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Abstract— This review discusses the present developments
in hydraulic pressure suspension technology, with a greater
focus on half-axle structures used in multiple-axle special
vehicles. Most of the critical challenges mentioned include
uneven load distribution distortion of vehicle bodies and even
stability on uneven surfaces. This paper evaluates some of the
major technological developments such as swing-type half-axle
designs and various explosion-proof mechanisms to establish
how such innovations improve load management and ensure
system reliability in challenging environments. The paper has
importantly discussed double-pipe and single-spool explosion
relief valves in association with cone relief valves and explained
their success in preventing potential failures in systems. In
summary, it emphasizes the substantial benefits the technologies
provide in enhancing stability in vehicles, optimal distribution
of loads, and less risk in operation. On the other hand, the paper
gives some worthwhile directions for future research, oriented
towards further increasing efficiency and safety in suspension
systems of heavy-duty vehicles.
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I.  INTRODUCTION

Hydraulic suspension systems are highly essential in
modern heavy-duty vehicles, especially in half-axle and
multi-axle configurations. The demands placed on these
systems include ride comfort, load-carrying capacity, and
vehicle stability under the most adverse operating conditions.
Worldwide, the demand for efficient freight transport and
specialized vehicles makes the development of hydraulic
suspension systems a focus area for researchers and
engineers. Innovations in suspension design are aimed not
only at improving performance but also at overcoming some
of the difficulties encountered in uneven load distribution,
body distortion, and stability on rough terrains. Multi-axle
vehicles for heavy-duty and special applications make such
suspensions highly critical [1], [4].

Technology in suspensions has grown from purely
passive systems into semi-active and fully active designs.
This has enabled significant scope for performance
improvements. Passive systems are inexpensive and
straightforward but cannot adapt to dynamic conditions.
Semi-active systems, applying adaptive control techniques,
are more flexible and efficient, whereas active systems offer
unmatched control and stability in return for greater
complexity and energy consumption [2], [6].
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The present review will be dedicated to the latest trends
in hydraulic suspension technologies with a focus on their
application in half-axle and multi-axle vehicles. Swing-type
half-axle designs, explosion-proof mechanisms, and adaptive
control strategies are a few examples of key innovations.
Explosion relief valves, which have developed from single
spool to cone relief types, can provide better reliability to the
system under extreme conditions [3], [5]. This paper
summarizes findings from some of the latest studies that offer
a comprehensive analysis of hydraulic suspension systems,
along with challenges and opportunities for future research.
Various means through which advances in materials, control
algorithms, and energy recovery technologies can be
exploited to enhance hydraulic suspension for evolving
demands in transportation and infrastructure are discussed.

Il.  THE EVOLVING LANDSCAPE OF VEHICLE SUSPENSION

These conditions demand robust and adaptive suspension
solutions to ensure vehicle stability and efficiency. Therefore,
a critical analysis of existing hydraulic suspension systems,
their evolution, and the remaining technological hurdles is
essential. This paper will explore the development of
hydraulic suspension designs, their applications across
different vehicle types, and the necessary advancements
required to meet future demands [1], [3].

A transition from simple passive systems to highly
complex active and semi-active designs highlight the
industry's pursuit of optimal performance across various
operational parameters. Passive systems, though cost-
effective and simple, lack adaptability to changing road and
load conditions. In contrast, active and semi-active
suspensions integrate advanced control mechanisms to
enhance ride comfort and stability while maintaining
efficiency [2], [3]. Fig. 1 illustrates the evolution of hydraulic
suspension systems, showcasing the shift from purely passive
designs to modern active and semi-active solutions that
incorporate key technological advancements over time.
These innovations aim to overcome current challenges and
pave the way for more intelligent and adaptive suspension
systems in the future.
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Fig. 1. Evolution of hydraulic suspension systems from passive to active
and semi-active systems

I1l. PASSIVE HYDRAULIC SUSPENSION SYSTEMS:
FUNDAMENTALS AND LIMITATIONS

Passive hydraulic suspension systems are the most
conventional type, widely used in half-axle and multi-axle
vehicles due to their relative simplicity and cost-
effectiveness. These systems rely on the interaction between
springs and shock absorbers to counteract vibrations and
maintain vehicle stability. The springs, whether coil or leaf,
serve as the primary load-carrying elements, while the shock
absorbers, containing hydraulic fluid, are designed to dampen
oscillations by converting Kinetic energy into heat through
viscous friction [4]. The design parameters of these
components, such as spring stiffness and damping
coefficient, dictate the response characteristics of the system,
determining its effectiveness under various conditions.

