEO-6M module is connected to the microcontroller's UART hardware serial communication pins (GP1IO
16 and GPIO 17) to periodically transmit real-time location coordinate data. The LoRa Ra-02 module communicates
with the ESP32 via standard SPI pins to ensure fallback telemetry broadcasting.

To provide direct visual feedback of the field processes, two LED indicator components are integrated into the
circuit; the Green LED activates if the data is valid, while the Red LED illuminates if an error is detected. The power
supply system utilizes two 18650 batteries configured in series to produce an accumulated voltage output ranging from
7.4V to 8.4V, which is then efficiently stepped down by an LM2596 Step-Down module into a stable 5V constant
voltage as the primary power source for the entire circuit. Detailed specifications regarding the pinout interconnection
mapping among the hardware circuit components are summarized in Table 1.
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Table 1. Hardware Component Pinout Configuration Mapping

Source Component Source Destination Destination Electrical / Data Function
Pin Component Pin
18650 Battery (Series  Positive LM2596 Step-Down  IN + Battery high voltage input (7.4V -
Config.) (+) Module 8.4V)
18650 Battery (Series  Negative LM2596 Step-Down  IN - Main battery ground line
Config.) (-) Module
LM2596 Step-Down OuT + LilyGO LoRa32 5V/VIN Regulated stable 5V power supply
Module Main Board
LM2596 Step-Down OuT - LilyGO LoRa32 GND Common ground line
Module Main Board
GPS NEO-6M Sensor TX LilyGO LoRa32 RX (GPIO NMEA coordinate data
Module Main Board 13) transmission to ESP32
GPS NEO-6M Sensor RX LilyGO LoRa32 TX (GPIO 15) Command data transmission from
Module Main Board ESP32 (optional)
LoRa Ra-02 (SX1278) NSS/CS  ESP32 DevKit Board GPIO 18 SPI Chip Select Line
LoRa Ra-02 (SX1278) MOSI ESP32 DevKit Board GPIO 27 SPI Data Output Line
LoRa Ra-02 (SX1278) MISO ESP32 DevKit Board GPIO 19 SPI Data Input Line
LoRa Ra-02 (SX1278) SCK ESP32 DevKit Board GPIO 5 SPI Clock Line
LoRa Ra-02 (SX1278) RST ESP32 DevKit Board GPIO 23 Hardware Reset Pin
LoRa Ra-02 (SX1278) DIOO ESP32 DevKit Board GPIO 26 Hardware Interrupt Pin
(Required)
Green LED Indicator ~ Anode (+) LilyGO LoRa32 GPIO 12 Visual signal trigger for
Component Main Board “Verified” status
Red LED Indicator Anode (+) LilyGO LoRa32 GPIO 14 Visual signal trigger for “Error”
Component Main Board status

E. Flutter Application Programming and Enterprise Resource Planning (ERP) Integration Strategy

On the user-side software, a mobile application was developed using the Flutter framework installed on the worker's
Android smartphone. This application handles user login authentication, requests native location access (GPS
permission), and activates the camera module to perform the fertilizer QR Code scanning. Once the data is validated
by the geotagging perimeter, the transaction data packet is transmitted to the cloud database platform for processing
and storage. Successfully verified data will instantly update the admin monitoring dashboard interface in real-time. The
visual design and layout of this monitoring interface are displayed in the mockup in Figure 4.
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The validated data entering the cloud database is then pulled by the company's ERP system through the API layer
for logistics inventory updates, HR performance analysis, and the compilation of digital agronomic audit trails.
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Results and Discussion

A. Field Implementation and Farmer Functional Authentication Test

The operational evaluation of the GeoTrack ecosystem was executed through direct integration within the active
cultivation blocks of the ITSI Campus plantation estate, involving estate foremen and field fertilization laborers. To
evaluate user accessibility under field constraints, the application deployment was initiated by equipping field
supervisors with the mobile system. Foremen with varying levels of digital literacy successfully interacted with the
centralized interface module, which serves as the secure gateway to the system backend. The overall login layout and
visual structure presented to the plantation workers are illustrated in Figure 5 below, showcasing the entry fields
required for secure profile initialization.

