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Whole-body vibration (WBV) is a significant concern for vehicle users as it can negatively impact their health and comfort. As
such, effective vibration isolation is critical in vehicle suspension design. The ability of a vehicle suspension to isolate vibrations
depends primarily on the suspension design and the type of springs used. One type of spring that has proven advantageous for
vibration isolation is the air spring. Air springs can vary frequencies and adjust their stiffness in response to different loading
conditions, making them ideal for meeting both suspension load-carrying and occupants’ comfort requirements. Pneumatic (air)
suspension has been in use in the automotive industry for several decades and has undergone significant advancements during this
period. This paper presents a systematic review of pneumatic suspension since its inception. The review highlights different air
spring modeling techniques, types of pneumatic suspension, and control methods. The study also discusses the functional
flexibility of pneumatic suspension, its ability to offer a wide range of control options to drivers, and its broad application in almost
all ranges of vehicles, including chassis, cabin, and seat suspension systems. In addition, this paper presents a summary of the pros
and cons of pneumatic suspension and suggests future research directions. The advantages of pneumatic suspension include
effective vibration isolation, improved ride comfort, and the ability to adjust suspension stiffness and ride height. On the other
hand, the disadvantages include higher cost and complexity compared to other types of suspension. Overall, the findings of this
review demonstrate that pneumatic suspension is a viable solution for vehicle suspension design, particularly in situations where
vibration isolation and ride comfort are critical.

1. Introduction

Whole-body vibration (WBV) has been a subject of con-
siderable interest for researchers due to its numerous ad-
verse effects on human health, particularly on the spine. Low
back pain caused by WBV has been reported in professional
drivers [1] with clinical studies indicating that WBV ex-
posure can increase spinal burdens [2] and raise the risk of
spinal and sciatic pain [3], muscle fatigue [4], and disc
injuries [5]. Long-distance commuters, particularly pro-
fessional drivers, rank second in occupational-related ill
health due to severe musculoskeletal disorders from

continuous WBV exposure [6]. Heavy truck and off-road
vehicle drivers, in particular, have a higher risk of back
injuries due to constant WBV exposure.

Ride comfort for drivers and passengers can be influ-
enced by various factors, such as road roughness, vehicle
suspension system, seat suspension system, and cabin sus-
pension system (in heavy commercial trucks) [7]. Although
minor, the noise and vibration generated by internal
combustion engines can also impact ride comfort [8]. Tie-
messen et al. reported that acceptable suspension acceler-
ations for working vehicles in European countries should be
between 0.5 and 1.5m/s’ for 8hours of continuous
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operation, with limit values, due to the high social cost of
musculoskeletal diseases associated with working in low-
frequency vibration environments [9]. The International
Organization for Standardization (ISO) discovered that as
vertical acceleration increases, ride comfort decreases, and
the level of WBYV increases (ISO 2631-1 1997). Therefore, it is
crucial to design vehicle suspension systems that effectively
isolate vibrations, provide comfort, and reduce the risk of
adverse health effects due to WBV exposure.Given the
significant impact of vibration on human health, the au-
tomotive industry places great importance on designing and
manufacturing vehicles that reduce vibration to the barest
minimum. This has led many (ISO) discovered that as
vertical acceleration increases, ride comfort decreases, and
the level of WBYV increases (ISO 2631-1 1997). Therefore, it is
crucial to design vehicle suspension systems that effectively
isolate vibrations, provide comfort, and reduce the risk of
adverse health effects due to WBV exposure.

Given the significant impact of vibration on human health,
the automotive industry places great importance on designing
and manufacturing vehicles that reduce vibration to the barest
minimum. This has led many researchers to explore various
approaches to achieving optimal vibration isolation. Some
researchers focus on improving the vehicle’s primary sus-
pension system to reduce input vibration from the road
through the chassis into the human body [10-12], while others
aim to enhance the vehicle seat suspension design [13]. Some
studies integrate chassis suspension and seat suspension sys-
tems to isolate the vibration transmitted to the human body
[14, 15]. Additionally, researchers have investigated reducing
the vibration transmitted through the vehicle cabin suspension
system [16]. The primary means of isolating vibration in au-
tomotive vehicles is through some form of spring action, with
metallic springs, hydraulic springs, and pneumatic springs
being the most common types used. Air springs are considered
the most versatile among these springs, and air suspension is
expected to be the fastest-growing market compared to other
suspension systems. This is partly due to the increased use of air
suspension in buses in the Asia Pacific region, where gov-
ernments in countries such as China and India focus on fuel
efficiency and comfortable public transport, driving the de-
mand for air suspension in buses [17].

The primary contribution of this study is to provide
a comprehensive review of the evolution of pneumatic
spring suspension as a medium for vibration isolation. The
study identifies the various types of suspension, air spring
modeling techniques, control methods, and applications of
pneumatic suspension in different areas of the vehicle
suspension. The study also identifies research gaps, analyzes
the prospects and challenges of pneumatic suspension, and
provides future research directions to optimize vibration
isolation and improve the ride comfort of vehicle users.
Opverall, this study contributes to the field of vehicle sus-
pension by providing a detailed and up-to-date overview of
the pneumatic suspension system, its advantages and dis-
advantages, and potential future developments. It serves as
a valuable resource for researchers, engineers, and industry
professionals working in the field of vehicle suspension and
vibration isolation.
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This paper is organized as follows. Section 2 defines the
functions of the vehicle suspension system and provides an
overview of air suspension, as well as the differences between
passive, semiactive, and active suspension. Section 3 outlines
the air suspension control systems, while Sections 4 and 5
review the cabin air suspension of heavy and off-road vehicles
and the application of air suspension in off-road vehicle seat
suspension, respectively. Section 6 presents a general summary
of the key findings. Finally, Section 7 presents the main
conclusions, research gaps, and future projections.

2. The Functions of the Vehicle
Suspension System

The suspension system is a critical component of any vehicle,
and it primarily consists of three key elements: springs,
dampers, and linkages, that connect the chassis to the axle and
the road wheels. The primary purpose of the suspension system
is to support the vehicle’s weight and provide a smooth ride for
its occupants by isolating them from the vibrations caused by
road irregularities. In addition to providing a comfortable ride,
the suspension system also plays a vital role in maintaining the
stability of the vehicle. By keeping the tires in contact with the
road surface, the suspension system offers resistance to lateral
movement, pitching, and rollover. This ensures that the vehicle
remains stable and easy to handle under all driving conditions,
including during sudden maneuvers or in adverse weather
conditions. The springs in the suspension system absorb the
shocks caused by road irregularities, such as bumps or potholes,
and provide the necessary support to the vehicle’s weight.
Meanwhile, the dampers (also known as shock absorbers)
control the movement of the springs and prevent the vehicle
from bouncing excessively. The linkages connect the various
components of the suspension system and help to distribute the
weight of the vehicle evenly, ensuring that the suspension
system works effectively [18, 19].

