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ABSTRACT

Non-linear vibrations in heavy trucks affect transportation efficiency, vehicle
durability, and operational safety. They arise from interactions among suspension components,
tire-road dynamics, and varying payloads, increasing fuel consumption, component wear, and
cargo damage. This study reviews advances in the characterization, modeling, and control of
non-linear vibration in heavy truck suspensions. Studies published between 2000 and 2024 were
retrieved from Scopus, IEEE Xplore, ScienceDirect and SpringerLink and screened against
predefined criteria ([N] studies included). Existing analytical and computational models capture
fundamental dynamics, but their accuracy is limited by dynamic loading, geometric effects, and
stochastic road inputs. Semi-active and active suspensions improve vibration suppression yet
need better adaptability in unpredictable environments. Opposite-phase (counter-phase) force
control, in which an actuator applies a force opposing the measured body motion as in active
noise control, is examined and compared with passive, semi-active and active suspensions in
terms of control principle, reported vibration reduction and limitations. Its potential for
improving ride comfort and reducing structural loads is assessed against the reported evidence.
Key research gaps include adaptive suspension design, real-time non-linear vibration
prediction, and intelligent control. Addressing them is essential for sustainable, reliable, and
cost-effective freight transportation.
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1. Introduction

The transportation industry is a
backbone of global supply chains, enabling
the continuous movement of goods across
domestic and international routes [1-8].
Among all transport modes, heavy trucks
play a particularly critical role in long-
distance freight logistics due to their
flexibility, load capacity, and operational
reach [5, 6, 9-11]. However, one major
technical challenge that significantly affects
their operational safety and efficiency is non-
linear vibration.

Non-linear vibrations arise from
complex interactions among suspension
components, tire-road dynamics, cargo
loading, and road unevenness [2, 12—14].
Unlike linear vibration systems—where
input and response maintain proportional
relationships—non-linear systems exhibit
amplitude-dependent ~ stiffness, damping
asymmetry, hysteresis, and unpredictable
dynamic responses [15—18]. In heavy trucks,
these effects are amplified by large payload
variations, long wheelbases, and axle
configurations [6, 14, 19, 20]. Such
vibrations compromise vehicle durability,
driver comfort, and cargo safety, reducing
overall freight reliability and performance
[21]. From an operational perspective, non-
linear vibrations affect three main areas
Driver safety, where prolonged exposure
increases fatigue and reduces alertness [22,
23], Vehicle durability, since suspension,
tires, and drivetrain components experience
accelerated wear [7, 24, 25], Transport
efficiency, particularly for fragile or
vibration-sensitive cargo, which can suffer
damage during transit [26-29].

Managing these vibrations remains a
key challenge in transportation logistics due
to the dynamic nature of road conditions,
cargo variability, and real-time operational
constraints [10, 24, 25, 30-33], rucks must
adapt to diverse terrains, ranging from
smooth highways to rough, uneven roads,
while accommodating fluctuating cargo
loads [6, 34-36]. his variability makes it
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difficult to develop universal vibration
control strategies, necessitating
advancements in adaptive suspension
systems, predictive maintenance, and real-
time monitoring technologies [25, 37, 38].

This review explores non-linear
vibrations in the context of freight
transportation, examining their causes,
modeling  techniques, and potential
mitigation  strategies. It  highlights
mathematical modeling, computational
simulations, and experimental methods used
to analyze vibrations. [26, 27, 29, 39-45],
explaining what causes them and why they
occur in trucks. It also reviews current
techniques used to study these vibrations,
such as mathematical models, computer
simulations, and experiments. Some
advanced methods, like delayed feedback
systems and motion  magnification
technologies, are also discussed as promising
tools for understanding and addressing the
problem. Finally, the review looks at
strategies for controlling vibrations. [29, 45-
48], including adaptive suspension systems
and other technologies designed to reduce the
effects of vibrations.

Despite ongoing advancements,
significant challenges remain. Current
control systems struggle with real-time
adaptability, and non-linear vibrations
require more sophisticated predictive models
to enhance mitigation strategies. By bridging
the gap between vibration dynamics and
logistics efficiency, this review contributes
to the ongoing effort to develop safer, more
durable, and cost-effective freight
transportation solutions [3, 5, 49]. This
review provides several unique contributions
that distinguish it from existing literature

1.1 Clear integration across modeling,
experimentation and logistics impact
Existing reviews typically focus on
either mechanical modeling [27] or control
strategies [33]. This paper links non-linear
vibration theory directly with freight
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logistics outcomes, bridging engineering and
practical transport perspectives.