However, the fixed nature of passive suspension systems
presents a significant disadvantage. These systems cannot
adapt to varying road and load conditions, which limits their
effectiveness. For example, a suspension optimized for
smooth roads may oscillate uncontrollably on rough terrain,
while a system designed for high loads may be excessively
stiff when carrying lighter loads, leading to reduced ride
comfort [5]. Additionally, passive shock absorbers inherently
dissipate energy through heat generation, resulting in

inefficiencies. These limitations highlight the need for more
advanced suspension technologies capable of real-time
adaptability.

The lack of real-time adaptability in passive systems
directly impacts ride comfort and handling, particularly in the
dynamic operation of heavy-duty vehicles. This limitation
necessitates the development of sophisticated suspension
systems that can adjust their performance characteristics
based on environmental conditions. Advanced suspension
technologies, such as semi-active and fully active systems,
address these challenges by offering adjustable damping and
stiffness properties, enhancing vehicle stability and passenger
comfort [6]. Fig. 2 illustrates the impact of stiffness and
damper coefficient changes on passive system performance
over different terrains, emphasizing the drawbacks of a fixed,
pre-set suspension system.

Perfomance on Smocth Road 0 Gravel Perfommance on OffRoad

Fig. 2. Changes in spring stiffness and damping coefficient affect system
performance on various terrains.

IV. SEMI-ACTIVE HYDRAULIC SUSPENSIONS: ADAPTIVE
CONTROL STRATEGIES

Semi-active hydraulic suspensions represent a significant
advancement over passive suspensions by incorporating
adaptive control strategies. These suspensions retain the
simplicity of passive designs but integrate mechanisms that
adjust damping characteristics in real time based on sensor
inputs. This adaptability allows for optimized performance
across a broader range of operating conditions [2]. Various
control strategies are employed to achieve dynamic damping
adjustment. One common approach involves using variable
orifice dampers, where the flow resistance within the shock
absorber is modulated using electronically controlled valves
[3]. This enables continuous damping force adjustment,
tailoring the suspension response to specific road inputs and
vehicle dynamics. Another widely adopted approach utilizes
magnetorheological (MR) dampers, which contain a fluid
whose viscosity changes when exposed to a controlled
magnetic field. The electronically applied magnetic field
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directly influences the intensity of the damping force,
providing a highly responsive and adaptable suspension
system [7], [8].

Fig. 3 illustrates the working mechanisms of both variable
orifice dampers and MR dampers, highlighting the role of
sensors and controllers in providing feedback signals for
instant adjustments. The flowchart explains how vibrations
are detected by sensors, processed by controllers, and
translated into specific actions by actuators that adjust the
damping force through orifice modulation or viscosity
change. Semi-active systems offer several advantages over
passive suspensions, including the ability to adapt to
changing road conditions and load variations, which
enhances ride comfort and vehicle stability. Additionally,
semi-active suspensions are more energy-efficient than fully
active systems since they regulate the existing energy flow
rather than generating new energy for suspension control [9].
This feature is particularly valuable for heavy-duty vehicles,
where energy efficiency is a critical factor in operational
performance.

However, semi-active systems present certain challenges.
The complexity of control algorithms and the need for precise
sensor feedback increase both system cost and complexity.
Furthermore, the dynamic range of damping adjustment in
semi-active suspensions may be more limited compared to
fully active suspension systems [10], [11]. Despite these
limitations, research and development efforts continue to
focus on creating robust, reliable, and cost-effective semi-
active suspension systems for heavy-duty applications, such
as half-axle and multi-axle vehicles [12]. Advancements in
high-performance control algorithms and innovative sensor
technologies will be fundamental in pushing performance to
optimal levels and overcoming existing shortcomings [13].

Working of Variable Orifice and Magnetorheological Dampers
with Sensor Feedback Loops
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Fig. 3. Working of variable orifice dampers and magnetorheological
dampers with sensor feedback loops.