The high-contrast visual matrix designed for the authentication screen successfully mitigated display glare issues
under intense open-canopy sunlight, enabling seamless navigation without structural input errors. Field laborers and
foremen reported that the blue-and-white ergonomic buttons remained distinct and reactive even during early morning
shifts with high humidity and high-brightness conditions. This usability phase proved that the frontend application
layout is practical for fast deployment among agricultural laborers, eliminating the need for prolonged technical training
or external software assistance before daily work blocks begin.

Upon successful database credential validation by the supervisor, the application securely instantiated an active
tracking session bound to Operator ID U102. As demonstrated by the user credential layout in Figure 5, this immediate
server handshake binds the foreman’s digital signature directly to the centralized database. This structural architecture
guarantees that every subsequent field entry or fertilizer scan automatically inherits an unalterable digital signature,
establishing administrative data transparency and preventing manual record falsification straight from the plantation
frontline.

@

GeoTrack

Masuk Akun

Masuk Ke Dashboard >

Figure 5. GeoTrack System Authentication Interface
Figure 5 demonstrates the authentication interface used by plantation supervisors before initiating field monitoring
activities. The login mechanism functions as an administrative validation layer that binds each operational session to a
unique operator identity. This authentication structure ensures that every subsequent QR Code transaction and
geotagging activity is associated with traceable user credentials, thereby improving accountability and minimizing
unauthorized system access.

B. Hardware Mechanical Stress and BLE Synchronization Trials

To thoroughly evaluate structural hardware durability under rugged plantation environments, the tracking edge
node—comprising a ESP32 DevKit V1 microcontroller, an integrated NEO-6M GPS patch receiver, and a LoRa Ra-
02 SX1278 transceiver—was secured inside a protective enclosure and mounted directly onto a standard manual
wheelbarrow. A plantation laborer operated the wheelbarrow across unpaved harvesting paths characterized by high
mechanical shocks and vibrations. Throughout this active deployment, the hardware node sustained a local Bluetooth
Low Energy (BLE 4.2) radio link with the supervisor's Samsung SM-A127F smartphone client.

Despite severe physical shaking and signal attenuation caused by the dense, high-moisture canopy of mature oil
palm trees, the system consistently maintained an “Active” connection state with an update interval of exactly 3 seconds.
Triangulating data via 7 active satellites under dense cover, the vertical antenna configuration achieved high-precision
spatial positioning coordinates, reading a real-time field position of Latitude 3.616302 and Longitude 98.710400 with
zero data packet drops.

The mechanical stress and synchronization trials were conducted to evaluate the structural durability and
communication stability of the embedded monitoring hardware under real plantation operating conditions. During field
deployment, the wheelbarrow-mounted prototype experienced continuous mechanical vibrations, uneven terrain
impacts, and environmental interference caused by dense oil palm canopy coverage.

The results demonstrate that the protective enclosure and internal hardware configuration were capable of
maintaining stable electronic connectivity throughout active field operations without causing component disconnections
or severe signal degradation. Furthermore, the BLE communication framework successfully sustained continuous data

d  https://doi.org/10.29103/sisfo.v10i2.27547



356 SISFO : Jurnal Ilmiah Sistem Informasi Vol. 10, No. 2, October 2026, pp. 349-362 E-ISSN 2599-0330

exchange between the Android smartphone and the ESP32 edge node with a refresh interval of approximately three
seconds.

Nevertheless, temporary signal attenuation and coordinate fluctuations were still observed under extremely dense
vegetation conditions, indicating that environmental interference remains a significant challenge affecting GPS
accuracy and synchronization stability during prolonged plantation deployment scenarios.
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Figure 6. Live Telemetry Dashboard of the GeoTrack Application
Figure 6 illustrates the real-time telemetry dashboard generated during live plantation deployment. The dashboard
displays continuously updated spatial coordinates, satellite lock information, BLE connection status, and
synchronization indicators. The results demonstrate that the monitoring infrastructure was capable of maintaining stable
coordinate acquisition and active communication links despite dense canopy interference and continuous wheelbarrow
movement across uneven plantation terrain.