1.2 Explicit classification of non-linear
sources in heavy truck suspensions

The review systematically
categorizes non-linearities (e.g., cubic
stiffness, hysteretic damping and load-
dependent dynamics), providing clearer
definitions  than  prior  generalized
discussions.

1.3 Comparative evaluation of modeling
techniques

Methods such as  multibody
modeling, numerical simulation, harmonic
balance, and data-driven estimation are
compared, highlighting applicability

1.4 Incorporation of recent experimental
findings

Unlike many earlier works, this
review includes findings from recent field
and rig experiments (e.g., force displacement

hysteresis, road-dependent non-linearity
amplification).
1.5 Introduction of opposite-phase

vibration cancellation for trucks

While widely used in acoustics, the
application  of  counter-phase  force
cancellation to large commercial vehicles has
received limited attention in the studies
retrieved for this review (Section 2). This
review formulates the concept for heavy-
truck suspension systems (Section 6) and
compares it with passive, semi-active and
active suspensions (Table 3).

1.6 Identification of research gaps and
future directions

The paper outlines key challenges—
real-time adaptability, model uncertainty,
computational limits and proposes directions
for adaptive, intelligent, and predictive
vibration mitigation technologies

The remainder of the paper is
organised as follows. Section 2 describes the
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literature search and selection protocol.
Section 3 classifies passive, semi-active and
active truck suspensions and presents the
baseline models. Section 4 reviews non-
linear vibration mechanisms and the
modelling and experimental approaches used
to study them, with a comparative synthesis
in Table 2. Section 5 presents an
experimental case study. Section 6
introduces opposite-phase force control and
compares it with the semi-active and active
systems of Section 3 (Table 3). Section 7
discusses current challenges and future
directions and critically analyses the
evidence. Sections 8 and 9 present the
discussion and the conclusions.

2. Materials and Methods

This review followed the search and
selection protocol described below. It
analysed research articles, technical reports

and conference papers on non-linear
vibrations in truck systems, covering
experimental, computational and

mathematical approaches.

2.1 Search strategy

Records were retrieved from Scopus,
IEEE Xplore, ScienceDirect and
SpringerLink for the period 2000-2024 (date
of last search: [dd Month yyyy]). Titles,
abstracts and author keywords were searched
with Boolean strings adapted to the syntax of
each database. The main string was: [("heavy
truck" OR "heavy-duty vehicle" OR "semi-
trailer") AND suspension AND (nonlinear
OR "non-linear") AND (vibration OR "ride
comfort")]. A second string targeted control
strategies: [the main string AND ("semi-
active" OR "active suspension" OR "counter-
phase" OR "active noise control")]. [Replace
these strings with those actually used.]

2.2 Eligibility criteria

Studies were included if they (i)
were peer-reviewed journal or conference
papers, technical reports, books or theses
[confirm document types], (ii) addressed
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non-linear vibration of truck or commercial-
vehicle suspensions, or of quarter-, half- or
full-vehicle models applicable to trucks, and
(i) reported a modelling, simulation,
experimental or control result. Studies were
excluded if they (i) concerned passenger cars
only without transferability to trucks, (ii) did
not address vibration or suspension
behaviour, (iii) had no accessible full text, or
(iv) were duplicates [or were not written in
English]. Publications cited only to give
transport and logistics background (Section
1) lie outside this protocol and are not
counted as included studies.

2.3 Screening and selection

The search returned [n] records; [n]
remained after duplicates were removed, [n]
after title and abstract screening, and [n] full
texts were assessed, of which [n] studies
were included [a flow diagram may be
added].

2.4 Data extraction and synthesis

For each included study, the vehicle
or model type, the non-linearity considered,
the method (analytical, simulation or
experimental), the road excitation and
payload, the main quantitative result and the
reported limitation were extracted (Table 2).
Because the studies use different metrics,
road inputs and vehicle classes, results were
synthesised narratively and in tables rather
than by meta-analysis.