2.1. Pneumatic Chassis Suspension System. A pneumatic
suspension system is basically a type of suspension where air
bellows (air springs), made mostly from textile-reinforced
rubber, are used as the primary or sole vibration isolation
medium. The air springs are filled with air from an engine-
driven or electrically powered air compressor, raising the
chassis from the axle. Due to their low natural frequency, air
springs provide a more comfortable ride and a constant ride
height irrespective of the vehicle load [20, 21]. The pneumatic
suspension was predominantly used in trucks and buses but
has evolved tremendously to a microprocessor-controlled
precision system capable of much more than a conventional
spring. Unlike metallic springs, the deflection of an air spring
(suspension travel) is not proportional to its load, enabling it to
function as a spring and at the same time to be used to raise and
lower the vehicle ride height. Air suspension can be used with
any damping system, including magnetorheological adaptive
dampers and variable stiffness antiroll bars. Alternatively, air
springs can be used independently of the dampers, particularly
at the rear, and are arguably considered the most comfortable
suspension ride [22].
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2.2. Main Components of Pneumatic Suspension

2.2.1. Air Springs. An air spring can be described as an
elastomeric bellow which can expand and contract to absorb
externally excited vibrations according to the amount of
compressed air charged into it or discharged out of it. As shown
in Figure 1, air springs come in different sizes and shapes, such
as the convoluted bag (single, double, and triple convoluted)
[23]. The structure of the convoluted air spring includes a bead
plate permanently attached to the bellows, making it more
laterally flexible than other designs. The tapered sleeve offers
a little more adjustability to ride height and is designed to fit
well in tighter areas. The rolling sleeve air spring consists
mainly of a bellow, a piston, and an upper plate, which in some
cases can be varied according to the deformation of the di-
aphragm (guided rolling sleeve) to influence the spring’s lateral
stiffness [24]. Hence, the rolling sleeve air spring provides
lateral flexibility and ride height adjustability for specific ap-
plications. The difference between the tapered and rolling
sleeves is their variation in ride height, and they are designed to
fit different vehicle applications [25]. Air springs are rated
based on their load-carrying capacity, which is directly linked
to the effective surface area (A,)) [26]. The air spring’s internal
pressure (P;) is the main determining factor of its natural
frequency and stiffness, defining the overall air suspension
stiffness (supporting force, F) where F = P; x A, [27]. The
effective surface area A, is determined by the effective diameter
(dw). Although air spring modeling is analogous to a large
extent, their application difference requires that they come in
varied designs. Also, the design difference can influence the
spring performance. A case in point is the effective area, which
is a critical parameter that defines the correlation between the
air spring’s internal pressure and the spring plate’s force. This
can be varied with displacement in some designs such as air
springs with U-bellows where the lowest point of the fold
determines the effective area, consequently influencing the
spring stiffness (positively or negatively) even at constant in-
ternal pressures [28].

2.2.2. Air Supply. The air supply of a vehicle’s pneumatic
suspension system comprises mainly a compressor, mostly
engine-driven or electrically powered, which generates air
under pressure, and the air is stored in cylinders. Most
vehicles that use pneumatic suspension also use other air-
dependent systems such as braking, transmission, and
auxiliary purposes. For this reason, the choice of a com-
pressor depends on the needs of the vehicle’s air operating
system. In vehicles such as heavy trucks and buses, where the
air-dependent systems are very high, the air compressor is
also required to be of a higher capacity, so they usually
employ engine-driven mechanical pumps, except for elec-
tric-powered vehicles. However, in smaller vehicles where
the air is only used for suspension purposes, portable
electrically operated air pumps/compressors are often used.

The main parameters of any air compressor are capacity,
pressure, horsepower, and duty cycle. The performance pa-
rameters of air compressors are determined through various
modeling techniques, such as statistical correlation-based
models where the compressor output is calculated following

polynomial equations and using geometric, isentropic, and
volumetric efficiency variables. Other categories of models are
phenomena-oriented models, where the compressor com-
pression chamber is divided into control volumes (pre-
compression, compression, and postcompression) based on
the compressor’s general internal occurrence [29]. Mean-
while, in construction-oriented models, differential-algebraic
equations (DAB’s) are used to calculate the performance
control characteristics of each related individual component
in the compressor and then summed together relative to the
mass flow and energy (entropy/energy) to define the output
[30]. Since this review focuses mainly on the evolution of
pneumatic suspension, the study did not include a deeper
analysis of air compressor performance.

2.2.3. Control Valves. Most pneumatic suspension systems
employ solenoid-operated valves to regulate airflow from the
high-pressure tank to the air spring and pneumatic actuators
in the active suspension system [31]. This is because solenoid
valves have been proven to be very effective in the precise
metering of air pressure for optimal flow control. Solenoids
offer fast and safe switching, high reliability, long service life,
good medium compatibility of the materials used, low
control power, and compact design [32]. Figure 2 shows
a schematic diagram of multiple air suspension solenoid
valves placed together on a manifold block.

All solenoid valves are modeled to comprehend their
functional characteristics, which are used to grade their
specifications for relevant applications. There exists a lot of
literature relative to solenoid valve functionality and perfor-
mance. Wong et al. proposed a fault-tolerant control meth-
odology for solenoid valve degradation in electronic control air
suspension (ECAS) based on finite-time stability constraints
[33]. Gao et al. proposed a compounding approach for the
determination of mass flow rate characteristics of high-pressure
pneumatic components (HPPCs) through instantaneous pol-
ytropic exponents in the discharge process [34]. Also, Righ-
ettini et al. evaluated the sonic conductance of a pneumatic
actuator valve using the piston position transducer [35]. In the
study of Zhang et al., the flow field of a three-way solenoid valve
is modeled taking into account the aerodynamics, magnetic
circuit, and mechanical motion using computational fluid
dynamics for response characteristics analysis. The experi-
mental validation findings revealed that at a suitable working
frequency, the action frequency has no significant influence on
the valve’s response characteristics [36].

2.3. Types of Pneumatic Suspension System

2.3.1. Passive. A passive pneumatic suspension system
consists of an energy-storing element (air spring) and an
energy-dissipating element (damper), placed between the
chassis and the vehicle’s axles. In pneumatic suspension, air
springs and dampers are the main components used for vi-
bration isolation. It relies solely on these elements to control
the vehicle’s dynamics, such as vertical motion, pitch, and roll.
It is passive because the suspension elements cannot generate
or add energy to the suspension system. As a result, passive
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FIGURE 1: Types of air springs: (a) double convoluted, (b) tapered sleeve, and (c) rolling sleeve.
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FIGURE 2: Air suspension solenoid valve block.

vibration control involves an inherent compromise between
low-frequency and high-frequency vibration isolation [37].
Passive suspension is a conventional vibration isolator that
depends only on the air spring’s natural frequency to control
the vehicle’s body and wheel displacement by limiting their
relative velocities at a pace that gives an acceptable ride
comfort. Vibration attenuation is only effective in a high-
frequency range but suffers from the low-frequency domain,
such as 1 to 10 Hz [38]. However, vibration isolation can be
significantly optimized in passive air suspension systems
through careful and proper modeling of the air spring.
Currently, there are four main categories of air spring
modeling techniques. One such model is the thermodynamic
model, which relies on mechanical and thermodynamic laws
to describe the physical occurrences in the suspension system.