C. Live Dual-Validation Field Testing and Geofencing Compliance

The primary defense mechanism against operational negligence and reporting manipulation within the GeoTrack
infrastructure relies on a real-time mathematical validation loop governed by virtual perimeters (geofencing). The
physical boundaries of the cultivation concession were mapped into precise coordinate-based GeoJSON polygon
structures and stored locally within the application memory. The production field was structurally divided into three
active virtual zones based on the ITSI Campus field layouts: Kebun Sawit Depan (centered at 3.616302, 98.710400),
Kebun Sawit Tengah (centered at 3.617329, 98.710427), and Kebun Sawit Belakang (centered at 3.618250,
98.710418).

The direct physical demonstration of a field operator performing a localized check-in routine is illustrated in Figure
8 below. In a practical field scenario, when a worker stops the wheelbarrow at a target tree row and scans the physical
QR Code sticker mounted near the palm tree block boundary, the mobile smartphone application immediately
intercepts the exact spatial coordinate array transmitted by the wheelbarrow's ESP32 edge node via the local BLE
link.
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Figure 7. Spatial Distribution of Fertilization Events via Geofencing Poligons
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Explanation of Figure 7: Figure 7 illustrates the real-time spatial distribution of fertilization events mapped through
the application's interactive dashboard. The geofencing algorithm mathematically visualizes operator compliance: the
green circular markers denote 'VALID' transactions where the recorded coordinates successfully matched the
predefined boundaries of the assigned block. Conversely, the red markers highlight INVALID' attempts, successfully
exposing structural deviations where operators attempted to log transactions outside the authorized plantation perimeter.

F 0 e "™

b

Figure 8. Field Operator Scanning the Physical QR Code Boundary Label via Mobile Application
Explanation of Figure 8: Figure 8 depicts the practical execution of the dual-validation mechanism directly in the
field. A plantation operator is shown utilizing the mobile application to scan a physical QR Code marker planted near
an oil palm tree at the block boundary. At this exact moment, the smartphone application verifies the location and
material payload while simultaneously triggering the local Bluetooth (BLE) network to fetch real-time spatial
coordinates from the nearby ESP32 edge node mounted on the fertilizer wheelbarrow. This process effectively binds
the worker's physical location to the digital transaction.
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Figure 9. Real-Time Field Mapping on Satellite Imagery Layer

Explanation of Figure 9: Figure 9 presents the real-time geotagging map interface within the mobile application,
overlaid on a high-resolution satellite imagery layer. This visualization demonstrates the geofencing validation
algorithm in action at the "Kebun Sawit Depan" plantation block. The green markers with checkmarks represent
"VALID" fertilization transactions, confirming that the operator's spatial coordinates successfully aligned with the
predefined block perimeter at the exact moment the QR code was scanned. In contrast, the red markers with cross
symbols denote "INVALID" transactions, illustrating the system's active capability to detect and flag operational
deviations when workers attempt to log fertilization activities outside the authorized boundary limit.

Figures 7 and 9 visualize the spatial distribution of fertilization transactions generated through the geotagging and
geofencing validation mechanisms. The system implements a mathematical Point-in-Polygon (PIP) algorithm to
determine whether the real-time coordinates received from the NEO-6M GPS module fall within the predefined virtual
plantation block boundaries assigned to each fertilizer allocation.

During the field deployment trials, the monitoring system recorded a total of 20 active fertilization verification
events, consisting of 14 VALID transactions and 6 INVALID transactions, resulting in an overall Geotagging
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Compliance Rate of 70.0%. Transactions categorized as VALID are represented by green circular markers on the
interactive monitoring maps shown in Figures 7 and 9, indicating that fertilization activities were successfully
executed within the authorized plantation block coordinates according to operational Standard Operating Procedures
(SOPs).

Conversely, INVALID transactions are displayed using red markers with cross (X) symbols, representing
coordinate deviations or unauthorized fertilization attempts occurring outside the assigned geofencing boundaries.
These invalid records demonstrate that the dual-validation mechanism successfully detected real operational
inconsistencies during live plantation activities, particularly when workers scanned fertilizer QR Codes while the
wheelbarrow position remained outside the designated plantation block.

