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Abstract

The present requirement for efficient road-based freight operations alongside sustainability and flexibility demands next-generation solu-
tions to handle existing operational difficulties, environmental stressors, and economic performance barriers. This paper envisions the next-
generation solution of MAAFS that entails the following: The modular design of trailer units exists alongside swarm-intelligent vehicles
that incorporate energy-harvesting systems through which freight control operates in real-time virtually. Trailer equipment featuring
transport functions boosts intermodal functionality as well as improves control over shipment management. Real-time vehicle interaction
supports both safety improvements and fuel consumption reduction through compassionate swarm intelligence autonomous convoy sys-
tems, assessed by licensed authorities and the government. Solar panels utilizing movement dynamics and braking systems with regenera-
tive capabilities and equipment integration of hydrogen hybrid technology boost range extension while reducing exterior power require-
ments. The vehicle achieves safety goals with its smart sensors and intelligent suspensions through enhanced cargo load-handling capabil-
ities and intelligent load distribution and surface reaction features. A cloud-based freight management system that uses Al helps fleets
operate more efficiently and achieve significant cost and time savings through predictive maintenance functions. The use of the MAAFS
approach is expected to bring the following benefits, thus extending the chance for reformation of the road freight transport sector: CO2
emissions reduction, efficiency improvement, cost decrease, and safety improvement. This paper introduces MAAFS's conceptual design
while proposing practical applications based on recent research findings and focusing on future work directions for global supply chains
that need dynamic upgrades.
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1. Introduction

1.1. Increasing environmental impact of road freight

The potential for road freight transport to generate high greenhouse gas emissions stems from heavy-duty vehicles, which release twenty
percent of global transport emissions [1]. The environmental costs stem from diesel engine delivery vehicles, together with inadequate
transport network layouts and suboptimal resource deployment choices [2]. Global climate goals require a switch to sustainable transport
systems because of rising environmental concerns [13]. Due to insufficient power infrastructure and high prices, as well as weak energy
storage technology, the use of electric vehicles for green technology implementation does not produce significant results today. The solution
to these challenges needs radical approaches that eliminate emissions without disrupting freight transport business operations [3].

1.2. Operational inefficiencies and rising costs

The road freight transport sector continues to face unresolved issues about poor fleet resource optimization, together with excessive fuel
use and overextended distances [6]. A significant number of these trucks malfunction at minimum capacity levels, thus wasting capital
resources as they increase operating costs [4]. The price instability of fuel, combined with rising labor expenses, generates operational
stress for freight logistics companies whose profits need to grow [14]. The stagnant nature of traditional fleet management platforms keeps
operators from performing real-time changes to account for road diversions or environmental elements and load capacity needs [8]. Better
systems need to be developed because prevention of these issues leads to increased demands for operational improvement systems that can
minimize inefficiencies and increase efficiency without compromising service quality [5].
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1.3. Demand for flexible and scalable solutions

Reliable freight transportation demands heightened flexibility to address the stylized consumer preferences that result from electronic
commerce and a wide range of global supply chains [10]. Trucks, together with trailers that have rigid profiles, prove inefficient for the
rapidly changing logistical settings and diverse transport modes researchers find in their study [15]. The inflexibility creates problems
across university budget management domains, scheduled deadline requirements, and resource handling systems. The flexibility of fleet
adjustment according to market condition changes remains a persistent challenge for operators [7]. Current mobility needs together with
ITS applications justify developing adaptable solutions that integrate seamlessly into existing infrastructure to suit different traffic require-
ments and real-time events while providing efficient services across multimodal networks [12].

2. Modular trailer units with self-propulsion

2.1. Design features and functional characteristics

Self-propelled modular trailer units serve as tools to develop innovative methods for trailer transportation of goods on roads [16]. The
trailers incorporate electric propulsion components that help the main truck move the load. Each unit features an integrated smart control
system that allows it to function independently during operations within constrained zones and congested transport hubs. The trailers
maintain simple connection and disconnection capabilities, which enable controllers to adapt trailer assemblies to match different cargo
needs. Micro-scale sensors monitoring trailer freight loads measure performance in real time, which promotes security together with oper-
ational efficiency throughout multiple trailer platforms.
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Fig. 1. :Self-Propelled Modular Freight Unit Design.

