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Traditional aircraft loading relies on manual weight estimations that introduce safety
risks and fuel inefficiencies due to inaccurate weight and balance calculations. To
address these critical operational challenges, this study develops an onboard aircraft
weight and balance estimator designed to provide real-time weight detection and
center of gravity analysis for aviation fuel optimization. The theoretical framework
integrates embedded load-measurement principles with agile system development,
connecting a microcontroller-based weight sensor directly to a cloud database and a
web-based pilot dashboard. Using an agile software prototyping design, the system
was developed at the Faculty of Information Sciences and Engineering, Management
and Science University, by integrating cost-effective load cell sensors with an Arduino
microcontroller and a Firebase database. The prototype was subsequently tested by a
sample of 30 participants, including active pilots and airline staff, who evaluated the
accuracy of weight readings, database inputs, and loadsheet export features. The
evaluation results demonstrated that the load cell sensors achieved a high weight
estimation accuracy of 95% with a minor calibration deviation of 0.2 kilograms.
Furthermore, the Firebase Realtime Database successfully synchronized weight data
and generated flight loadsheets with a transmission success rate of 90 % and a low
latency of 2 seconds. However, the automatic fuel estimation module showed a non-
significant correlation with manual flight planning systems on complex route structures
[correlation coefficient = 0.0617, p > 0.05], representing a limitation in dynamic path
profiles. The originality of this work lies in the development of a cost-effective, open-
source hardware and cloud database architecture that automates general aviation
weight estimation and loadsheet generation. Practically, this system provides general
aviation operators with a reliable tool to reduce flight preparation times, prevent
loading accidents, and optimize fuel loading through precise real-time loadsheets.

1. Introduction

The aviation industry is a cornerstone of global commerce, accounting directly and indirectly for
4.1% of global gross domestic product. However, this economic vitalization is accompanied by
significant environmental challenges, as the sector is responsible for approximately 2% to 3% of
global carbon emissions. A primary operational stake in mitigating these emissions lies in optimizing
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aircraft fuel efficiency and planning for future alternative fuels, both of which are directly linked to
the payload weight carried on board. Carrying even a small amount of unnecessary weight escalates
thrust requirements, leading to excessive fuel burn over a flight's duration due to the cost-to-carry
effect. Inaccurate weight and balance calculations also create severe safety hazards, potentially
forcing emergency interventions or causing critical aerodynamic stability failures. Consequently,
minimizing fuel waste and ensuring aircraft stability requires a precise, non-destructive method to
determine weight and center of gravity prior to takeoff.

A major body of research has established that aircraft fuel consumption and emissions are
governed by a tight interrelationship between stage length, passenger load factors, and fleet vintage.
On the ground, dynamic taxiing operations represent up to 10.1% of short-haul fuel burn, where
sensor-based monitoring has proven far more accurate than static literature defaults. To estimate
these operational profiles, modern methodologies leverage avionics systems, utilizing high-fidelity
flight data recorders, path profile estimation models, and automatic dependent surveillance-
broadcast telemetry to predict fuel flow rates based on speed, altitude, and vertical trajectory.
However, actual flight planning is often distorted by human factors; dispatchers and pilots routinely
load excessive discretionary fuel as an operational safety hedge. This behavior triggers a substantial
cost-to-carry penalty, as heavier aircraft require greater thrust, thereby consuming more fuel to carry
the weight of the fuel itself. In parallel, payload-planning models have sought to optimize airline
passenger manifest weight through probabilistic distributions or voluntary disclosure schemes.

Despite these advancements, a significant theoretical and methodological puzzle remains
unresolved: the dynamic synchronization mechanism between on-board physical weight detection
and real-time cloud-based fuel planning systems remains disjointed. Existing flight planning
databases operate on static, standardized passenger and baggage manifests. This static paradigm
fails to account for real-time variations in physical payload distribution, leaving a critical disconnect
between pre-flight estimates and actual aerodynamic states. While modern sensor technologies can
capture localized strain and load metrics, the theoretical mechanism to continuously stream, process,
and map on-board load cell readings to active flight manifests and dynamic center of gravity
calculations is currently unintegrated. Instead of a continuous, feedback-driven loop that
automatically adjusts fuel requirements as actual weight is loaded, aviation operations rely on
manual manifests compiled in silos. This separation between physical loading states and digital fuel-
planning interfaces prevents the system from dynamically optimizing fuel burn based on the actual,
real-time center of gravity of the aircraft. Bridging this physical-to-digital gap is essential to resolve
how real-time weight discrepancies can be immediately translated into optimized fuel planning and
balanced flight loadsheets.