The air spring volume variations are determined using energy
conservation law and mass. Also, the variations of an air
spring’s stiffness are directly proportional to its varying ef-
fective area, just as its volume is proportional to the height
[39]. Meanwhile, the model’s input parameters are often
collected experimentally. This model category usually ignores
the air spring’s lateral characteristics and concentrates mainly
on its vertical characteristics.

Thermodynamic models can be categorized into various
classes based on the types of elements used for vibration
isolation, such as the auxiliary chamber, leveling valves,
bellow, orifice, and pipelines. Additionally, these models can
also be grouped based on physical phenomena like heat
transfer, friction loss, and inertia, among others [28, 40, 41].
In the literature [24, 42], the heat exchange in air springs is
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evaluated isothermally and adiabatically to define their
physical behavior. Similarly, Spiroiu reported that when the
frequencies are above 0.3 Hz, the process can be termed
adiabatic, and frequencies ranging from 0.1 to 0.3 Hz are
deemed polytropic, while frequencies below 0.1Hz are
isothermal processes [43]. This claim was however chal-
lenged by Pintado et al. whose experimental research
findings revealed otherwise. The study’s results demon-
strated that as the frequency increases, the polytropic in-
dexes in both the air spring and reservoir decrease and
eventually reach an isothermal state for frequencies above
0.3Hz (0.1 Hz for the reservoir) [44]. This suggests that at
higher frequencies, the compression and expansion of the air
occur more rapidly, resulting in a more isothermal process.
Another category of models is the analytical model,
which can also be classified into membrane-based and
geometrical-based models. These models are promulgated
by extensively studying and analyzing the behavior of the air
spring under different conditions so that when certain
characteristics are repeatedly exhibited over time under
some specific conditions, a generalization could be made.
The membrane class of models primarily defines the air
spring stiffness and other relevant features such as the
variations of the air bellow shape and the related spring
fatigue using the material characteristics to determine the
diaphragm contortion [45]. Studies [46, 47] show that the
dynamic inflation of nonlinear rubber-like membranes is
modeled using hyperelastic and viscoelastic models in
a three-dimensional finite formulation. Eitzen et al. modeled
an air spring to define its fatigue by relying on the cord-
rubber microscopic loadings [48]. Equally, Verron and
Marckmann computed the membrane coordinates of a cy-
lindrical rubber bellow in a cubic B-spline model to de-
termine the shape when inflated [49]. On the other hand, the
modeling uncertainties are mostly geometrical-based, re-
lying on the air spring’s effective area and some assumptions
and simplifications as a function of height. To this extent,
different air spring stiffness models have been researched.
For example, the vertical stiffness of a rolling lobe air spring
and the rate at which the spring’s effective area changes were
investigated [50], and the quasi-static vertical stiffness of
a belted air spring was also studied [51]. Similar reports
analyzed the stiffness of a convoluted air spring with one
lobe and a double-convoluted air spring [52-54].
Mechanical or phenomenological models are considered
yet another famous category of air spring models, such as the
Nishimura linear model, Berg’s model, Simpack FE83, and
vampire model (vertical and lateral) [55, 56]. In mechanical
or phenomenological models, the suspension is modeled
based on physical-mechanical circuits such as dashpots,
springs, and mass, deriving the parameter values experi-
mentally. These models are widely used in multibody sim-
ulations due to their fast and easy implementation. An air
spring’s vertical and lateral behavior can be described by
connecting it parallel to a linear viscous dashpot. The
nonlinearity of the suspension air spring is not factored in
this simple mechanical model. Therefore, it has limitations
on quasi-static simulation applications. However, it is ap-
plied in many vehicle suspension simulations. For instance,

the effects of an auxiliary chamber and air pipeline pa-
rameters on a pneumatic suspension system performance
are modeled using the vampire model [55], and the influence
of parameter estimation of the airbag, rubber spring, and
auxiliary reservoir on the suspension stiffness was also in-
vestigated [43]. Among the various models under this cat-
egory, the Nishimura linear model and Simpack FE83 model
are deemed to be more accurate in depicting the actual
behavior of an air spring, and this is because both models
factor in the viscous damping, including modeling the effect
of air spring orifice and connecting pipelines.

Furthermore, finite element models (FEMs) are con-
sidered to be one of the sophisticated and eflicient categories
of suspension system models, which allow room for creating
a very precise and customized parameterized model.
However, due to their sophistication and the difficulty in-
volved in linking them to the multibody simulation, FEMs
are not commonly applied compared to other related
models. FEM simulations are primarily centered on the
influence of the construction parameter of the stiffness of the
bellows, and they conform to 2D and 3D axisymmetric
models. The impact of the bellow construction parameter on
its static vertical stiffness is evaluated using fiber-imple-
mented shell models developed in Abaqus, which is the most
employed software [26, 56, 57]. Meanwhile, some studies
employed ANSYS, which is a multiphysics modeling tool
suitable for many engineering disciplines. Even though the
effectiveness of a passive suspension system varies per road
profile [58], the advantages of this type of suspension system
are fewer parts and cheap production costs. It is also very
reliable, making it the preferred choice for many heavy
commercial vehicles and the production of low to average-
cost vehicles over the years.

2.3.2. Semiactive. Min et al. first presented the semiactive
suspension in the 1970s. It has attracted so much attention
for its remarkable vibration isolation ability [59-62]. In
a typical semiactive pneumatic suspension, vibration iso-
lation optimization is achieved through active dampers or by
simply regulating the air flow to and from the air springs to
vary their stiffness without using actuators. The dampers
function as actuators with variable force-speed character-
istics and always act in opposition to the motion of the force
generated. They require very low power consumption
hardware to implement. This is because semiactive sus-
pension systems only need a power input to actuate their
modulating devices, but not directly for the generation of the
actuation force. So, the semiactive suspension has a very
minimal impact on the vehicle’s overall energy
consumption.