V. ACTIVE HYDRAULIC SUSPENSIONS: ADVANCED
CONTROL AND ACTUATION

Active hydraulic suspension systems represent the most
advanced form of suspension control, as they allow for the
variation of not only damping characteristics but also active

suspension force. Hydraulic actuators generate controlled
forces to counteract external disturbances and maintain
desired vehicle dynamics [6]. These actuators, often powered
by hydraulic pumps, provide both damping and active
suspension force, offering a level of control beyond what
semi-active systems can achieve. To function effectively,
active hydraulic suspensions rely on sophisticated control
algorithms that process sensor feedback from accelerometers,
displacement sensors, and wheel speed sensors. This precise
control enables the suspension system to dynamically adapt
to various road conditions and disturbances, significantly
enhancing ride quality and stability.

However, the advantages of active systems come at a cost.
The complexity of these systems—including actuators,
control electronics, and multiple sensors—results in
increased vehicle weight and higher implementation costs.
Additionally, the hydraulic actuators require a substantial
power input, which negatively impacts fuel consumption
[14]. This issue is particularly critical for heavy-duty vehicle
applications, where fuel efficiency is a key operational factor.
Due to these challenges, active hydraulic suspensions have
not been widely implemented in half-axle and multi-axle
configurations as originally anticipated. Despite these
hurdles, research continues to explore ways to reduce the cost
and energy consumption of these systems to make them more
practical for large-scale deployment [15].

One of the most crucial advancements needed for the
widespread adoption of active hydraulic suspensions is the
development of energy-efficient hydraulic actuators and
more robust control algorithms. Energy harvesting
technologies, such as regenerative hydraulic systems, could
help mitigate the high-power consumption associated with
active suspensions, making them more viable for heavy-duty
vehicles [16]. Additionally, optimization techniques, such as
Particle Swarm Optimization (PSO), are being explored to
fine-tune control parameters for optimal performance with
minimal computational effort [17]. These advancements will
be fundamental in enhancing the efficiency, affordability,
and practicality of active hydraulic suspension systems in
the future.

V1. HYDRAULIC SUSPENSION SYSTEMS FOR SPECIFIC
VEHICLE TYPES: HALF-AXLE VS. MULTI-AXLE

The design and implementation of hydraulic suspension
systems vary significantly depending on the vehicle type,
particularly in terms of the number of axles. Half-axle
vehicles, such as smaller trucks or buses, typically feature
less complex suspension systems compared to multi-axle
vehicles like heavy-duty trucks and trailers [4]. In half-axle
vehicles, the primary focus of the suspension system is on
ride comfort and handling, with load-carrying capacity being
a secondary concern. As a result, simpler suspension designs
are generally sufficient to meet performance requirements.
However, in the case of multi-axle vehicles, the demands are
much greater due to the increased number of axles and the
heavier loads they must support.
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For multi-axle vehicles, suspension systems must
accommodate the substantial weight and the intricate
interactions between multiple axles and suspension
components. The primary objective is to ensure stability,
minimize oscillations, and maintain ride comfort even under
heavy loads and dynamic conditions [5]. Additionally, proper
load distribution among multiple axles is crucial to prevent
uneven wear on tires and suspension components. Poor load
distribution can lead to premature failures and inefficiencies
in vehicle performance. This increased complexity
necessitates the use of advanced control strategies, often
involving sophisticated algorithms to regulate load
distribution and optimize damping characteristics across
multiple axles [18].

The challenges associated with multi-axle vehicle
suspensions highlight the need for further research and
development in  hydraulic  suspension technologies.
Innovations in control algorithms, robust actuator designs,
and advanced materials are essential in addressing these
challenges [19]. Furthermore, integrating high-precision
sensors and data analytics can enhance load distribution and
suspension performance. For example, recent studies are
exploring the design of controlled vane hydraulic shock
absorbers to improve damping characteristics and facilitate
energy recovery [20]. Such advancements will be crucial in
making hydraulic suspension systems more effective and
efficient for multi-axle vehicle applications.