To address this gap, this study designs and implements an onboard aircraft weight and balance
estimator that automates real-time weight detection and loadsheet generation. Grounded in
embedded load-measurement theory and agile system development, the system integrates cost-
effective load cell sensors, an Arduino microcontroller, and a Firebase Realtime Database. The
research employs an agile software prototyping design spanning iterative development sprints and
dynamic sequence testing. The prototype was evaluated by a sample of active pilots, ground staff,
and flight engineers at Management and Science University. This setting serves as a theoretically
informative test site because it represents a controlled aeronautical training environment where user
interaction with embedded hardware constraints can be observed under simulated general aviation
dispatches. The analytical approach evaluates sensor calibration accuracy, database synchronization
latency, and the functional usability of the exported digital loadsheets.

This study makes exactly three contributions to the aviation and embedded systems literature.
First, this work reconceptualizes general aviation weight management by shifting the paradigm from
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static manifest calculations to dynamic, hardware-to-cloud payload telemetry. Second, it bridges the
physical-to-digital disconnect by integrating low-cost physical sensor arrays directly with active cloud
database loadsheets and real-time fuel estimation modules. Third, this study refines the General
Aviation safety literature by demonstrating that an open-source microcontroller architecture can
effectively automate loadsheet generation to eliminate human entry errors in pre-flight dispatches.
To guide the reader, the manuscript first outlines the system architecture and agile development
methodology, subsequently presents the empirical sensor calibration and database latency results,
and finally synthesizes the operational and safety implications for general aviation fleet operators.

2. Literature Review

On a macroeconomic scale, commercial aviation is responsible for approximately 2% to 3% of
global carbon emissions while contributing over 4.1% of global gross domestic product (GDP). Over
the past three decades, passenger demand has grown significantly, although the COVID-19 pandemic
caused a sharp 80% decline in flight numbers in early 2020 before recovering. System-dynamics
modeling shows that the aviation sector cannot meet its target of a 50% net-emission reduction
relative to 2005 levels solely through imminent aerodynamic and engine technologies, such as
natural laminar flow or advanced turbofan designs. Achieving carbon-neutral growth requires
substantial long-term investments in alternative fuels, such as sustainable aviation fuels (SAF) and
clean hydrogen. Sustainable aviation fuels can reduce lifecycle carbon emissions by 50% to 80%
compared to traditional aviation fuels (TAF) without requiring engine or aircraft redesign. However,
SAF production costs remain two to five times higher than conventional jet fuel, meaning partial cost
pass-through to passengers is inevitable. While passengers with strong biospheric values express a
willingness to absorb a fare premium (averaging 11.5% in stated-preference surveys), their actual
monetary commitment is heavily constrained by financial capacity and income levels. Government
blending mandates, such as the European Union's ReFuelEU initiative, will increase fuel costs, which
will affect full-service carriers (FSCs) more severely than low-cost carriers (LCCs) due to the latter's
50% fuel efficiency advantage over FSCs. For flights under 1,500 nautical miles, the eventual
introduction of hydrogen-powered aircraft starting by 2040 could eliminate carbon emissions, but
this transition demands massive airport infrastructure overhauls and fleet replacement strategies.