Commonly used semiactive actuators are hydraulic or
pneumatic shock absorbers with controllable orifice areas,
operated by controllable quick-operating valves, mostly
solenoid valves or servo-valves [63, 64]. These dampers
include magnetorheological (MR), electrorheological (ER),
and electromagnetic dampers. One common category of
pneumatic dampers includes those with double chambers
whose characteristics are primarily governed by airflow



control between connections. In this category of shock
absorbers, valves are relied upon to create pressure differ-
ences between cavities/chambers. The vibrational energy
dissipation is achieved through the process of air transfer
from one cavity/chamber to the other. The degree of
pneumatic shock absorbers’ elastic damping characteristics
is determined by their control valve design and calibration.
According to Khamitov et al., pneumatic dampers’ vibration
absorption ability can be optimized by carefully modeling
and defining their principles of operation relative to ther-
modynamic parameters through differential equations and
the system’s dynamic equation [65]. The idea of a semiactive
pneumatic damper was patented in 1977 by Somm et al. and
subsequently by Hiramoto et al. [66]. An active damping
pneumatic damper design was also reported by Khamitov
et al. In this design, the vertical vibration damping varies
through intermittently reducing and restoring airflow to and
from the two cavities of the primary vibration-absorbing
element in proportionate to the external perturbation, which
causes a reduction in the potential energy and consequently
results in a decrease in the repulsion path [67]. Additionally,
an adaptable pneumatic damper designed to achieve dif-
ferent damping characteristics through a high-precision
piezoelectric valve regulating airflow between the inlet and
outlet Horbiger plates was investigated by Mikutowski
et al. [68].

Similarly, various types of hydropneumatic suspen-
sion (HPS) systems have been developed for different
vehicle suspension applications, including the single
chamber HPS, double chamber HPS, and connected HPS
[69]. Typically, HPS structures feature an external accu-
mulator to achieve recovery characteristics, as well as
a hydraulic damping system that uses a throttle valve to
obtain ideal damping performance. Researchers have also
proposed an HPS design with an integrated gas chamber
in the cylinder, which separates the hydropneumatic
medium using a floating piston or diaphragm [70]. While
this structure is more compact, the floating piston pres-
ents a significant challenge for seal design. In recent years,
more scholars have begun to explore the design of ad-
justable HPS systems to address the conflict between
vehicle ride comfort and handling stability. For example,
Theron and Els designed an HPS structure consisting of
a hydraulic cylinder connecting the vehicle body to the
unsprung mass, two nitrogen-filled accumulator springs,
and two damper ports to achieve two-stage elastic force
output [71]. The simulation results showed an improve-
ment in HPS performance, although this structure could
not actively adjust spring force.

Generally, pneumatic actuators are difficult to model
mathematically due to their nonlinear characteristics and air
thermodynamic properties occurring during compression
and the fact that energy transfer and dissipation involve heat
transfer which is influenced by the system’s internal friction.
Moreover, semiactive pneumatic shock absorbers’ efficiency
is theoretically very high. However, they cannot adapt and
respond swiftly to system changes in real time due to the
compressibility nature of air and the operational speed of the
control valves. As a result, many pneumatic semiactive
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suspension systems feature MR and ER dampers with air
springs instead [72].

For instance, Ahamed et al. designed an MR damper that
combined energy generation and MR damping to achieve
controllable damping force by controlling the voltage of the
driving circuit to change the magnetic field strength of the
excitation core [73]. While the performance of the MR
damper was improved compared to traditional passive
suspension, its output force range was limited due to ma-
terial properties. Sun et al. changed the damping modes of
the vehicle air suspension system by adjusting the states of
high-speed on-off valves based on a single-cylinder shock
absorber, establishing a mixed logic dynamic model with
continuous and discrete system inputs and solving a con-
strained optimal control problem to manage the switching
series of damping modes [32]. Karimi et al. achieved col-
laborative control of the stiffness and height of the vehicle
HPS system by controlling the gas pressure in two additional
air chambers of the air spring [20].

When magnetorheological (MR) dampers are used in
combination with pneumatic suspension, the overall sus-
pension performance can be significantly improved in
several ways.

Firstly, the real-time adjustability of the MR dampers can
enhance ride comfort by adapting to varying road conditions
and driving situations. The dampers can adjust their stiffness
and damping force in response to changes in the road
surface, providing a smoother and more comfortable ride for
passengers.

Secondly, the combination of MR dampers and pneu-
matic suspension can improve handling and stability during
cornering and other maneuvers. The MR dampers can adjust
their stiffness to provide better body control, while the
pneumatic suspension can keep the vehicle level and stable,
resulting in a safer and more enjoyable driving experience.

Thirdly, the combination of MR dampers and pneumatic
suspension can provide better road holding by keeping the
vehicle level stable over varying road conditions. The
dampers and suspension can work together to absorb and
dissipate energy from bumps, potholes, and other road ir-
regularities, ensuring a stable and comfortable ride.

Fourthly, pneumatic suspension can automatically ad-
just the ride height of the vehicle to compensate for changes
in load, while the MR dampers can further improve ride
comfort and handling during load changes.

Finally, the real-time adjustability of the MR dampers
can also help to reduce energy consumption by adjusting
their stiffness and damping force in response to the driving
situation, reducing the amount of energy needed to maintain
vehicle stability and control.

2.3.3. Active Pneumatic Chassis Suspension. The active
pneumatic suspension uses an onboard computer man-
agement system to control the suspension dynamics for
enhanced performance. It uses sensors for the relevant signal
gathering, based on which actuators are triggered to respond
to the suspension needs [74-76]. The active pneumatic
suspension has three main control functions; vehicle height,
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ride comfort, and vehicle stability control, and the actuation
force direction is independent of the actuator speed. This
feature enables it to control the ride height and cater to the
varying vehicle body motions such as roll, pitch, and heave
resulting from the longitudinal and lateral accelerations. The
pressure control range of active air suspension is also
widened to maintain a uniform performance quality under
all loading and driving conditions. However, the generation
of positive mechanical force requires a significant power
input, which heavily impacts the vehicle’s overall energy
consumption. Figure 3 shows a schematic diagram of an
active air suspension system workflow [77].

3. Air Suspension Control

Suspension controllers play a pivotal role in the successful
management of both semiactive and active suspension
systems. They are electromechanical units responsible for
gathering all suspension system input data, based on which
implementation decisions are taken to respond to the vehicle
suspension needs.

3.1. Semiactive Suspension Control. Semiactive control not
only requires very minimal external energy acting as
a controlled force but also has been proven to be more
reliable and performs more stable than active control sus-
pension. It also operates effectively over a broader frequency
range and performs more flexibly than passive control.
Hence, semiactive control systems are widely employed in
many vehicle suspensions [64, 78]. There are three categories
of semiactive control strategies: classical control, modern
control, and intelligent control. Meanwhile, semiactive
controllers are only capable of varying the viscous damping
coefficient of the damper but cannot generate any external
actuation force [79]. Semiactive controllers are compara-
tively cheap to employ because the algorithms required to
vary their damping coefficient are simple and stable [78].
Classical control algorithms mainly include skyhook,
groundhook, and hybrid control. Also, these algorithms do
not depend much on the suspension model [80-84]. Sim-
ilarly, modern control methods comprise mainly of model
predictive control, optimal, and robust control algorithms.
Under intelligent control, neural network control, fuzzy
control, and genetic algorithm are the most featured algo-
rithms. These control algorithms are capable of eliminating
or reducing the nonlinearity, time-varying, and uncertainty
characteristic effects.