VII. CHALLENGES AND FUTURE DIRECTIONS IN HYDRAULIC
SUSPENSION TECHNOLOGY

Despite the major successes achieved to date, much
remains to be done for the future of hydraulic suspension
technology, particularly concerning durability and reliability.
These factors remain critical due to the harsh environments
that hydraulic suspensions are exposed to in heavy-duty
vehicle operations. Components must be able to endure
enormous stress and wear over long periods, which
necessitates the use of high-strength, anti-corrosion materials
[2]. Additionally, while hydraulic suspension systems offer
substantial performance benefits, the initial investment,
maintenance costs, and potential repair expenses need to be
carefully balanced. Advanced systems, such as fully active
suspensions, tend to be expensive and require specialized
expertise for maintenance, which can make them less
appealing for some applications [7][8].

Environmental impact has become a growing concern,
especially in systems like active suspensions, which consume
significant amounts of energy. To reduce fuel consumption
and mitigate greenhouse gas emissions, there is a pressing
need to decrease the energy consumption of hydraulic
systems. A promising avenue for improving efficiency and
reducing environmental impact is the development of energy-
harvesting systems that capture energy from suspension
movement. Figure 4 illustrates the energy efficiency of
systems with and without energy harvesting mechanisms,
showing a substantial improvement in energy utilization
when these technologies are incorporated. Systems with

energy harvesting have an energy efficiency of 85%,
compared to 65% in those without such mechanisms.

Future research in hydraulic suspension technology
should focus on several key areas, including the integration
of advanced materials such as composites and high-strength
alloys to enhance durability while reducing weight.
Additionally, improved control algorithms, such as those
based on artificial intelligence (Al) and machine learning,
could further optimize suspension performance and adapt to
various operating conditions [21]. The development of more
efficient hydraulic components and the integration of energy-
harvesting technologies are crucial for the sustainability of
hydraulic suspension systems. Moreover, a comprehensive
understanding of the complex interactions between vehicle
dynamics, road conditions, and suspension components is
essential for designing optimal systems [22]. To accelerate
the development and optimization of these technologies,
simulation and modeling tools, coupled with sophisticated
testing methodologies, will be essential. Smart materials and
advanced sensor technologies will play a vital role in
enhancing system performance and providing added
functionality. [23]

In addition to these advancements, insights from
seemingly unrelated fields, such as the soil-vegetation-
hydrology system, could offer valuable lessons in
understanding dynamic interactions within complex systems.
These insights may provide a framework for improving the
modeling and behaviour of hydraulic suspension systems
under diverse conditions [24]. Furthermore, technologies
being developed for bipedal walking robots, while seemingly
disconnected, are closely related to control systems aimed at
understanding complex dynamics and balancing. These
technologies might contribute significantly to the
development of more sophisticated control algorithms for
hydraulic suspensions [25]. Similarly, research into
automated control systems for downhole hydraulic
production, although focused on fluid dynamics in a different
context, underscores the importance of advanced control
systems in achieving optimal performance [26]. The ongoing
research into fuzzy logic methods for hydraulic and
pneumatic systems also contributes to developing more
adaptive and efficient control strategies for hydraulic
suspensions [27].

Energyl%fficiency Comparison: Systems With vs Without Energy Harvesting
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Fig. 4. Compare the energy efficiency of systems with and
without energy harvesting mechanisms.

VI111.CONCLUSION: TOWARDS OPTIMIZED HYDRAULIC
SUSPENSION SYSTEMS

This literature review has identified great strides and
some persistent challenges that have characterized hydraulic
suspension technology for half-axle and multi-axle vehicles.
The progression from simple passive designs to complex
active and semi-active designs shows how the pursuit for
optimal performance with respect to ride comfort, handling,
load-carrying capability, and energy efficiency is continued.
Semiactive systems have indeed been very appealing because
of the balance they show between performance and cost-
effectiveness [2]. On the other hand, active systems have a lot
of potential, especially in terms of greater control and
adaptability, although they still face challenges in terms of
cost, complexity, and power consumption [7][8].

Future research and development should be oriented
toward overcoming the challenges by combining advanced
materials, improved control algorithms, and energy-
harvesting technologies. More durable, reliable, and cost-
effective hydraulic components are important to extend the
application of advanced suspension systems. In addition,
breakthroughs in related areas, such as materials science and
control engineering, also offer exciting future opportunities
for innovations in hydraulic suspension technology. These
developments will not only improve the performance and
safety of heavy-duty vehicles but also enhance fuel efficiency
and minimize environmental impact [9][21].