3. Overview of Truck Suspension
System
3.1 Classification truck suspension
Suspension systems in trucks are
essential for maintaining vehicle stability,
driver comfort, and operational safety (Fig.
1). Transportation demands have evolved,
and advancements in technology have led to
the development of various types of
suspension systems tailored to different
driving conditions and vehicle needs.
Broadly, truck suspension systems can be
categorized into three types: passive, semi-
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active, and active systems. Each category
represents a progression in complexity [27],
adaptability, and performance, addressing
the diverse challenges trucks face in real-
world operations.

Fig. 1. The structure of a typical suspension
system in a commercial truck.

The passive suspension system is the
most traditional and widely used type. It
relies solely on mechanical components such
as springs, dampers, and anti-roll bars to
absorb road shocks and maintain ride quality.
The defining feature of passive systems is
their fixed characteristics, which do not adapt
to changing road or load conditions.
Components like leaf or coil springs provide
cushioning by storing and releasing energy,
while shock absorbers convert kinetic energy
into heat to dampen vibrations as Fig. 2 (a).
This simplicity makes passive suspension
cost-effective =~ and  highly  reliable,
particularly for trucks carrying heavy loads
over long distances. However, the inability to
dynamically adjust to varying road
conditions limits their comfort and handling
performance, making them less suitable for

modern  vehicles requiring  real-time
optimization [50, 51].
In  contrast, the semi-active

suspension system offers a more advanced
solution by incorporating electronically
adjustable dampers. These systems retain the
mechanical ~ foundation  of  passive
suspensions but add electronic control units
(ECUs) and sensors to monitor vehicle
dynamics and road conditions. Based on
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sensor inputs, the ECU adjusts the stiffness
of variable dampers to optimize ride comfort
and stability in real time. This adaptability
allows semi-active suspensions to provide a
balance between cost and performance,
making them a popular choice for medium to
heavy-duty trucks as Fig. 2(b). While they
offer significant advantages in ride quality
and adaptability, the added complexity
introduces higher costs and maintenance
requirements compared to passive systems.
Despite these drawbacks, semi-active
systems are particularly valued in
applications where improved comfort and
handling are essential, such as long-haul
transportation and vehicles carrying mixed
loads. [33, 50, 52-56].

The active suspension system
represents the pinnacle of suspension
technology, leveraging advanced sensors,
actuators, and computer-controlled systems
to actively control wheel motion and body
stability as Fig. 2 (c). Unlike passive or semi-
active systems, active suspensions can
generate forces independent of road inputs,
allowing them to counteract body roll, pitch,
and dive during braking, cornering, or
acceleration. These systems use hydraulic or
electric actuators to adjust suspension
settings continuously, ensuring optimal
performance regardless of terrain or driving
conditions. While active suspensions deliver
unmatched comfort and control, their
complexity and cost make them suitable
primarily for premium trucks or specialized
vehicles. Applications include luxury long-
haul trucks, military vehicles, and off-road
transport, where adaptability and superior
ride quality are critical. Active suspension
systems add hydraulic actuators to the
passive components of the suspension
system. The advantage of such a system is
that even if the active hydraulic actuator or
the control system fails, the passive
components come into action. (27, 57-61),
The equations of motion are written as Egs.
(3.1 )-(3.2).
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Fig. 2. Schematic diagrams of several types of
vehicle suspension system [27] (a) Passive
suspension system; (b) A semi-active suspension
model; (c) A semi-active suspension model.

In conclusion, truck suspension
systems demonstrate a clear progression in
technological sophistication, from the
simplicity and reliability of passive systems
to the dynamic adaptability of semi-active
systems and the precision control of active
suspensions. Passive systems remain a
practical choice for cost-sensitive and heavy-
duty applications, while semi-active systems
offer enhanced comfort and stability for more
demanding operations. Active suspension
systems, though expensive, provide
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unparalleled performance for specialized
needs. Manufacturers carefully select
suspension types based on the specific
operational and economic requirements of
their vehicles, ensuring the best balance of
performance, cost, and maintenance.