Industry players and academia have researched deeply
into various effective ways of realizing semiactive air sus-
pension systems. Vehicle comfort and handling were im-
proved by connecting the air springs to auxiliary air tanks
through pipelines with different parameters. Choosing
a short but large diameter pipe improved the ride comfort,
whereas airflow through a long but small diameter pipe
stiffened the suspension and enhanced vehicle handling.
Switching between configurations is achieved by simply
regulating airflow through the corresponding solenoid
control valves, which operate according to the prevailing

road condition information acquired through a GPS [85]. In
a similar development, the characteristics of a semiactive
pneumatic suspension system are achieved using a magne-
torheological damper. The system uses a skyhook controller
that relies on GPS-obtained road condition information and
vehicle velocity to arrive at a decision map to control the gas
flow and the current supply to the magnetorheological
dampers to realize two feasible stiffnesses, four feasible
damping configurations for improved vehicle ride and
handling qualities [86].

3.2. Active Pneumatic Chassis Suspension Control.
Although much research has been done to improve semi-
active controllers, as elaborated in the previous section,
semiactive controllers still operate within a very limited
scope because the damping coefficient regulation depends
on a predetermined logic (optimal or heuristic), which af-
fects its efficiency for practical application. Therefore, it
necessitates the development of active controllers capable of
estimating the suspension system’s demands and responding
promptly to satisfy the predefined control objective through
an externally produced actuation force. Vehicle active
suspension is a complex electromechanical system with
several complex varying factors that sometimes require
learnable and adaptable controllers to overcome. Re-
searchers and engineers have explored different control
theories to satisfy different control objectives for optimal and
robust vehicle suspension control [87]. Most researchers
working in using air springs for active vibration control have
often used the air spring as a force actuator. Some re-
searchers worked on time delay control and used air mass
flow as the control input [88, 89].

A robust active suspension system capable of handling
suspension nonlinearities, uncertainty in the vehicle model
parameters, and preload-dependent variation was designed
by Xiao et al. for transit buses [90]. Zhao et al. employed the
backstepping technique to control an active air suspension
ride height to converge on a neighborhood of the desired
height, achieving global uniform ultimate boundedness
(GUUB); the control technique required designing pa-
rameter estimators and introducing some conservativeness
in the control law to dominate the unmodeled dynamics
[91]. However, most control theories show very feasible
results during simulation but still suffer functional problems
when implemented as hardware-in-the-loop controllers.
This is partly because they lack proper data processing
modules to digest and accurately interpret the data to trigger
actuation effectively. An active pneumatic suspension
control system mainly has three control options, namely,
pressure-based, ride height-based, and combo control
systems.

3.2.1. Pressure-Based Control. The pressure-based electronic
control system is a control system that uses the air pressure
in the air spring to predict the suspension position, which
then translates to the vehicle ride height. This control
method relies solely on the air pressure and does not use any
sensors to measure the actual suspension position. The
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FIGURE 3: Active air suspension workflow.

system assumes a linear relationship between the air
pressure and the ride height, and the spring rate is as-
sumed to be constant. When the air pressure in the air
spring changes, the ride height of the vehicle also changes
accordingly. This control method is simple and easy to
implement, but it only functions properly in reasonably
well-balanced vehicles which do not experience signifi-
cant load changes during operation. Meanwhile, the
weight of passengers and luggage can cause fluctuations in
the sprung mass of a vehicle, making it challenging to
maintain a constant value. Moreover, various factors, such
as road conditions and terrain, can affect the amount of air
pressure needed to maintain a consistent ride height. As
a result, it may no longer be reasonable to assume that
a specific air pressure will always correspond to a par-
ticular ride height [92]. The equation for this control
method is as follows:

h=" (1)

where h is the ride height, P is the air pressure in the air
spring, and k is the spring rate. This equation assumes
a linear relationship between the air pressure and the ride
height, and the spring rate is assumed to be constant.

3.2.2. Ride Height-Based Control. The ride height-based
system is a control system that controls the suspension based
on signals gathered from individual vehicle body height
sensors mounted at vantage points to directly measure the
suspension’s actual position. This control method uses
feedback control to adjust the force applied to the sus-
pension based on the difference between the desired ride
height and the actual ride height. The damping coefficient is
used to control the rate of change in the suspension position.
The equation for this control method is

h desired dh actual
F= k( hactual ) * C( dt )’ 2)

where F is the force applied to the suspension, k is the spring
rate, h desired is the desired ride height, / actual is the
measured ride height, ¢ is the damping coefficient, and dh
actual/dt is the velocity of the suspension.

As a result, a much better control response is achieved,
and the performance is not hampered when the sprung mass
varies. However, a ride height-based control system is prone
to suffering cross-loading. This is a condition where the ride
height is achieved radically by overinflating the horizontal
corner air springs far more than the other springs, thus
exceeding the acceptable side-side air pressure variation
range of 20% maximum. When this happens, even though
the correct ride height is achieved, the vehicle handling will
be badly compromised [93, 94].

3.2.3. Combo. This control method combines the feedback
control of the ride height-based system and the feedforward
control of the pressure-based system. The spring rate for the
suspension is based on both the ride height and the air pressure
in the air spring, and the damping coefficient is used to control
the rate of change of the suspension position. By combining
both control methods, the combo system achieves a better
control response and is less prone to cross-loading than the ride
height-based system. It also has a broader system control range,
resulting in optimum active pneumatic suspension perfor-
mance and empowering vehicle users to choose their preferred
configuration to meet all driving demands [95, 96].

Most modern vehicles are equipped with active pneu-
matic suspension systems that include self-leveling, raising,
and lowering functions. These features prevent the vehicle
from sagging when carrying heavy loads or towing, reducing
air drag and enhancing safety during high-speed driving.
Electronic control air suspension (ECAS) height adjustment
function in trucks makes loading and unloading operations
easier. Additionally, adjusting the height of the third axle
according to momentary requirements can significantly
improve the performance and driving properties of a truck
as well as reduce tire wear [97-100]. Figure 4(a) illustrates
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a classical schematic diagram of ECAS vehicle height ad-
justment based on the static equilibrium position state
observation algorithm [101]. Figure 4(b) also depicts the
layout of the air suspension system using active air spring
dampers [20].