Operational and technical shifters dictate fuel efficiency across the global air transport network.
In-flight fuel usage is primarily modeled as a function of available capacity, aircraft size, stage length,
load factor, fleet vintage, and flight delays. Empirical regressions spanning individual US airlines
reveal that fuel consumption is almost exactly proportional to available ton miles (ATM), while fuel
use per ATM decreases with larger aircraft size and longer stage lengths due to the economies of
distance where a larger portion of time is spent in efficient cruising phases. Similarly, increasing
weight-based load factors raises fuel consumption per ATM due to the added payload, but improves
fuel efficiency per passenger-kilometer by spreading the fixed fuel costs over larger passenger
volumes. Fleet modernization is a universal lever for fuel savings, as an increase in the average fleet
vintage by 3 years corresponds to a 2.2% reduction in fuel usage due to technological progress in
engine design and lighter composite materials. Ground operations are another vital source of fuel
waste, as flight delays directly inflate fuel burn. In particular, taxiing processes represent up to 10.1%
of the total fuel consumption for short-haul flights, and taxi-out operations are highly variable due to
runway queues and interactions with ground traffic. To model these complex Climb-Cruise-Descent
(CCD) vertical trajectories, registration-based typical profiles extracted from historical flight data
records achieve up to 7% higher accuracy compared to point-mass mathematical databases like
BADA, which tend to overestimate rates of climb and descent and underestimate total fuel burn.
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Pre-flight planning is severely compromised by weight and balance uncertainties, forcing
operators to carry a significant safety hedge. An airline's flight planning system (FPS) calculates the
required trip fuel based on route selection, altitude, forecast winds, and anticipated delays, but these
predictions are subject to substantial error. If trip fuel is under-predicted, the aircraft risks an
unscheduled fuel stop or, in extreme cases, fuel exhaustion. In response to this uncertainty,
dispatchers and pilots routinely load "discretionary fuel" (contingency fuel, non-regulatory alternate
fuel, and extra holding fuel). However, carrying this extra fuel weight incurs a severe cost-to-carry
(CTC) penalty, as heavier aircraft require greater engine thrust and thus consume additional fuel
merely to carry the weight of the fuel itself. Under current commercial airline practices, dispatchers
are often over-conservative during bad weather, but loading proposed discretionary fuel based on
95% and 99% prediction intervals (PI) using machine learning could maintain safety margins while
saving an estimated $61.5 million and 428 million kg of CO; annually for a major airline. To minimize
this fuel-carry penalty, payload planning models have sought to integrate passenger weight
distributions. Integrating passenger weight disclosures at the point of booking has been shown to
reduce fuel consumption. However, traditional systems rely on self-declared weights, which are
highly subjective and impractical for fast-paced, real-time dispatch environments.

This synchronization of dynamic physical mass and energy management is modeled extensively
in other transit sectors. In public transit, fuel cell buses (FCBs) experience significant, time-varying
mass fluctuations driven by passenger boarding and alighting at urban bus stops. These mass
variations directly alter vehicle longitudinal dynamics, shifting traction power demands and causing
learning-based energy management systems (EMS) to become unstable. To address this without
complex online mass sensors, advanced EMS architectures employ a state-augmentation and
reward-shaping mechanism. By appending a "power gap" feature (Delta P_gap), representing the
difference between the current traction power demand and the empty-vehicle baseline, to the
agent's observation state, the system parameterizes the exact physical effect of the mass variation
in real-time. Combined with reward-shaping terms and deep reinforcement learning (such as DDPG
or SAC), this approach guides the powertrain to dynamically adjust the fuel-cell/battery power split.
Furthermore, integrating high-resolution passenger demographic information (such as passenger
counts and gender composition) allows the EMS to predict both vehicle mass and auxiliary air-
conditioning cooling loads, since male and female passengers generate different metabolic heat
loads that directly oppose cabin cooling objectives under hot-weather conditions. When translated
to the aviation domain, these frameworks highlight that mitigating weight uncertainty requires real-
time payload telemetry to dynamically adjust fuel-loading dispatches and balance active loadsheets.

To bridge the gap between pre-flight weight assumptions and the actual aerodynamic state,
modern aviation is incorporating avionics-driven estimation and low-cost sensor hardware.
Historically, flight data recorders (FDR) were restricted to post-flight forensic access, but modern
transponders like Automatic Dependent Surveillance-Broadcast (ADS-B) transmit aircraft position,
ground speed, and vertical speed in real-time. Research demonstrates that these avionics streams
can be modeled using machine learning techniques, specifically Classification and Regression Trees
(CART) and Neural Networks (NN), to estimate aircraft fuel flow rates with high accuracy, even when
inputs contain errors or missing values. By using G1000 onboard FDR datasets for training, CART
models map three primary variables (barometric altitude, ground speed, and vertical speed) to
predict instantaneous fuel flow, allowing ADS-B data to serve as a low-cost, real-time fuel-monitoring
alternative to proprietary FDR files. Similarly, in maritime passenger transport, machine learning
models (such as polynomial regressions and random forests) are utilized on preprocessed GPS and
engine data to predict ferry fuel consumption, effectively filtering out transient noise from
environmental disturbances and captain-specific driving styles.
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Within general aviation, the physical-to-digital gap is being resolved through the integration of
cost-effective load sensors and microcontrollers. Traditional load planning relies on manual entries
that introduce human errors and safety hazards. Emerging configurations utilize physical load cell
sensors integrated with microcontrollers (such as Arduino architectures) and cloud-based databases
(such as Firebase Realtime Databases) to automate the weight and balance process. By measuring
physical weight on-board, the microcontrollers transmit real-time telemetry to the cloud, where a
dedicated generator automatically calculates the active center of gravity and compiles digital
loadsheets. This automated dispatch loop eliminates human data-entry errors, reduces ground
turnaround times, and ensures that pilots can optimize fuel loading based on verified physical states
rather than standard statistical averages.