The spatial visualization generated by the system significantly improves operational transparency by minimizing
reporting loopholes, reducing the possibility of fertilizer misallocation, and preventing unauthorized cross-block
fertilization activities. Nevertheless, several coordinate deviations were still observed under extremely dense oil palm
canopy conditions, where temporary GPS signal degradation reduced positional stability and contributed to the
remaining 30% invalid or unrecorded transaction margin. A detailed summary of the cross-block geofencing
verification records based on actual ITSI plantation coordinates is presented in Table 2.

Table 2. Tabular Summary of Cross-Block Geofencing Verification Records

Event ID Block Scanned QR Payload Received Received  Satellites Geofence
Target Latitude Longitude Locked Status
EV- Kebun Sawit UREA 50KG 3.616302  98.710400 7 VALID
20260501- Depan
01
EV- Kebun Sawit UREA 50KG 3.616345 98.710412 7 VALID
20260501- Depan
02
EV- Kebun Sawit NPK1515 50KG 3.617310  98.710420 6 INVALID
20260501- Depan
03
EV- Kebun Sawit  NPK1515 S0KG 3.618250  98.710418 6 VALID
20260501- Belakang
04
EV- Kebun Sawit KCL 50KG 3.617329  98.710427 5 VALID
20260501- Tengah
05

Table 2 summarizes the cross-block geofencing verification records generated during live fertilization monitoring
sessions. Each transaction record contains the target plantation block, fertilizer QR payload, geographical coordinates,
active satellite lock count, and final validation status. Transactions categorized as VALID indicate that both the
fertilizer identity and worker spatial position successfully matched the predefined plantation block configuration.

Meanwhile, INVALID transactions demonstrate that the system successfully detected operational deviations
where scanned fertilizer materials did not correspond to the actual worker location. The presence of these invalid
records confirms the effectiveness of the dual-validation mechanism in reducing reporting manipulation and
preventing unauthorized fertilizer allocation activities.

Additionally, the varying number of active satellite locks influenced positional precision during field operations.
Lower satellite availability under dense oil palm canopies occasionally contributed to coordinate instability and minor
geospatial deviations, which partly explains the remaining 30% invalid or unrecorded transaction margin observed
during field testing.

D. Inventory Controls, Cellular Blank Spots, and Cloud Data Extractions

To link field compliance with central management, the application's material logistics system was tested against
live stock drawdowns. Plantation managers tracked active stock balances in real-time across classes, measuring
NPK1515 (2500 Kg), UREA (1800 Kg), KCL (1200 Kg), DOLOMIT (3000 Kg), and TSP (900 Kg). The embedded
application logic successfully blocked human allocation errors.
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Figure 10. Inventory Management and Fertilizer Allocation Controls

When a laborer mistakenly attempted to scan and allocate an NPK 1515 packet within Kebun Sawit Depan
(which is strictly locked to UREA), the software triggered an instant rejection message to prevent nutrient
misplacement. The quantitative real-time inventory balances and their strict spatial block assignments are detailed in
Table 3 below.

Table 3. Real-Time Fertilizer Material Inventory Tracking per Allocation Block

Material Name Chemical Initial Stock Dispatched Current Assigned
Formulation Kg) Volume (Kg) Balance (Kg) Target Block
UREA CH4N20 2000 200 1800 Kebun Sawit
Depan
NPK1515 N-P-K (15-15- 3000 500 2500 Kebun Sawit
15) Belakang
KCL Potassium 1500 300 1200 Kebun Sawit
Chloride Tengah
DOLOMIT CaMg(CO3)2 3000 0 3000 Unallocated
Buffer
TSP Triple 1000 100 900 Unallocated
Superphosphate Buffer

When workers migrated deep into remote estate patches suffering from complete cellular signal loss (blank spots),
a robust offline-first architecture safely isolated the transaction packets inside a local SQL cache layer on the
smartphone. The exact moment the foreman returned to the division office covered by Wi-Fi or cellular range, an
automatic background routine executed flawlessly, synchronizing all cached packets directly to the Firebase Realtime
Database.

Through the data extraction panel, auditors successfully compiled these historical logs into downloadable Excel
spreadsheets. This process demonstrates that the system is capable of generating a comprehensive digital audit trail
that improves data transparency and supports plantation monitoring activities.