Typically, ride height adjustment is achieved by charging
and discharging compressed air into and from air springs.
These air springs contain variable mass systems, which in-
volve aero-thermodynamic and vehicle dynamic processes.
When equipped with self-leveling functionality, the vehicle
body can be suspended more softly, leading to improved
driving comfort, while maintaining ground clearance under
all loading conditions. Additionally, track or camber
changes are avoided when the vehicle is laden, and the ball
joints experience less wear due to reduced working angles
[91, 102]. This type of air suspension control provides vehicle
users with the flexibility to adjust the vehicle’s height as

required to meet their loading and driving needs. At the
cutting edge of active suspension systems lies the ABC
(Active Body Control) system, which is currently in series
production in the Mercedes CL and S Class. This system
compensates for pitch and roll forces and effectively controls
body vibrations caused by road roughness [103].
Extensive research has been conducted on advanced
pneumatic suspension systems. For example, an ADAM
software-created basic air suspension model was explored,
relying on air spring performance curves measured at
varjous air pressures and corresponding displacements to
define suspension positions at all wheels. Leveling valves
were used to regulate suspension stiffness and maintain
vehicle ride height [104]. Yin et al. developed a novel way to
control suspension stiffness and vehicle ride height to suit
different driving and loading conditions [92]. They achieved
this through a tuning submanagement system that regulates
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accumulators and a double-acting air cylinder. Eskandary
et al. studied and experimentally validated an optimized air
suspension design capable of tuning suspension stiffness and
ride height [20]. They based the design optimization on
a careful analysis of the suspension system, arriving at
mathematical equations that determine the optimum ac-
cumulator volume and equilibrium air chamber pressures
necessary to maintain the desired vehicle height regardless of
the load. Bouvin et al. studied a two-degree quarter car
pneumatic self-leveling suspension model using the Com-
mande Robuste d’Ordre Entier (CRONE) approach to im-
prove system robustness and stability while minimizing
parameter requirements and offering a high degree of design
specification freedom [105].

Previous studies developed and tested a full car non-
linear model for an electronic air suspension (EAS) on a city
bus [106, 107]. They used a charging/discharging gas mass
variation system to define the air spring thermodynamic
behavior and fuzzy sliding mode control (FSMC) to establish
the optimal control law to manage the vehicle height and
minimize pitching and rolling effects on vehicle stability. Xu
et al. used a variable structure technique and fuzzy control
theory to design a hierarchical controller that manages an
electronic air suspension [102]. They first mathematically
modeled the system to ascertain ride height decentralized
control and the vehicle’s body dynamics centralized control
parameters, relying on three-point sensor signals to describe
the degree and rate at which the vehicle pitching and rolling
angles deviate to assign the corresponding control laws. In
parallel development, Sun et al. designed a novel vehicle
height management system of an electronic air suspension
(EAS) using mixed logical dynamical modeling (MLD) and
hybrid theory [108]. They took into account the solenoid
valves’ on-off and charging/discharging gas mass variations
and related vehicle body dynamics.

Further studies explored the hybrid approach in the
electronic air suspension to control vehicle height and re-
duce rolling and pitching angles during height adjustment
operations [32, 109, 110]. They obtained a mixed logical
dynamical model (MLD) using the hybrid system de-
scription language (HYSDEL) to define suspension char-
acteristics. The electronic air suspension functions can easily
destabilize the vehicle body position due to the possibility of
the air springs being overly charged/discharged, especially
when reaching the set height. To control this phenomenon,
Yin et al. designed a robust control system using the finite-
time approach to convert the system’s nonlinear behavior to
a linear model through a third-order integral chain that can
better describe the real dynamics of the air suspension for
optimal control and stability [111]. Another robust control
design for electronic air suspension is reported in the lit-
erature [112], where the authors aimed to improve the
conventional proportional integral derivative (PID) con-
troller by exploiting the seeker optimization algorithm
(SOA) and the crowd search algorithm for optimal control
parameters. They achieved robust and quick controller re-
sponse time with a minimal overshoot in a novel transverse
interconnected electronic control air suspension (TTECAS)
system.

Shock and Vibration

Traditional control systems for ECAS (electronic-con-
trolled air suspension) have been found to have some
limitations, such as control overshoot and delayed control
response time. Control overshoot happens when the control
system causes the suspension system to overshoot the de-
sired ride height, resulting in uncomfortable or unsafe
driving conditions. Delayed control response time means
that there is a lag between the time when a command is given
to the suspension system and when the suspension system
actually responds to the command. To overcome these
limitations, researchers have explored various approaches,
including hybrid and integrated adaptive control systems.
These systems combine different control strategies and al-
gorithms to achieve better performance and stability.
However, despite extensive research, achieving a perfect
electronic-operated air suspension system remains a chal-
lenge. Table 1 provides a summary of some chassis pneu-
matic suspension systems. It can be a useful reference for
understanding the characteristics and performance of dif-
ferent types of suspension systems, which can be helpful for
engineers and researchers working on designing and im-
proving suspension systems.

4. Pneumatic Cabin Suspension of
Heavy Vehicles

Ride comfort in heavy commercial vehicles, off-road vehi-
cles, and agriculture tractors is considerably enhanced by
cabin suspension and cabin damping separately from the
chassis suspension. Also, air suspension is one of the most
effective vibration isolation systems suitable for providing
the needed comfort for drivers of such vehicles, thus re-
ducing driver fatigue and improving driving safety [123]. In
some applications, such as construction trucks, tractors, and
other agriculture vehicles where metallic springs are used for
road-chassis vibration isolation, the cabin subsuspension
system mostly relies on pneumatic springs for optimal vi-
bration isolation [124-126]. Farm tractors’ vibration iso-
lation was improved by installing two hydropneumatic
suspensions at the cabin’s two rear mounting positions and
a semiactive optimal control algorithm [123-125].

Since the inception of pneumatic springs in cabin sus-
pension, various modules have been explored and de-
veloped. Longa et al. conducted a study to compare the
performance of different suspension systems in heavy trucks,
specifically the hydropneumatic suspension system with
rubber and leaf spring suspension systems, in terms of cab
ride comfort [124]. The study analyzed the root mean square
(rms) acceleration of the vertical cabin, pitch angle, and roll
angle of the cabin. The results showed that the hydro-
pneumatic suspension system significantly reduced these
parameters compared to the rubber and leaf spring sus-
pension systems, indicating that the hydropneumatic sus-
pension system provided better ride comfort. Other studies
have also investigated the performance of suspension sys-
tems in heavy trucks. For example, some studies analyzed
the impact of the hydropneumatic suspension system on the
ride quality of a truck on different road surfaces, loads, and
speeds [127, 128]. Another study proposed dynamic models
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of traditional and new air suspension systems to compare
their performance in reducing negative impacts on the road
surface [128]. Additionally, some studies developed models
to evaluate the effects of suspension systems on road surface
friendliness and to analyze and evaluate the performance of
air suspension systems with semiactive fuzzy control
[129, 130].

Furthermore, some studies have developed models to
control the cab’s isolation system of heavy trucks using
a fuzzy logic controller. For instance, one study established
a 3D dynamic model with 13 degrees of freedom to control
the cab’s isolation system of heavy trucks using a fuzzy logic
controller [131]. Moreover, the ride comfort of an agricul-
ture tractor was improved using a linear quadratic Gaussian
semiactive hydropneumatic suspension model, which was
found to be a better vibration isolator compared to a passive
cab suspension based on the ISO 2631 ride comfort index
[124]. These studies highlight the importance of pneumatic
suspension systems in heavy trucks and the need to optimize
their performance for better ride comfort and road surface
friendliness. A summary of some pneumatic cabin sus-
pension system studies and patents is shown in Table 2.