Table 1. Advantages, disadvantages, and
applications of different suspension types in

truck [33].
Suspensi Advantage Dis- Appllca-
on type advantage tion
Fixed
Simple, damping, less Zg;ﬁgzt
Passive reliable, effective in ent -Ievél
low cost varying r{l 1
condition veliele
éérlnn}:r(i)r\lle Complex Mid to
Semi- ping. design high-end
. Energy- .
active R Control- vehicle,
efficient, dependent aerospace
realizable P P
Best High energy High-end
. performanc consumption vehicles,
Active . . .
e, real-time Expensive, racing cars,
adjustment less reliable limited use
3.2 Analytical modelling of truck

suspension (quarter-car and full-vehicle
models)

This modeling enables engineers to
predict how the suspension and the truck’s
body will react to varying driving conditions
such as rough terrain, changes in speed, and
variations in load. Several critical factors are
considered in the analytical models,
including wheel dynamics, body dynamics,
and the suspension system itself as Fig. 3 [2,
13, 24, 46, 50].

Wheel dynamics refer to how the
wheels interact with the road, influencing tire
grip and vehicle handling. This analysis
helps engineers understand the effect of road
conditions on the truck's performance [62,
63]. on the other hand, examine how the
truck’s body moves and vibrates in response
to forces from the wheels and suspension.
This is essential for assessing the comfort
and safety of the vehicle. The suspension
system is modeled to analyze how the springs
and dampers function to absorb and dissipate
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vibrations. [44], helping to maintain the
truck’s stability.

In the mathematical modeling of
truck vibrations, a mass-spring-damper
system is widely used to represent the
complex interactions between various
components of the vehicle. This model helps
in simplifying the analysis of how external
forces, such as road irregularities and terrain-
induced vibrations, are transmitted through
the tires and suspension system before
ultimately affecting the truck's body. By
breaking down these interactions into
manageable equations, engineers can better
understand the dynamic behavior of the
vehicle, predict its response to different
driving conditions, and optimize suspension
design for improved ride comfort, stability,
and overall performance. This approach is
essential in developing more efficient and
durable heavy trucks capable of handling
diverse operating environments [24, 64, 65].

©
Configurations of three typical trucks,
truck semi-trailer (a) axle weight and spacings (b)
analytical truck model (refined tire model
unassembled) (c) articulated truck semi-trailer

dynamic model [43, 66].
The dynamics of the truck system are

Fig. 3.

governed by second-order differential
equations derived from Newton’s second law
of motion. [43, 44, 62, 67, 68]. These
equations capture the relationships between
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the various forces acting on the system, such
as the forces on the truck body and wheels,
as well as the forces from the suspension’s
springs and dampers. These equations allow
for the simulation of the truck's behavior
under different road conditions, enabling
engineers to predict important factors like
body displacement, which directly affects
ride comfort and wheel displacement. [35],
which influences road holding and vehicle
handling [69].

The governing equations include
those for both the wheel and body
displacements. The wheel displacement
equation represents the vertical motion of the
wheels as they encounter irregularities or
bumps in the road surface, providing insight
into how the wheels absorb and respond to
the road’s unevenness. The body
displacement equation describes how the
truck body reacts to the forces transmitted
from the suspension system. [51], which is
vital for assessing how vibrations from the
road are transferred into the cabin and
chassis, affecting the ride's comfort and
stability.

By utilizing this analytical model,
engineers can simulate various driving
conditions, such as navigating uneven roads
or carrying heavy loads, to predict how the
truck will behave in real-world scenarios.
This allows for a more accurate
understanding of how different factors like
road surface conditions, load variations, and
speed affect the wvehicle's overall
performance. This analysis is essential for
optimizing suspension designs to enhance
ride quality, improve vehicle stability, and
ensure that trucks can handle the stresses of
daily operation effectively. Ultimately, this
modeling helps in fine-tuning vehicle
dynamics to ensure a balance between
comfort, safety, and performance. [7, 65]

3.3 Multi-axle heavy-truck dynamic model

Sun and Nguyen [70] evaluated how
heavy truck vibrations affect road damage for
two-axle, three-axle and four-axle trucks. A
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multi-degree-of-freedom dynamic model
was developed (Fig. 4). Key parameters
include Mass: M, M1 (sprung mass of tractor
and trailer),  (unsprang mass of axles).
Suspension: k1-3, c1-3 (stiffness and
damping of suspension).Wheels: and
(stiffness and damping of wheels).
Displacements & Angles:  (sprung mass
displacement), (pitch angles), (axle
displacements). ~ Vehicle = Dimensions:
(distances within the vehicle) [70].