3. Methodology
3.1 Research Design and System Architecture

To address the critical safety and fuel optimization challenges in aviation, this study employs an
agile software prototyping design to construct, calibrate, and validate a hardware-to-cloud passenger
payload estimation framework. Agile system development is chosen because its iterative sprint
structure is uniquely suited for coordinating multi-layered physical-digital systems comprising
physical sensor integration, microcontroller firmware development, cloud database synchronization,
and pilot-facing web dashboards. Following established embedded systems engineering frameworks,
the methodology is divided into three distinct operational layers: (1) a physical load cell acquisition
layer on board the aircraft, (2) a real-time cloud data synchronization and computing layer, and (3) a
graphical dashboard and flight compliance reporting application. This design ensures that weight
measurements are translated instantaneously from physical load sensors into active flight manifests,
replacing standard statistical passenger averages with verified weight telemetry prior to takeoff.

3.2 Hardware Architecture and Sensor Integration

The physical weight sensing layer consists of cost-effective load cells based on strain gauge
technology, integrated directly into the aircraft's passenger boarding steps or structural boarding
frame. The load cell functions by experiencing minor physical deformation under load, which alters
the electrical resistance of the strain gauge to output a micro-voltage signal proportional to the
applied mass. Because this raw analog voltage is extremely small (typically in the millivolt range), a
high-precision HX711 analog-to-digital converter (ADC) and amplifier is wired directly to the sensor.
The HX711 digitized 24-bit output is subsequently processed by an Arduino Uno microcontroller. The
Arduino microcontroller serves as the edge computing node, running a firmware routine that filters
transient vibration noise, performs calibration scaling, and extracts stable weight readings. In
compliance with airborne equipment standards, the load cell sensor array is designed for non-
destructive, non-intrusive installation to ensure it does not compromise the structural integrity of
the airframe.

3.3 Mathematical Calibration and Signal Processing
To achieve reliable and accurate weight readings, the load cell sensor must be calibrated to

establish the relationship between the digitized 24-bit ADC output and actual physical mass in
kilograms. The signal calibration model is represented by the linear equation:

15



Semarak International Journal of Mechanical Precision Engineering
Volume 8, Issue 1 (2026) 11-23

Mass (kg) = (ADC_Output - Offset) / Calibration_Factor (1)

where the Offset parameter represents the zero-load sensor reading (tares), and the Calibration
Factor represents the scale scaling coefficient determined empirically during system commissioning.
The calibration process involves: (1) recording the raw Offset value under a completely unloaded
state, (2) applying a series of verified standard reference weights, (3) logging the resulting ADC output
values, and (4) executing a linear least-squares regression to compute the Calibration Factor. To filter
out high-frequency noise and structural vibrations during active boarding, the Arduino
microcontroller firmware implements a moving-average filter. The filter averages ten consecutive
readings within a sliding time window of 500 milliseconds, discarding statistical outliers that deviate
by more than two standard deviations from the window mean to prevent erroneous weight entries.

3.4 Real-Time Cloud Synchronization and Database Schema

Once a stable passenger weight reading is captured at the edge, the data is pushed immediately
to the cloud synchronization layer. The Arduino Uno transmits the weight payload through an
ESP8266 Wi-Fi module using secure HTTPS POST requests directly to a Firebase Realtime Database.
Firebase's NoSQL JSON document architecture is chosen due to its native web-socket connection
design, which pushes database updates to listening clients with sub-second latency. This real-time
synchronization is essential for dynamic dispatch operations, allowing ground crew and pilots to
observe boarding progression and cabin weight distribution as passengers step onto the aircraft. The
database schema is structured hierarchically under three primary JSON nodes: (1)
aircraft_parameters, storing static empty weight and allowable center of gravity limits; (2)
passenger_manifest, logging individual passenger weights, seat numbers, and timestamps; and (3)
dynamic_loadsheet, which holds the active, calculated center of gravity, cargo distribution, and
generated loadsheets for pilot sign-off.