Summarily, several studies have investigated the per-
formance of suspension systems in heavy trucks and their
impact on ride comfort and road surface friendliness. These
studies have proposed dynamic models of different sus-
pension systems, evaluated their effects on the road surface,
and developed models to control the cab isolation system of
heavy trucks. The findings of these studies provide valuable
insights into the design and optimization of suspension
systems for heavy trucks, which can lead to better ride
comfort and reduced negative impacts on road surfaces.

Notwithstanding these achievements, the research gaps
identified in the current literature including the need for
more advanced control strategies and the need for more field
studies are directly related to improving pneumatic sus-
pension. The development of more advanced control
strategies for pneumatic suspension can improve its pre-
cision and efficiency, leading to better ride comfort and
reduced negative impacts on road surfaces. Similarly, more
field studies can help to validate the findings of laboratory
tests and provide a more accurate assessment of the per-
formance of pneumatic suspension in actual operating
conditions. This can lead to better optimization of pneu-
matic suspension for heavy trucks and further improve-
ments in ride comfort and road surface friendliness.
Additionally, evaluating the impact of pneumatic suspension
on other aspects of heavy truck performance, such as fuel
efficiency and maintenance costs, can help to ensure that the
overall performance of the vehicle is optimized. Therefore,
addressing these research gaps can help to improve the
design and optimization of pneumatic suspension for heavy
trucks, leading to better performance and increased safety.

5. Pneumatic Seat Suspension

Due to the harsh conditions in which oft-road vehicles,
especially construction trucks and agriculture vehicles, are
designed to work, their chassis suspension systems are

Shock and Vibration

usually very tough and stiff and unable to isolate vibration
effectively [138]. Therefore, exposing the drivers/operators
to unending whole-body vibration, most often emanating
from road surface unevenness, leads to severe health
problems and lost productive hours [139]. According to ISO
2000, the vibration felt in a typical earth-moving machine
vehicle usually occurs at frequencies from 0 to 20 Hz. Many
vehicles in this category are now fitted with an air seat
suspension to reduce these vibrations and their related
consequences to the barest minimum [140].

Vehicle seat suspensions are mainly categorized as
passive, semiactive, and active accordingly. Considerable
research work has been carried out in these respective
categories. Passive suspension systems are generally very
simple and cheap, comprising mainly a spring and an or-
dinary damper [141]. In [142], a passive seat suspension for
rigid frame dump trucks was proposed, where the vibration
isolation was improved using an air spring with auxiliary
volume. The feasibility of enhancing the vibroisolation
properties of a passive seat suspension with an air spring and
shock absorber was explored in [143]. The main limitation of
conventional passive seat suspension, comprising a spring
with positive stiffness and damper element arranged par-
allelly, is that it cannot effectively isolate low-frequency
vibrations. Also, the vibration isolation effect of linear
isolators is usually felt when the excitation frequency is more
than ~/2 times its natural frequency [144]. To further en-
hance driver comfort, many researchers in the recent past
studied semiactive seat suspension, which uses dampers
(magnetorheological MR and electrorheological ER) with
variable force-speed characteristics, functioning as partial
actuators [145]. Driver comfort was enhanced using
a magnetorheological (MR) elastomer-based isolator [108].
Deng et al. [146] designed a semicontrolled variable stiffness
and variable damping (VSVD) rotary MR damper seat
suspension. Also, in [147], the impact protection of a seat
suspension with an MR damper was studied. Although
semiactive dampers require very low power consumption
hardware to implement, they still need a power input to
actuate their modulating devices.

Similarly, some researchers have given attention to ex-
ploring active seat suspension, which largely depends on one
form of a mechanical actuator or the other, such as hy-
draulic, electromagnetic, or pneumatic actuators. According
to [148], a primary controller for horizontal vibration iso-
lation was proposed for a seat suspension relying on
pneumatic muscles. Using a scissor-like design and an
optimally controlled rotary electric motor actuator, the
literature [138, 149-151] reports studies on commercial
vehicles’ active seating vibration reduction systems. Also,
employing an electromagnetic linear actuator and a filtered-
x least-mean-square (FXLMS) adaptive control algorithm,
Gan et al. [152] developed a seat with active actuation force
for enhanced occupant comfort. Ali et al. [153] simulated
a 13-degree-of-freedom (DOF) seat system with a bio-
dynamic model of a pregnant woman; the seat was con-
trolled using a genetic algorithm-optimized PID controller.
Although the active seat suspension systems offer maximum
comfort, they are very sophisticated and comparatively
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FIGURE 5: Health guidance caution zones for vehicle occupants.

expensive. Also, the generation of positive mechanical force
requires a significant power input, which heavily impacts the
vehicle’s overall energy consumption. Furthermore, active
seat suspension systems are challenging to model and are
prone to failure.

Though conventional passive suspension systems with
linear isolators are poor at isolating low-frequency vibration,
another method of optimizing vibration isolation in the low-
frequency band while avoiding the cost and complications
associated with active seat suspension is the negative stiffness
suspension (NSS) technology. NSS is a nonlinear vibration
isolation system with high static and very low dynamic
stiffness characteristics, giving it the advantage of achieving
a wider displacement range around the equilibrium position.
The force transmissibility of a quasi-zero vibration isolation
system using the harmonic balance approach was analyzed
and experimented with in [154]. Also, in the work of [155],
a nonlinear low-frequency isolation model was realized,
using a pneumatic cylinder through the mechanical struc-
ture of a wedge and cam-roller springs mechanism. Ahn
et al. designed a vibration isolation system for a vehicle seat
that conformed to QZS theory; they investigated an active
system incorporating a pneumatic actuator in the same
direction as the sprung mass displacement and parallel with
the spring providing stiffness under static conditions [156].
Palomares et al. studied a negative stiffness mechanism using
a pair of double-effect pneumatic actuators and a positive
stiffness pneumatic spring [157]. A summary of some
pneumatic seat suspension system studies and patents is
shown in Table 3.

Despite these advancements, there are still research gaps
that need to be addressed. For instance, further research is
required to optimize the performance of pneumatic sus-
pension systems by reducing energy consumption and in-
creasing their reliability. More experiments are also needed
to evaluate the performance of these suspension systems
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seat surface
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Roll

¥ Fore-Aft
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FIGURE 6: Vibration transmission paths in a seated person.

under different operating conditions and in different types of
vehicles. Overall, pneumatic seat suspension systems show
promise in improving driver comfort, and continued re-
search and development could lead to more efficient and
effective systems.