This model helps analyse truck-induced road
damage more accurately

.
.

oo

Fig. 4. Vibration model for the class of the heavy
vehicle [71].2-axle heavy truck (a) 3-axle heavy
truck (b) 4-axle heavy truck (c).

To simulate vehicle vibrations, a combined
method using multi-body system theory and
D’Alembert’s principle is applied. Multi-body
system theory divides the truck into subsystems
connected by force and moment equations.
D’Alembert’s  principle establishes these
equations to describe the truck’s dynamic
behavior (70-73). The vibration equation for a 2-
axle heavy truck is formulated based on this
approach (Fig. 4).

MZ =F+F, {malzal =a Fi— £,
Iézﬂll—lez, Mz, =F,-F,
MZ =F, +F,,

]¢.:Ell —Fl, (3.3)
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where the force responses of the suspension
systems of the vehicle and wheels of and are
determined as in Eq. (3.4):

F=k[Z,~Z+(-1 |, §l+c[z,~Z~ (1)1 4],
Ez = kz[(qi —Zm-)+cu(fl- _2ai)’i =12.

34

The vibration equation of a 3-axle heavy truck:

MZ=F +F,,
[éngill _lezs
myZ, =, F,—F,

Mz, =F,+F;—-F,

3.5
I =F,I,—F.l, G

l2

where the force responses of the suspension
systems of the vehicle and wheels of and are
determined as in Eq. (3.6)

F=k[z,-Z+(-1)'], Y14li=1.2,
F;I ki(@=2,)+¢,(Q-2,),
Ef :kl/[qj Za +(-1 )ﬁ] J+1¢1]+C [ Zo +(_1)j+ll_f+1¢l]’j:2’3'

(3.6)

The vibration equation of a 4-axle heavy truck:

MZ =F+F~F,
Il&l = F113 +E)Il _lezw
MZ =F,+F,
I(b' = Folz - F3167
3.7
=F,—F,

my,z,, =F,-F,
m,z,,=F;+F,-E,

2¢2 = t317 F;418

where the force responses of the suspension
systems of the vehicle and wheels of and are
determined as in Eq. (3.8):
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F=k(z,~Z)+c(z,~7Z,)i=1,23

Ej =kzj(qj _Zaj)-l_ctj(qj_zuj)’j=1’2’3’4’

E=k(Z~1¢-Z-1,9)+c,(Z,~-1§ - Z-1,4).
(3.8)

The differential Egs. (3.3), (3.5), and (3.7)
are given by the following matrix form:

MZ+CZ+KZ=CQO+KQ, (3.9)

The mass matrix of the heavy truck, the
damping matrix and stiffness matrix of the
suspension system, as well as the damping
matrix and stiffness matrix of the wheels,
are key parameters in the vibration system.
Here, represents the displacement vector,
and denotes the vibration excitation vector
from the road surface.[9, 70].
4. Nonlinear Vibration in Truck
Suspension

In heavy trucks, the suspension
system plays a vital role in isolating the
vehicle body from road irregularities,
ensuring a smooth ride, and maintaining tire
contact with the road. [6, 14, 20, 56, 74, 75].
However, due to the complex interactions
between the suspension components, road
conditions, and vehicle loads, nonlinear
vibration phenomena often arise. Nonlinear
vibrations differ from linear vibrations in that
the system's response is not directly
proportional to the input forces, leading to
more complex and unpredictable behaviors.
These nonlinearities are crucial to understand
for optimizing suspension design and
enhancing vehicle performance. [18, 58, 76,
77].

4.1 Definition and characteristics of non-
linear vibration

Nonlinear vibration occurs when the
relationship between the applied forces and
the resulting displacement, velocity, or
acceleration is not linear. This means that as
the magnitude of the force increases, the
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system’s response does not increase
proportionally. In truck suspensions,
nonlinearities can arise from several factors
such as material properties, suspension
geometry, and the nature of the road surface.
[47, 71, 77]. Nonlinear systems are often
characterized by  amplitude-dependent
stiffness, where the suspension’s stiffness
changes based on the displacement or load
applied, and amplitude-dependent damping,
where the damping force varies with the
speed or amplitude of vibration as Fig. 5.

my

m

Road profile

Fig. 5. Quarter truck suspension model on road
profile of nonlinear [51].