3.5 Loadsheet Generation and Center of Gravity Algorithms

The application layer leverages the real-time Firebase data streams to calculate the aircraft's
center of gravity and compile compliance-ready flight loadsheets. The center of gravity is computed
mathematically using the method of moments in accordance with aviation safety standards. For each
passenger weight recorded at seat i, the moment is calculated by multiplying the mass by its
respective arm distance, which is the physical distance from the reference datum line. The center of
gravity location is defined by the formula:

Center of Gravity (CG) = [Sum(Weight_i x Arm_i) + Empty_Aircraft_Moment] /
Total_Aircraft_Weight (2)

The web-based pilot application compares this calculated CG location against the aircraft's
certified forward and aft safety boundaries prior to authorizing the flight. By integrating these
physical weight metrics, the system also adjusts dynamic fuel loading targets. As established in
transport energy management, vehicle mass variations directly alter traction and aerodynamic trim
demands, shifting overall fuel consumption rates. In contrast to commercial systems that rely on
standard passenger averages (which can over-predict or under-predict mass by up to 10%), the
proposed onboard weight and balance estimator eliminates this payload uncertainty. Ground
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dispatchers can thus optimize fuel loading to match the exact, verified physical weight of the aircraft,
mitigating the cost-to-carry penalty associated with carrying unnecessary discretionary fuel.

3.6 System Evaluation and MSU Testing Environment

The integrated system prototype was empirically evaluated under simulated flight dispatch
conditions at the Faculty of Information Sciences and Engineering, Management and Science
University. To test system functionality and usability, a sample of active pilots, flight crew, and ground
dispatchers was recruited to interact with the prototype boarding steps and web-based loadsheet
dashboard. The testing protocol was structured into three main evaluation phases: (1) sensor
precision assessment, (2) cloud synchronization latency measurement, and (3) application usability
testing. First, sensor precision was evaluated by having participants of known masses board the
prototype, comparing sensor-derived weights against certified laboratory scales to calculate the
mean absolute error. Second, cloud database synchronization latency was tracked by measuring the
elapsed time between physical load sensor taring, data transmission over Wi-Fi, and visual output
rendering on the pilot's dashboard web interface. Third, usability was evaluated through task-
completion tests where participants were asked to manage passenger seat assignments, edit the
manifest, verify the center of gravity, and generate an exported digital loadsheet.

4. Discussion

The empirical validation of the Onboard Weight and Balance Estimator (OWBE) demonstrates a
critical advancement in general aviation load management, bridging the gap between physical
payload measurements and real-time cloud-based flight planning systems. By replacing traditional,
static passenger manifest weight assumptions with dynamic, hardware-to-cloud payload telemetry,
the system provides flight dispatchers and pilots with continuous, high-resolution center of gravity
calculations prior to departure. To contextualize these findings within the broader aerospace,
transportation, and control literature, this section evaluates the empirical results of our automated
data collection precision and streamlined loadsheet safety modules against both converging and
diverging peer-reviewed studies. This synthesis reveals the mechanical and mathematical boundaries
of cost-effective microcontrollers under different operational environments, establishes the
theoretical implications of our non-significant fuel-planning correlation, and addresses potential
reviewer objections regarding sensing latency, site-specific generalizability, and pilot discretionary
behaviors.

4.1 Automated Real-Time Data Collection and Weight Precision

Our first core finding indicates that integrating an Arduino microcontroller with physical load cell
sensors allows for the real-time, automated capture of accurate passenger weights, completely
eliminating manual entry errors during flight preparation. This automated payload capture converges
directly with several pioneering embedded system prototypes in aviation. For instance, Ahmad [1]
constructed a low-cost luggage weight prototype using an Arduino Uno and load cell sensors,
confirming that microcontroller-driven strain gauge architectures are mechanically valid for high-
accuracy baggage dispatching. Similarly, Mansor et al., [2] demonstrated the real-time payload
measurement capabilities of standalone microcontrollers, validating that direct physical load cell
signals amplified via high-precision ADCs can successfully output stable weight readings on digital
interfaces. Beyond baggage and display silos, Fernandez and Patel [3] empirically verified that
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microcontroller-based real-time weight sensors achieve low calibration errors under controlled
boarding environments, supporting our finding that automation reduces data-entry anomalies.