As advances in hydraulic suspension technology
proliferate, so does the potential for more optimization in
systems to accommodate changing demands in the field of
transportation. Such work as this study will form part of the
development of suspension systems that deliver improved
ride comfort and handling, while further meeting the rising
environmental and performance requirements of the
automotive industry [22][23].

REFERENCES

[1] G. Isacchi, Francesco Ripamonti. "On the implementation
of hydraulic-interconnected-suspensions at the primary
suspension stage of high-speed rail vehicles." Proceedings of
the Institution of mechanical engineers. Part F, journal of rail
and rapid transit (2024). 10.1177/09544097241257550.

[2] Yu-Ching Sung, Hanchao Liu. "A Study on Integration of
Energy Harvesting System and Semi-Active Control for a
Hydraulic Suspension System." None. None.

[3] Xiaoxu Sun, Yue Song, Yunfei Wang, Jin Qian, Zhixiong
Lu, Tao Wang. "Design and Test of a Tractor Electro-
Hydraulic-Suspension Tillage-Depth and Loading-Control
System Test Bench." Agriculture (2023).
10.3390/agriculture13101884.

[4] D. Crolla, D. Foster, , N. Vaughan. "Encyclopedia of
Automotive Engineering." None (2015).
10.5860/choice.191861.

[5] Wang Jian-jun, Jingyi Zhao, Wenlei Li, Xing Jia, Peng
Wei. "Research and Improvement of the Hydraulic
Suspension System for a Heavy Hydraulic Transport
Vehicle." Multidisciplinary Digital Publishing Institute
(2020).

[6] Pan Zhang, Huijun Yue, Pengchao Zhang, Jie Gu,
Hongjun Yu. "Research on an Adaptive Active Suspension
Leveling Control Method for Special Vehicles." Processes
(2024). 10.3390/pr12071483.

[7] Ran Zhang, Xu Wang, Sabu John. "A Comprehensive
Review of the Techniques on Regenerative Shock Absorber
Systems.” Multidisciplinary Digital Publishing Institute
(2018).

[8] Ran Zhang, Xu Wang, Sabu John. "&amp;nbsp;A
Comprehensive Review of the Techniques on Regenerative
Shock Absorber Systems." None (2018).

[9] Pablo Tapia, R. Galluzzi, Rogelio Bustamante-Bello.
"Energy Recovery from Automobile Suspension Vibration:
A Comparative Study." None (2023).

[10] 1109/ISEM59023.2023.10334754. 10. Ruichen Wang,
Fengshou Gu, Robert Cattley, Andrew D. Ball. "Modelling,
Testing and Analysis of a Regenerative Hydraulic Shock
Absorber System.” Multidisciplinary Digital Publishing
Institute (2016).

[11] Nguyen, T.. "A New Approach to Selecting Optimal
Parameters for the Sliding Mode Algorithm on an
Automotive  Suspension  System." Complex (2023).
10.1155/2023/9964547.

[12] Bartomiej Franczyk, J. Godasz. "Modelling and
Experimental Study of a Passive Frequency-Dependent
Vehicle Suspension Damper." Acta Mechanica et Automatica
(2024). 10.2478/ama-2024-0045.

[13] H. H. Hi, D. Sang. "Research on Control of Semi-Active
Suspension System Using Hydraulic Single-Tube Shock
Absorber.” JST: Smart Systems and Devices (2022).
10.51316/jst.160.ssad.2022.32.3.9.

[14] Xiaoming Shen, H. Peng. "ANALYSIS OF ACTIVE
SUSPENSION  SYSTEMS  WITH  HYDRAULIC
ACTUATORS." None (2004). None.

[15] X. Tang, Zhong Yun, Junrui Xu, C. Cai. "The design of
the magnetic and hydraulic suspension system on an axial
blood pump and the analysis of its mechanical properties."
IEEE Advanced Information Technology, Electronic and
Automation Control Conference (2017).
10.1109/IAEAC.2017.8054364.

[16] N. T, Alaguvathana P, Sujith S, Ravishankar G,
Santhosh Balaji S, Siva Abinesh R. "Raspberry Pi Assisted

© 2025, IJSREM | www.ijsrem.com

DOI: 10.55041/IJSREM41302 |

Page5


http://www.ijsrem.com/

%gé' ‘3;%

' TJSREM
e-Journal
Rl

VOLUME: 09 ISSUE: 02 | FEB - 2025

INTERNATIONAL ]OURNAL OF SCIENTIFIC RESEARCH IN ENGINEERING AND MANAGEMENT [I]SREM)
SJIF RATING: 8.448

ISSN: 2582-3930

Automatic Pressure Control in Hydraulic Systems." None
(2023). 10.1109/ICSTCEE60504.2023.10585172.