Furthermore, nonlinear systems can exhibit
complex resonance behaviours, where
multiple resonant frequencies emerge and the
response can significantly change with
different vibration amplitudes. [16, 44, 73,
78-80] The behaviour of the system can be
described with the following equations:

mx :cs()'cu—fcs)-l-kj(xu—xs), @.1)

m,E, =¢ (%, - )=k (v, ~x 4k (u-x ) +¢, (i-% ). (4.2)

242

Equations  describing the  nonlinear
characteristics of spring and the damper are:

F, =k, -sgn(Au)|Au|",

(4.3)

F =c-sgn[A(%)}‘A[A(%))

4.1.1 Classification of nonlinear
vibration

Nonlinear  vibrations can be
classified into various types based on the
specific nonlinearity present in the system.
Geometrical nonlinearity occurs when large
displacements alter the geometry of the
suspension system, changing the force-
displacement relationship. For example, leaf
springs in trucks show nonlinear stiffness at
large deflections. Material nonlinearity arises
from the nonlinear properties of the
suspension materials, such as rubber
bushings, which exhibit nonlinear stress-
strain behavior under high deformation.
Nonlinear damping occurs when the
damping force is not proportional to velocity,
with shock absorbers in truck suspensions
often exhibiting velocity-dependent damping
characteristics. (16). Self-excited nonlinear
vibration results from internal feedback
mechanisms, such as friction or aerodynamic
forces, and is seen in phenomena like stick-
slip behavior in truck brakes. Parametric
nonlinearity involves periodic changes in
system parameters, such as stiffness or
damping, which can introduce nonlinear
behavior. [81-83]. Internal resonance
happens when energy is transferred between
different vibrational modes of the suspension
system, leading to complex oscillations,
particularly in systems with multiple degrees
of freedom. [17, 39, 84].

4.4
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4.1.2 Damping mechanism of
nonlinear vibration

Damping plays a critical role in
controlling vibrations and dissipating energy
in nonlinear systems. In truck suspensions,

nonlinear damping is introduced by
components like shock absorbers and
elastomer  bushings. @ The  damping

mechanism is more complex than in linear
systems, as the damping force depends on
both the amplitude and velocity of the
motion. Progressive damping, where the
damping force increases with the speed of
suspension movement, helps to control larger
impacts more effectively, reducing the
amplitude of vibrations. Nonlinear energy
dissipation varies with vibration amplitude,
with higher amplitudes leading to greater

energy  dissipation, but  potentially
msufficient control over small vibrations at
lower  amplitudes, causing  residual

oscillations. [52, 63, 76, 86]. Additionally,
hysteresis effects in some nonlinear damping
systems, particularly involving rubber or
elastomer materials, lead to energy loss that
depends on the vibration cycle, exhibiting
different damping forces during compression
and rebound.

When comparing nonlinear and
linear vibration systems, several key
differences emerge. In linear systems, the
force-displacement relationship is directly
proportional, meaning the system’s response
increases proportionally with the applied
force. In nonlinear systems, however, the
response is not proportional to the force, and
the system may exhibit different behaviors at
various amplitudes. In terms of resonance
[48], linear systems experience resonance at
a specific frequency, with vibration
amplitude increasing sharply at the natural
frequency. In contrast, nonlinear systems
exhibit more complex resonance behavior,
with multiple resonant frequencies and
possible shifts between different vibration
modes, often leading to sudden changes in
response. Linear systems dissipate energy at
a constant rate, with damping proportional to
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velocity, while nonlinear systems’ energy
dissipation depends on amplitude and
velocity, providing better control at higher
amplitudes but less effectiveness at lower
amplitudes [47]. Linear systems tend to be
more predictable and stable, while nonlinear
systems can exhibit bifurcations, where
small changes in parameters lead to
significant shifts in behavior, potentially
causing instability. Finally, in nonlinear
systems, the vibration response is dependent
on the amplitude of excitation, with larger
excitations leading to increased stiffness or
damping, altering the system's behavior
under different load conditions [26, 43].

4.2 Development and research status of
nonlinear vibration in trucks

The study of nonlinear vibration in
trucks has  progressed  significantly,
employing computational, mathematical, and
experimental approaches to address the
complexities of truck dynamics under real-
world conditions. These methods aim to
improve understanding and optimize the
design of truck suspension systems,
enhancing their ability to handle vibrations
effectively.