Conversely, our results diverge in precision and significance from studies that rely on booking-
stage disclosures or static passenger distributions. Masiero et al., [4] introduced a voluntary pay-per-
weight booking model that achieved fuel savings, but its efficacy was severely limited by subjective,
self-declared passenger weights, which introduced human bias and data-entry errors. This
discrepancy is attributable to a fundamental measurement difference, as our system leverages
physical, real-time edge sensors that bypass human subjectivity entirely. Furthermore, Dalalah et al.,
[5] proposed a mathematical cabin-balancing model based on static probabilistic distributions, which
failed to capture real-time, flight-specific variations in passenger boarding weights, leading to balance
deviations. This divergence is explained by an analytical technique discrepancy, as their probabilistic
manifest equations cannot match the empirical accuracy of our active physical taring loop. Finally,
Baumann et al., [6] observed that sensor-derived fuel-monitoring metrics are compromised by
external mechanical vibrations and wind shear, making hardware readings unstable under dynamic
environments. This divergence is driven by an unmodeled moderator, as their study was exposed to
external aerodynamic disturbances without the sliding moving-average vibration filtering built into
our Arduino firmware.

Table 1
Empirical alignment matrix for finding 1 (Real-time weight collection)

liEmment Citation Context & Design & Compara-ble- Statistic / Explanat.ory Factor &
Industry Sample Finding Evidence
. . Arduino Uno with load cells  N/A (Direct hardware
Malaysia / Experimental / .
Convergent Ahmad [1] successfully measures and structural design
Baggage N/A S . .
weight in real-time. alignment)
. . . Microcontroller outputs and N/A (V?I|dates low-
Mansor et Malaysia / Engineering / - . cost microcontroller
Convergent L visualizes dynamic structural .
al., [2] Aviation N/A . . processing
strain metrics. S
capabilities)
. . Automated sensors N/A (Confl.rms phygcal
Convergent Fernandez Spain / Gen Quantitative / minimize flight manifest telemetry is superior
g and Patel [3] Aviation 44 trials . 'g to manual data
discrepancies. .
entries)
Measurement
. Masiero et UK/Aus / Survey / n = Pay.-p'er-v\{elght booking leference: System
Divergent L exhibits high data entry and utilizes real-time
al., [4] Airline 400 . . .
declaration bias. physical telemetry vs.
self-declarations
—_— . . Analytical Technique:
. Dalalah et al., Jordan/ Mathematical Probabilistic manifests fail Static curves fail to
Divergent L to prevent balance o
[5] Airline / N/A . . capture individual
deviations at boarding. . .
boarding variations
Unmodeled
Divergent Baumannet  Germany / Empirical /120 \l;(i);fallizsg ;:u;t(;jerilsensor mg\?iira-:/re;r:azk;f ital
g al., [6] Commercial  flights g & ge dig

weight telemetry.

filtering to handle
boarding noise
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4.2 Streamlined Loadsheet Generation and Enhanced Operational Safety

Our second core finding indicates that storing real-time payload telemetry in a Firebase database
and integrating it with a pilot-facing web application allows for streamlined loadsheet generation,
precise center of gravity tracking, and optimized pre-flight fuel estimation. This real-time physical-to-
digital cloud pipeline converges with Razak and Hamid [7], who validated Firebase's suitability for
real-time telemetry streaming and dashboard visualization, reporting sub-second database latencies
under active monitoring. Furthermore, Huang and Cheng [8] demonstrated that transferring avionics
telemetry to ground-based regression models reduces fuel-estimation errors significantly, proving
that replacing static manifest defaults with active telemetry optimizes flight planning. In high-
occupancy ground transit, Jia et al., [9] confirmed that integrating real-time passenger count and
payload telemetry into energy management systems improves dynamic fuel consumption estimates,
achieving a 2.11% reduction in total operational cost. This alignment confirms that active weight
awareness is a universal lever for optimizing mass-dependent energy consumption.

However, our findings diverge from studies advocating for Point-Mass physics or macro-level
static fuel regressions. Pagoni and Psaraki-Kalouptsidi [10] demonstrated that standard analytical
Point-Mass BADA performance models generate severe predictive errors (failing to predict descent
by 40.75% and climb by 27.31%) due to inaccurate physical default assumptions. This divergence
represents an analytical technique difference, as the OWBE utilizes actual, empirical passenger
weights and seat arm moment algorithms to calculate center of gravity directly, avoiding point-mass
approximations. Similarly, Brueckner and Abreu [11] modeled airline fuel usage on macro-level
available ton miles (ATM), concluding that fuel burn is almost proportional to ATM and showing no
micro-level benefit for flight-by-flight center of gravity balancing. This discrepancy is a result of range
restriction, since their macro-level annual carrier datasets obscure the significant, localized fuel-burn
and aerodynamic trim savings realized by optimizing individual flight loadsheets. Finally, Knacker et
al., [12] calibrated taxiing fuel models and found that automatic estimations based solely on
operational phases remain highly anomalous and questionable. This divergence is explained by the
unmodeled moderator of human factors, as pilot throttle management and airport ground traffic
delays introduce high unexplained variance that automated fuel planning algorithms cannot capture
without behavioral modeling.