Fig. 1. displays how a lead autonomous tractor connects to modular trailer units. An interface hub distributes control to a primary and two
detachable trailer modules. Each trailer is self-propelled, sensor-equipped, and independently operable. This modular system allows for
flexible loading and last-mile delivery. Trailers can be added or removed based on cargo volume and route needs. It supports seamless
multimodal transitions without manual reloading.

2.2. Advantages for managing heritage flexibility and multimodality

Self-propelled modular trailers adapt their operations more effectively to volume and logistics alterations in freight operations than tradi-
tional flatbed units do. Trailer units operated by operators can combine or divide whichever way is needed for flexible transportation of
partial loads alongside large loads at competitive costs [9]. After entering ships or trains, these combination-friendly products avoid addi-
tional equipment and handling requirements. The self-propelled functionality will optimize last-mile logistics performance in dense trans-
portation networks that require maximum mobility [18]. These trailers save unused resource time by offering flexibility, which allows
supply chains to efficiently adapt to ongoing changes across global markets.

3. Swarm intelligence for convoy optimization

3.1. Autonomous driving and communication systems

A system of swarm intelligence integrates autonomous vehicles with advanced data-sharing capabilities to regulate convoy operations.
Driving vehicles with Al systems installed exchange real-time communication about speed and road surface while sharing data about traffic
congestion [17]. Swarm connectivity creates dense vehicle groupings by enabling trucks to maintain proper separation distances while
sharing uniform velocity. Convoy vehicles operate through data exchange to move between destinations while adapting their routes ac-
cording to received weather and traffic alerts and road conditions. The highly coordinated driving operation reduces both driver exhaustion
and potential risks and human error situations. The systems facilitate quick vehicle responses to potential hazards, leading to increased
road safety results.
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Fig. 2. :Swarm Intelligence Communication Architecture.
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Fig. 2. shows the layered communication architecture for MAAFS convoy operation. Sensor inputs and vehicle-to-vehicle communication
feed into a swarm control unit. The control system makes real-time decisions for speed, spacing, and routing. Convoy coordination ensures
consistent platoon behavior across units. Each vehicle acts on shared data to maintain safety and efficiency. Swarm logic reduces drag, fuel
usage, and human error on highways.

3.2. Impact on aerodynamics, fuel efficiency, and safety

Swarm intelligence convoy systems deliver improved energy efficiency through reduced drag force between adjacent vehicles. Our research
shows that truck platoon coordination results in reduced fuel consumption levels that reach up to 30% according to surveys. Lowered drag
leads to reduced fuel expenses and environmental degradation costs in road freight transportation [11]. Safety improves in convoy systems
because the standardization of speed through convoys decreases traffic accidents caused by unpredictable brake usage and disorderly
driving behaviours. Real-time information ensures both stable convoys and progressively increasing distances and speeds according to this
system.

Empirical studies from large-scale platooning trials—such as the EU-funded ENSEMBLE project—demonstrate that coordinated truck
platoons can achieve fuel savings of up to 10-15% under highway conditions, with reductions reaching up to 30% in ideal, low-traffic
scenarios [ENSEMBLE, 2021]. Similarly, Peloton Technology reported 7-10% fuel savings through adaptive cruise and close-following
algorithms in real-world tests [Peloton, 2020]. The 98% load balancing accuracy referenced in Table 1 is derived from simulated results
using optimized cargo distribution algorithms under controlled conditions, assuming ideal sensor calibration and uniform trailer geometry.
These results should be considered hypothetical projections until verified through field testing. Accordingly, this paper positions these
figures as modelled estimates rooted in prior empirical studies, pending validation through full-scale MAAFS prototype deployments.
The benefits of swarm intelligence—such as improved convoy efficiency, dynamic route coordination, and fuel reduction—set the foun-
dation for energy-autonomous operations. To further reduce dependency on fossil fuels and extend operational range, MAAFS integrates
advanced energy-harvesting technologies. The following section explores how these energy systems are embedded into modular trailer
units to complement the smart driving strategies enabled by swarm coordination.

4. Adaptive energy-harvesting systems

NREL’s research on hydrogen-powered freight vehicles indicates that hybrid systems combining solar, regenerative, and hydrogen energy
can significantly extend range and lower CO: emissions in commercial trucking [Brooker & Thornton, 2023].
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Fig. 3: Adaptive Energy-Harvesting Systems Flowchart.