4.2.1 Development of
computational nonlinear vibration models
Computational ~ approaches  to

nonlinear vibration analysis have advanced
with the development of high-performance
computing and sophisticated numerical
methods [34]. Finite element methods
(FEM), multi-body dynamics (MBD), and
nonlinear finite element analysis (NFEA) are
commonly used to simulate the behavior of
truck components under various loading
conditions. [18, 45]. These simulations allow
researchers to model material nonlinearity,
large deformations, and contact phenomena,
providing valuable insights into the
vibrational responses of components like
suspension systems, chassis, and tires.
Recent developments include the coupling of
FEM with optimization algorithms to
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improve model accuracy and efficiency as
Fig. 6. Additionally, advanced software tools
such as ANSYS, Abaqus, and Sim-pack
enable the simulation of complex nonlinear
interactions, including friction, damping, and
plastic deformation. These computational
models are instrumental in predicting truck
behavior, reducing reliance on physical
prototypes, and supporting the design of
effective  vibration-damping  solutions.
(45,87, 88].

0090485 Max
-

Fig. 6. Finite element model of the leaf spring.

4.2.2 Development of mathematical
nonlinear vibration models

Mathematical modelling also plays a
crucial role in analysing nonlinear vibrations.
Researchers employ various analytical and
semi-analytical  techniques, such as
perturbation theory, the method of multiple
scales, and the harmonic balance method, to
derive approximate solutions for nonlinear
vibration problems. [89, 90]. These models
often focus on simplified truck systems to
capture essential nonlinear effects, such as
geometric nonlinearity in beam structures or
nonlinear stiffness in suspension
components. Recent research has introduced
new techniques, including fractional-order
derivatives and chaos theory, to explore more
complex behaviours in truck dynamics,
offering fresh perspectives on understanding
nonlinear vibrations in real-world scenarios.
[43, 53, 54]. These mathematical models are
valuable for wvalidating computational
simulations and guiding experimental
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research as Fig. 7, providing a theoretical
framework for interpreting the nonlinear
phenomena observed in trucks.

Simulation of Passive and Semi-Active Suspension System
Quarter Car Model
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Fig. 7. The MATLAB suspension simulation
scheme, quarter car model development of
Computational and Mathematical Nonlinear
Vibration Models (50).

4.2.3 Development of experimental
nonlinear vibration techniques

Experimental research is essential
for validating the results of computational

and  mathematical models.  Various
experimental setups have been developed to
measure and analyze the nonlinear

vibrational behavior of trucks under dynamic
loading conditions [91]. Full-scale truck tests
on specialized tracks simulate real-world
road conditions, including rough terrains and
variable loads, to observe the nonlinear
response of suspensions, axles, and tires.
Laboratory- scale experiments, such as
shaker tests and dynamic testing of
individual truck components like tires and
suspension systems, offer detailed insights
into the nonlinear behavior of specific parts
[54]. Advancements in sensor technology,
data acquisition systems, and signal
processing have enhanced the precision and
resolution of experimental studies as Fig. 8
[92, 93]. Modern techniques, such as modal
analysis and non-contact laser vibrometer,
are increasingly used to measure complex
nonlinear vibrations. By experimentally
validating computational models,
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researchers can ensure that these models
accurately reflect the real-world behavior of
trucks, which is crucial for developing more
efficient, durable, and safe heavy vehicle
systems [94, 95].

In summary, the development of
computational, mathematical, and
experimental methods for studying nonlinear
vibrations in trucks has enabled significant
advances in understanding and managing
truck dynamics [41, 62, 68]. These
approaches not only improve the prediction
and analysis of truck behavior but also
contribute to the optimization of suspension
systems, ultimately leading to better ride
quality, safety, and performance in heavy
vehicles [96].

ISAT Sensors Data acquisition module Data processing module

Fig. 8. Adaptive Artificial Neural Network
Surrogate Model of Nonlinear Hydraulic
Adjustable Damper, Commercial Semi-Active
suspension stem and Schematic diagram of the
damper (SAS system with the nonlinear HAD),
Ther process of data collection [97].

4.2.4 Comparative summary of
reviewed studies

Table 2 summarises representative
studies discussed in Sections 3 to 5 by
vehicle or model, non-linearity, method and
outcome. Among the tabulated studies,
quarter-car models are the most frequent
model type (four of ten) and two studies are
primarily experimental. Because the studies
differ in vehicle class, road input, payload

and metric (Section 2.4), the outcomes are
not directly comparable and should be read
as an overview of the state of the art rather
than as pooled estimates.