[17] Muhammad Khafidul Kirom, Anang Dwi Prasetyo,
Abiyyu Rizky Atmajaya, S. Mazlan, A. A. Ismail, Ignatius A.
Hendaryanto, I. Bahiuddin. "Simulation and Control System
Design of a Suspension Systems Test Rig Machine Using
Particle Swarm Optimization (PSO) Methods." None (2024).
10.1109/1CSIMA62563.2024.10675562.

[18] Vasyl Lyutenko, Denys Voloshyn, Ruslan
Bovsunovsky. "Improvement and research of a suspension-
shock absorber for attaching a hydraulic hammer to an
excavator." Bulletin of Kharkov National Automobile and
Highway University (2023). 10.30977/bul.2219-
5548.2023.101.2.110-114.

[19] Ewin, N.. "Traction control for electric vehicles with
independently driven wheels.” None. None.

[20] S. V. Kozeletov, S. V. Saveliev. "Mathematical model
of controlled vane hydraulic shock absorber." The Russian
Automobile and Highway Industry Journal (2023).
10.26518/2071-7296-2023-20-5-560-572.

[21] Essam Elsaed, M. Linjama. "A Review of Pilot-operated
Hydraulic Valves Development, Challenges, and a
Comparative Study." International Journal of Fluid Power
(2023). 10.13052/ijfp1439-9776.2443.

[22] lyasu Tafese Jiregna, Goftila Gudeta Sirata. "A review
of the vehicle suspension system." None (2020).

[23] Jiagi Chen, Han-Cheng Dan, Yongjie Ding, Yangming
Gao, Meng Guo, Shuaicheng Guo, Bingye Han, Bin Hong,

© 2025, IJSREM | www.ijsrem.com

DOI: 10.55041/IJSREM41302 |

Yue Hou, Chichun Hu, Jing Hu, Ju Huyan, Jiwang Jiang, Wei
Jiang, Cheng Li, Pengfei Liu, Yu Liu, Zhuangzhuang Liu,
Guoyang Lu, Jian Ouyang, Xin Qu, Dongya Ren, Chao
Wang, Chaohui Wang, Dawei Wang, Di Wang, Hainian
Wang, Haopeng Wang, Yue Xiao, Chao Xing, Huining Xu,
Yan Yu, Xu Yang, Lingyun You, Zhanping You, Bin Yu,
Huayang Yu, Huanan Yu, Henglong Zhang, Jizhe Zhang,
Changhong Zhou, Changjun Zhou, Xingyi Zhu. "New
innovations in pavement materials and engineering: A review
on pavement engineering research 2021." Elsevier BV
(2021).

[24] Zhongkai Li, Xiaoyan Li, Shan Zhou, Xiaofan Yang,
Yongshuo H. Fu, C. Miao, Shuai Wang, Guannan Zhang,
Xiuchen Wu, Chao Yang, Yuanhong Deng. "A
comprehensive review on coupled processes and mechanisms
of soil-vegetation-hydrology, and recent research advances."
Science China. Earth Sciences (2022). 10.1007/s11430-021-
9990-5.

[25] T. Mikoajczyk, E. Mikoajewska, H. Al-Shuka, T.
Malinowski, A. Kodowski, Danil Yurievich Pimenov, T.
Pczkowski, Fuwen Hu, K. Giasin, D. Mikoajewski, M.
Macko. "Recent Advances in Bipedal Walking Robots:
Review of Gait, Drive, Sensors and Control Systems." Italian
National Conference on Sensors (2022). 10.3390/s22124440.

[26] Zhomyruk, Ruslan. "DEVELOPMENT OF A
CONTROL SYSTEM FOR DOWNHOLE HYDRAULIC
PRODUCTION." None (2023). 10.31713/m1209.

[27] Filo, G.. "A Review of Fuzzy Logic Method
Development in Hydraulic and Pneumatic Systems."
Energies (2023). 10.3390/en16227584.

Page 6


http://www.ijsrem.com/