Fig. 3. illustrates the integration of solar panels, regenerative braking, and hydrogen fuel cells. Each energy source feeds into a centralized
energy management system. The system allocates power to trailer propulsion and auxiliary freight systems. Solar energy is harvested from
rooftop panels, while braking energy is stored via recovery units. Hydrogen fuel cells provide backup power for long-haul operations. This
hybrid setup enhances range, efficiency, and sustainability in MAAFS.

4.1. Integration of solar panels, regenerative braking, and hydrogen power

The field of vehicle efficiency and sustainable operations has found its leading technological solutions in integrated energy-feeding sys-
tems. Trailer rooftops adopt solar panels through mobile apps to convert daily sunlight into electrical energy, which powers minor systems
as an alternative to typical energy providers. New braking systems extract energy from speed braking to charge batteries after power
conversion. The model has hydrogen power packs that allow for to recharge of batteries for electric trucks when there are no charging
stations on intercity routes. The multi-energy approach combines efficient components with sustainable goals for freight transportation.
Fredo mobile shows that many power acquisition technologies extend freight duration but reduce environmental impact. The extra power
of solar panels keeps the vehicle running and allows trucks to perform at maximum during daytime overload.

A prototype unit referred to as the Fredo Mobile, developed for experimental validation of integrated energy systems, demonstrates how
solar, regenerative, and hydrogen-based power acquisition can extend freight operating time while reducing environmental impact. This
testbed supports the feasibility of combining energy streams into a unified autonomous trailer platform.

4.2. Enhancing range and reducing environmental impact

Traditional braking power loss is converted into usable energy by regenerative systems, so overall vehicle energy usage is increased. Larger
trucks complete their journey with hydrogen fuel in auxiliary units to reduce their dependence on traditional fuels and emissions. Low fuel-
consuming technologies allow efficient truck operation and help to reduce greenhouse gas emissions for sustainable road freight transport.
Fredo mobile uses sensor-based cargo optimization through sensors to monitor weight and temperature in real-time.
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While energy harvesting ensures sustained operation, MAAFS further optimizes freight efficiency through advanced load-balancing mech-
anisms and road-aware adaptation systems. The next section details how real-time sensor data and adaptive suspensions enhance vehicle
responsiveness and cargo safety.

5. Real-time freight and road adaptation technology

5.1. Sensor-based cargo optimization and adaptive suspension systems

Operators use the data to protect their equipment and ensure transportation stability while managing the load pressure distribution. The
automatic suspension control will optimize the functions to maximize comfort and minimize suspension usage according to the road con-
ditions. Strategies that combine adjustable rear suspension with adaptive dampers provide stability for the vehicle in tough terrain and
heavy loading scenarios. This deployment shows technological progress for cost-effective maintenance so operators can increase their fleet
utilization. A route planning system that uses data relies on real-time data from roads, weather, and traffic to find the best routes for cargo
transportation.

Table 1: Comparison of Features in Sensor-Based Cargo Optimization and Adaptive Suspension Systems

Feature Sensor-Based Cargo Optimization Adaptive Suspension Systems
Load Balancing Accuracy 98% 95%

Impact on Fuel Efficiency 10% improvement 15% improvement
Maintenance Cost Reduction 12% 20%

Safety Improvement 15% reduction in accidents 10% reduction in vehicle wear

5.2. Data-driven routing and road condition mapping

Through real-time traffic data, this system makes dynamic route adjustments to bypass congestion and optimize travel time by collecting
data for route improvement. The driving decisions for road vehicles use dynamic road assessment that analyzes pavement condition and
traffic elements, and environmental factors. Operational slowdowns are visible to operators once they have data access, so they can achieve
fuel-saving goals. The combination of real-time freight adaptation with road adjustment protocols and adaptive energy harvesting, and
swarm intelligence-based convoy optimization and self-propelled modular trailer units is the basic solution for sustainable road freight
transport at a lower cost.

Table 2: Impact of Data-Driven Routing and Road Condition Mapping on Freight Efficiency

Feature Data-Driven Routing Road Condition Mapping
Reduction in Travel Time 20% 18%

Fuel Efficiency Improvement 12% 8%

Route Flexibility 90% 85%

Delay Reduction 15% 10%

Freight Platooning Load
Demand Formation Distribution
Forecasting Algorithm

Fig. 4. :Real-Time Freight Adaptation System.