Figure 11. Data Extraction and Comprehensive Log Export Interface
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Figure 12. Core Technology Stack and Hardware-Software Architecture Profile
E. Physical Prototype Evaluation and Portable Power Engineering

The mechanical and electrical resilience of the mobile prototype was validated by running continuous multi-hour
shifts across the unpaved plantation roads. The structural implementation of the tracking hardware integration,
featuring the main enclosure securely attached to the side frame of a manual wheelbarrow (angkong) carrying fertilizer
sacks near the block marker, is clearly demonstrated in Figure 13 below. All electronic components were firmly
housed inside this dust-insulated polymer protection enclosure to prevent direct exposure to structural shocks during
field operations.

.
Figure 13. Implemented Hardware Deployment and Casing Attachment on the Field Wheelbarrow (Angkong)

The core ESP32 NodeMCU processor within the housing was seated directly onto an IO expansion baseboard,
which kept the internal jumper wire lines completely stable and prevented physical pin disconnects during prolonged
rattling on the wheelbarrow. Electrical engineering assessments confirm that the mobile power grid is driven by two
premium 18650 lithium-ion cells wired in series. This battery bank supplies a nominal voltage of 7.4V, peaking at
8.4V under full charge conditions, with an aggregate capacity of 2000 mAh.

To protect the ESP32 silicon board from voltage spikes and excessive thermal dissipation, the raw battery current
is filtered through an LM2596 step-down buck converter circuit. This high-efficiency switching regulator drops the
high input voltage down to a stable, ripple-free 5.0V DC output, supplying continuous, clean power directly to the
VIN pin of the microcontroller. The NEO-6M GPS patch antenna is mounted horizontally near the upper surface of
the enclosure lid, significantly lowering dielectric attenuation loss and maximizing clear line-of-sight exposure to
satellite constellations. On the adjacent side of the baseboard, the LoRa Ra-02 SX1278 transceiver is interconnected
via the master SPI hardware bus, driving a 433 Mhz spring antenna optimized for vegetation penetration. The physical
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build is rounded out with an external mechanical toggle switch wired straight to the negative ground line of the battery
bank, allowing operators to cleanly cut power during extended breaks and completely eliminate idle battery drain.

Figure 14. Implemented Edge Hardware Prototype Mounted Inside Protective Enclosure

Conclusion

This research successfully demonstrated the feasibility of implementing an loT-based monitoring infrastructure
for palm oil fertilization verification using geotagging and QR Code technologies. The proposed system was capable
of generating transparent digital audit trails, validating fertilization activities spatially, preventing cross-block
fertilizer misuse, and maintaining transaction continuity during temporary network outages through the offline-first
synchronization mechanism.

Field implementation results at the ITSI Campus plantation showed that the dual-validation architecture effectively
improved monitoring transparency and operational traceability during fertilization activities. However, the research
primarily focused on the technical integration of embedded hardware, wireless communication systems, geospatial
validation mechanisms, and cloud synchronization architecture.

Consequently, broader evaluations regarding long-term operational efficiency, workforce productivity
improvements, behavioral adaptation toward SOP compliance, and long-duration resistance against mechanical
disturbances or persistent signal interference have not yet been comprehensively analyzed. Furthermore, the system
still presents several technical limitations, including GPS instability under dense canopies, temporary synchronization
delays during blank spot conditions, and the absence of advanced end-to-end encryption mechanisms for securing
locally cached transaction data. These limitations provide important directions for future research and large-scale
plantation deployment improvements.

Before the implementation of this research, fertilization supervision relied heavily on manual, paper-based
reporting, which was highly vulnerable to spatial inaccuracies, reporting delays, administrative manipulation, and
frequent data loss in cellular blank spots. After the implementation of the Geotagging and QR Code-Based Tracking
System, plantation management gained the crucial added value of automated, tamper-proof digital audit trails. The
system successfully transitioned the workflow from manual ambiguity to digital transparency, actively blocking
unauthorized material inputs through its logic rules and mapping physical fertilization distribution with a proven
70.0% geotagging compliance rate. By successfully operating inside severe network outages using local SQL caching,
this framework significantly improves data traceability and operational transparency compared to conventional
manual monitoring approaches.
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