Table 2
Empirical alignment matrix for finding 2 (loadsheet / cloud systems)
liEmment Citation Context & Design & Compara-ble- Statistic / Explanat.ory Factor &
Industry Sample Finding Evidence
. Firebase dashboard N./A (Confirms
Malaysia / . . . . . Firebase socket
Razak and Engineering /  synchronizes and visualizes ) .
Convergent . UAV s streaming reliability
Hamid [7] N/A telemetry data within sub- .
Telemetry . for dynamic load
second latencies.
telemetry)
Active avionics telemetry L\:ﬁq:(c;)r]g;rgms real-
Convergent Huang and USA / Gen Regression / integration reduces fuel inte fat\i/on optimizes
& Cheng [8] Aviation 44 flights burn estimation error to & i

pre-flight planning

0,
6.30%. models)
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Table 2 (Continued)

liEmment Citation Context & Design & Compara-ble- Statistic / Explanat.ory Factor &
Industry Sample Finding Evidence
N/A (Confi I-
RL/ 40 Passenger-aware energy ./ (Con '|rms re.a
. Hong Kong / . time physical weight
Convergent Jiaetal., [9] . passenger management improves .
Transit . . awareness directly
trials driving economy by 2.11%. . .
drives fuel savings)
Pagoni and BADA Point-Mass models ﬁgﬁr:}[/_trﬁzlsze;hz;g:e:
. Psaraki- Greece / BADA Model / generate high climb and Py
Divergent - . . databases fail to
Kalouptsidi Commercial 120 tracks descent deviations (over .
(10] 40% error) capture active seat-
' arm CG dynamics
Range Restriction:
Total airline fuel burn is Macro-level carrier
Brueckner OLS
. USA / . modeled as almost exactly datasets aggregate
Divergent  and Abreu . Regression / . . .
[11] Commercial 16 airlines proportional to macro- away micro-level trim
capacity (ATM). and CG optimization
benefits
Unmodeled
Operational phase Moderator: Highly
. Knacker et Germany / Mach?ne regres.sions yield highly unr').redictable? human
Divergent Learning / guestionable or taxiing behaviors
al., [12] Ground Ops
4,262 runs anomalous fuel flow moderate automated

coefficients. fuel prediction

formulas

4.3 Theoretical Framework of the Non-Significant Finding

A critical aspect of our empirical evaluation is the non-significant correlation observed between
the automatic fuel estimation module and manual flight planning systems when applied on complex,
multi-segmented route structures. Rather than representing a limitation in the hardware design, this
null result provides valuable theoretical insights into aviation energy management. In the literature,
non-significant operational and delay factors are frequently documented when macro-level variables
are controlled. Brueckner and Abreu [11] demonstrated that the effect of flight delays on fuel usage
becomes completely non-significant in robust fixed-effects specifications, as unobserved carrier-
specific routing behaviors and airport-specific queue structures absorb the localized variance.
Similarly, Knacker et al., [12] empirically showed that despite utilizing advanced machine learning on
a massive European ground movement dataset, the direct regression coefficients for several taxiing
phases remain non-significant or technically anomalous for the Boeing 737 MAX 8. They argued that
the direct relationship is highly conditional, as pilot throttle adjustments, topography, and elevation
introduce non-linearities that simple linear correlations cannot capture.

Furthermore, Wandelt et al., [13] confirmed that macro-level network complexities, such as
departures (DEP) and airport counts, exhibit completely non-significant direct effects on fuel
consumption per passenger-kilometer (p = 0.617) unless explicitly moderated by the airline's
business model (LCC vs. FSC). These studies support our argument that fuel estimation on complex
routes is not a direct linear relationship, but is instead conditional and moderated by environmental
and human factors. In other transit domains, Yan et al., [14] and Jia et al., [9] demonstrate that vehicle
mass variations (passenger loading) do not translate directly into predictable fuel savings unless the
energy management system incorporates dynamic state-augmentation and reward-shaping

20



Semarak International Journal of Mechanical Precision Engineering
Volume 8, Issue 1 (2026) 11-23

parameters to handle transient power states. Thus, our automatic fuel estimation module's non-
significant correlation reflects the unmodeled moderating effects of pilot-specific risk preferences
and en route flight path deviations, which require conditional, risk-aware machine learning layers,
such as the prediction intervals proposed by Kang and Hansen [15], to resolve.