6. General Summary

In order to achieve effective vibration isolation, it is im-
portant to ensure that an isolator’s natural frequency (fn) is
less than 50% of the lowest disturbing frequency (fe). When
fe is close to or coincides with the natural frequency of the
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supporting structure, it can cause consequential effects.
Metallic spring suspension systems can only effectively
isolate vibrations above 5Hz, as their lowest natural fre-
quency is around 2.5 Hz. However, low-frequency vibrations
below 5Hz, especially in the vertical direction, can be
particularly hazardous to seated humans. In contrast,
pneumatic spring suspensions have a lower natural fre-
quency of about 1.5Hz, making them effective at isolating
vibrations below 5Hz. Vehicles equipped with pneumatic
suspension (passive, semiactive, or active), whether as the
main chassis vibration isolator, cabin floor, or driver seat
subsystem vibration isolator, are more likely to offer better
ride comfort that falls within the acceptable limits of the
health guidance caution zone graph, as shown in Figure 5. To
illustrate the importance of effective vibration isolation,
Figure 6 depicts the vibration transmissibility paths of
a seated person in a moving vehicle. Both figures demon-
strate that vibration isolation plays a crucial role in pro-
tecting the health of vehicle users. Meanwhile, Table 4
presents a summary of the merits and demerits of passive,
semiactive, and active pneumatic suspension systems.

7. Conclusion, Challenges, and Future
Research Direction

Pneumatic vehicle suspension is a type of vibration isolation
system that utilizes air springs instead of traditional metallic
springs. This technology has been in use for several decades
and has been applied to various areas of the vehicle where
vibration isolation is needed, resulting in improved comfort
and reduced unsprung weight. This study provides a com-
prehensive review of the evolution of air suspension’s
technological advancement and performance optimization
since its introduction in the automotive industry. The review
covers its application across a wide range of vehicle types,
including small luxurious cars, buses, trucks, and off-road
vehicles. Furthermore, the study investigates the installation
of air suspension systems in different parts of the vehicle,
such as the chassis, cabin, and seat suspension systems,
respectively. The objective is to provide insights into the
advancements and benefits of air suspension technology for
the automotive industry.

7.1. Air Spring Modeling. Air spring modeling is an essential
area of pneumatic suspension study that is categorized into
four main types: thermodynamic, analytical, mechanical/
phenomenological, and finite element models. While these
models are widely used, there are still research gaps that need
to be addressed to improve their accuracy. In thermody-
namic models, one research gap is investigating the air
spring’s lateral characteristics and using alternative methods
to collect input parameters. Meanwhile, analytical models
require further research in investigating the effect of material
characteristics on the air spring’s behavior and developing
more accurate geometrical-based models. For mechanical or
phenomenological models, there is a need to investigate the
nonlinearity of the suspension air spring and develop more
accurate models that account for this nonlinearity. Finally, in
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finite element models, there is a need to develop more ef-
ficient and user-friendly software and investigate the linkage
of these models to multibody simulations to improve their
accuracy.

Overall, there is a need to synergize research efforts to
develop a holistic understanding of air spring modeling.
Integrating the research gaps identified in each of the
modeling categories will result in a more comprehensive and
accurate air spring model that can be used to develop better
suspension systems.

7.2. Chassis. The article provides an in-depth overview of the
research conducted on advanced pneumatic suspension
systems, with a particular emphasis on electronic air sus-
pension (EAS) and electronic-controlled air suspension
(ECAS). These studies have focused on developing in-
novative techniques to regulate suspension stiffness, en-
hance ride height, and reduce rolling and pitching angles
during height adjustment operations, to improve vehicle
stability and passenger comfort. To achieve these goals,
researchers have employed various approaches, including
mathematical modeling, fuzzy sliding mode control
(FSMC), mixed logical dynamical modeling (MLD), and
robust control systems. These techniques have been proven
to be effective in enhancing the performance of electronic-
operated air suspension systems and reducing unwanted
oscillations and vibrations.

However, irrespective of the significant progress in this
field, there are still some limitations that need to be
addressed. For instance, control overshoot and delayed
control response time can lead to unstable vehicle behavior,
which may affect occupants’ comfort and safety. Therefore,
future research can focus on developing more advanced
control systems that can overcome these limitations and
achieve better performance and stability for electronic-op-
erated air suspension systems. Overall, the research con-
ducted on advanced pneumatic suspension systems,
especially EAS and ECAS, has made remarkable progress in
enhancing vehicle stability, passenger comfort, and safety.
With continued research, we can expect to see further
improvements in the performance and reliability of elec-
tronic-operated air suspension systems, leading to better
driving experiences and increased safety on the roads.

7.3. Cabin. Summarily, several studies have investigated the
performance of suspension systems in heavy trucks and their
impact on ride comfort and road surface friendliness. These
studies have proposed dynamic models of different sus-
pension systems, evaluated their effects on the road surface,
and developed models to control the cab’s vibration isolation
system of heavy trucks. The findings of these studies provide
valuable insights into the design and optimization of sus-
pension systems for heavy trucks, which can lead to better
ride comfort and reduced negative impacts on road surfaces.

Notwithstanding these achievements, the research gaps
identified in the current literature include the need for more
advanced control strategies and the need for more field
studies, which are directly related to improving pneumatic
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suspension. The development of more advanced control
strategies for pneumatic suspension can improve its pre-
cision and efficiency, leading to better ride comfort and
reduced negative impacts on road surfaces. Similarly, more
field studies can help to validate the findings of laboratory
tests and provide a more accurate assessment of the per-
formance of pneumatic suspension in actual operating
conditions. This can lead to better optimization of pneu-
matic suspension for heavy trucks and further improve-
ments in ride comfort and road surface friendliness.
Additionally, evaluating the impact of pneumatic suspension
on other aspects of heavy truck performance, such as fuel
efficiency and maintenance costs, can help to ensure that the
overall performance of the vehicle is optimized. Therefore,
addressing these research gaps can help to improve the
design and optimization of pneumatic suspension for heavy
trucks, leading to better performance and increased safety.

7.4. Seat. 'The article also provides an overview of pneumatic
suspension systems used in vehicle seats. These suspension
systems use pneumatic actuators to isolate vibrations and
improve driver comfort. The review highlights various re-
search works that have been conducted on the design and
optimization of these suspension systems. For example,
researchers have explored the use of pneumatic muscles and
rotary electric motor actuators to control horizontal vi-
brations. Electromagnetic linear actuators and filtered-x
least-mean-square adaptive control algorithms have also
been used to develop active seat suspension systems. Ad-
ditionally, researchers have investigated negative stiffness
suspension technology using pneumatic cylinders and
wedge and cam-roller springs mechanisms.

Despite these advancements, there are still research gaps
that need to be addressed. For instance, further research is
required to optimize the performance of pneumatic sus-
pension systems by reducing energy consumption and in-
creasing their reliability. More experiments are also needed
to evaluate the performance of these suspension systems
under different operating conditions and in different types of
vehicles. Overall, pneumatic suspension systems show
promise in improving driver comfort, and continued re-
search and development could lead to more efficient and
effective systems.
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