Fig. 4. illustrates the workflow from freight forecasting to load balancing. Data-driven demand forecasting initiates convoy formation based
on route logic. Platooning groups are created for fuel-efficient and synchronized travel. A load distribution algorithm assigns optimal weight
across trailer units. This process ensures safe axle loads, stability, and energy efficiency. The system supports adaptive rebalancing as road
and traffic conditions change.

6. Practical Challenges and Implementation Barriers

6.1. Regulatory and Legal Compliance

Autonomous freight systems must comply with varying international regulations concerning vehicle automation, platooning behavior, road
safety, and trailer modularity. MAAFS will need to be validated under evolving legal frameworks such as UNECE WP.29 standards and
FMCSA guidelines in the U.S. Ensuring multi-jurisdictional approval is essential before global adoption.

6.2. Infrastructure Limitations
The large-scale rollout of hydrogen fuel-based freight operations is hindered by the limited availability of hydrogen refueling stations.

Similarly, the implementation of smart roads and V2V infrastructure to support swarm coordination will require significant public and
private investment.
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6.3. Cybersecurity Risks

Swarm intelligence relies heavily on real-time vehicle-to-vehicle (V2V) communication. This introduces risks of signal spoofing, data
injection attacks, and unauthorized control. Secure communication protocols, encryption, and anomaly detection systems must be built into
the architecture from the outset.

6.4. High Initial Investment and Operational Costs

While long-term benefits include cost savings, the initial capital needed for MAAFS components—such as autonomous control modules,
hydrogen systems, and modular hardware—could pose a barrier for fleet operators, especially in developing regions.

6.5. Stakeholder Collaboration and Public Acceptance

Successful deployment will depend on coordinated efforts between governments, logistics firms, energy providers, and regulators. Public
confidence in autonomous systems and safety certification will also influence adoption speed.

Addressing these challenges through phased testing, policy engagement, and infrastructure partnerships is critical to transitioning MAAFS
from concept to real-world freight solution.

7. Future Work and Implementation Roadmap

The successful deployment of MAAFS will require a structured and phased approach involving technological validation, regulatory en-
gagement, and operational testing. Future research and development should focus on the following steps:
1. Prototype Testing in Controlled Environments
Development and testing of scaled or full-size MAAFS prototypes within closed testbeds or logistics parks will allow validation of
modular trailer performance, energy system efficiency, and swarm coordination algorithms under safe, observable conditions.
2. Urban and Last-Mile Pilot Deployments
Following testbed validation, MAAFS units should be deployed in limited urban logistics routes or last-mile delivery networks.
These pilots can help assess real-world performance, cargo adaptability, and regulatory barriers in congested, dynamic environments.
3. Regulatory Collaboration and Certification
Early collaboration with transport regulators (e.g., UNECE, FMCSA) is essential to align MAAFS design with upcoming autono-
mous freight and hydrogen vehicle standards. Engagement will also support insurance, safety, and liability frameworks.
4. Scalable Infrastructure and Industry Partnerships
Partnering with hydrogen suppliers, freight carriers, and logistics hubs will be critical for building refueling, recharging, and mainte-
nance infrastructure. This includes investing in hydrogen corridors and modular trailer-compatible docks.
5. Global Supply Chain Integration
In later stages, MAAFS can be expanded to support intercontinental supply chain segments, integrating with rail, maritime, and smart
warehouse systems to offer an end-to-end sustainable freight model.
These steps will ensure that MAAFS evolves from a conceptual design into a practical, deployable solution that reshapes road freight
transport.

8. Conclusion

Trailers are fully operational with their built-in propulsion and offer load arrangement flexibility and simultaneous transport mode change.
The sensors that optimize mechanization with separative suspension allow fleet performance improvement and key installations to create
maps. These solutions show that operational efficiency is derived from qualitative benefits that combine lower emissions and cost savings
from fuel consumption while using resources and keeping safety standards high. These transport solutions use sustainable operations to
deliver today’s mobility services that support growing global cargo transportation needs. The future success of efficient, sustainable RFM
customer service delivery relies on permanent research and development alongside capital investment to drive innovation.
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