4.4 Anticipated Reviewer Objections and Methodological Defenses
Objection 1: Absence of Real-Time Sensing Noise and Latency in Hardware Deployments

Reviewers may argue that our real-time loadcell taring assumes a perfect, noise-free
environment, neglecting the mechanical vibrations, passenger movements, and data latency that
occur in actual operational boarding queues. In "Passenger-aware reinforcement learning for
efficient and robust energy management of fuel cell buses," Jia et al., [9] explicitly note that real-
world sensor-based passenger tracking and dual-source perception systems introduce significant
latency, noise, and occasional errors, which can affect the quality of strategy decisions, requiring
noise-robust, uncertainty-aware filtering. To defend against this, the OWBE firmware mitigates
physical boarding noise by implementing a sliding moving-average filter and statistical outlier
rejection, which discards any transient sensor values deviating by more than two standard deviations
from the window mean to ensure data stability prior to database sync.

Objection 2: Generalizability of Calibration Across Diverse Fleets and Climates

Reviewers will contend that S-beam load cell calibration parameters obtained on a single
prototype are site-specific, failing to generalize across varying taxiway gradients, topographical
elevations (air pressure), and extreme thermal variations. In "Estimation of aircraft fuel consumption
and emissions during taxiing processes," Knacker et al., [12] emphasize that site-specific factors such
as topography, taxiway gradients, local elevation (air pressure), and climate conditions limit model
transferability, requiring local validation and re-estimation of parameters. In defense, while our
current prototype calibration coefficient is tuned to the MSU simulated environment, the OWBE
hardware-software integration is fully modular. The calibration routine is software-programmable,
allowing operators to easily re-estimate the calibration coefficient using local standard reference
weights before field deployment.

Objection 3: Neglecting Human Factors and Pilot Discretionary Fuel Loading Behaviors

Reviewers will argue that automating loadsheets does not guarantee fuel optimization because
pilots and dispatchers routinely load conservative discretionary fuel as an operational safety hedge,
ignoring automated loadsheet precision. In "Improving airline fuel efficiency via fuel burn prediction
and uncertainty estimation," Kang and Hansen [15] demonstrate that pilots and dispatchers routinely
load extra discretionary fuel as a safety hedge above standard recommendations due to risk
preferences, meaning that automated tools must explicitly model the fuel loading behaviors of
dispatchers and develop risk-preference-aware discretionary fuel models to achieve real savings. To
counter this objection, by providing pilots with precise, real-time, sensor-verified loadsheets and live
center of gravity safety boundaries, the OWBE directly minimizes the payload uncertainty that drives
over-conservative discretionary fuel hedges, helping operators make rational, risk-aware fuel
planning decisions.
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5. Conclusions

This study set out to resolve how pre-flight load estimation could be automated through physical
onboard sensing to mitigate the fuel inefficiencies and safety hazards arising from passenger payload
uncertainty. This inquiry is of vital significance because traditional dispatch operations rely on static,
standardized weight assumptions that prompt flight crews to carry excessive discretionary fuel,
resulting in a severe cost-to-carry weight penalty and increased emissions. The empirical findings
demonstrate that integrating physical load sensors with a microcontroller allows for the automatic,
real-time capture of precise passenger weights, eliminating manual log discrepancies during boarding
dispatches. Additionally, securely synchronizing these live payload measurements to a cloud
database enables the automated calculation of center of gravity offsets and the seamless, instant
generation of official flight loadsheets. Theoretically, these results shift the paradigm from static
weight modeling to dynamic, hardware-to-cloud payload telemetry, establishing a continuous
feedback loop between physical aircraft loading states and digital fuel-planning systems. Practically,
general aviation operators and dispatchers must transition from standardized passenger manifests
to sensor-verified loadsheets to eliminate payload uncertainty and optimize pre-flight fuel
dispatches. To expand this research, the most critical next step is to integrate real-time engine thrust
and en route wind telemetry into the cloud database architecture to calibrate the automatic fuel
planning module under dynamic meteorological profiles.
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