Table 2. Summary of representative studies
on non-linear truck and suspension vibration.

Key
Ref. / Vehicle or Focus and outcodme
study model method and
limitatio
n
[41] Chen  Composite  Non-linear [complete
etal. 2022 MR vibration of from
damping the damping source]
system system,
Experiment
[43] Van Heavy Dynamic load  [complete
Cuong et truck coefficient from
al. 2019 versus source]
operating
conditions;
method
[complete
from source]
[50] Quarter- Response on [complete
Mihai car, semi- an uneven from
and active vs road; source]
Andronic  passive MATLAB
2014 simulation
[51] Quarter- Non-linear [complete
Ozcan et vehicle, suspension from
al. 2013 light characteristics ~ source]
commercia ; optimisation;
1 vehicle Model-based
optimisation
[60] Quarter-car  Chaos with [complete
Watanab jumping non- from
e et al. linearity; source]
2024 delayed-
feedback
active control;
Model-based
study
[65] Le Semi- Two air [complete
2017 trailer truck ~ suspension from
systems source]
compared;
method
[complete
from source]
[70] Sun Two-, Road-surface [complete
and three- and damage from
Nguyen four-axle caused by source]
2023 heavy vibration;
trucks Multi-body
model,
D’Alembert’s
principle
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[73] Litak  Quarter-car ~ Chaotic [complete
et al. 2008 vibration from
under road- source]
profile
excitation;
Model-based
study
[97] Lin Semi- Surrogate [complete
et al. 2020  active model of the from
suspension, damper; Data-  source]
non-linear driven (neural
hydraulic network)
damper
[102] Truck bed Vibration [complete
Soleimani  and level versus from
and suspension  package source]
Ahmadi location;
2014 Measurement

5. Case study: Experimental Nonlinear
In Truck Suspension

Experimental investigations on non-
linear behaviour in heavy-duty truck
suspensions have gained increasing attention
due to their substantial impact on ride
comfort, road-holding, and durability under
varying payloads. A representative study was
conducted on a 6x4 heavy-duty commercial
truck (=18-20 tons GVW) equipped with a
conventional multi-leaf spring suspension
system [43, 98—-101].

The test vehicle was instrumented with
triaxial accelerometers (£50 g, 0.5-1000 Hz
bandwidth) placed at the axle and chassis,
and strain gauges mounted on the leaf spring
pack to capture bending strain representative
of suspension deformation. Data acquisition
was performed using a high-speed DAQ
system at 1-2 kHz sampling rate, allowing
the capture of transient, high-frequency non-
linear events such as bump impacts, rebound
snap-through, and bushing hysteresis. The
truck was tested under controlled and
repeatable test conditions, including:
Sinusoidal road input (0.5-4 Hz,
varying amplitudes of 1040 mm)
for low-frequency body motion
analysis
ISO 8608 random road profiles for
broadband excitation
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Step-input obstacles (50—100 mm) to
induce high-amplitude non-linear
stiffness response

Different payloads (empty, 50%
load, and full GVW) to assess load-
dependent non-linearities

The experimental campaign was conducted
using real measured data from on-vehicle
tests, not synthetic or simulated datasets.
Computational models were later developed
only to wvalidate and interpret the
experimental results, using techniques such
as piecewise linearization and harmonic
balance analysis [33, 41, 60, 73].

Results showed pronounced non-linear
stiffness and damping effects, including:

e Hysteresis loops in  force—
displacement curves due to frictional
and geometric non-linearities in leaf
springs
Amplitude-dependent effective
stiffness, especially under full load
Coupled vertical-longitudinal
vibrations, which linear quarter-car
models typically ignore
These findings confirmed that linear
suspension representations systematically
underestimate dynamic loads and fail to
predict high-frequency peak forces that
contribute to structural fatigue. The insights
serve as a technical foundation for the
development of adaptive and semi-active
suspension systems capable of adjusting to
non-linear operating behaviour under diverse
road and loading conditions [33, 50, 65, 66,
103, 104].

6. Opposite-phase Force Control:
Concept, Formulation and
Comparison with Active and Semi-
Active Suspensions

The control of non-linear vibrations
in truck suspension systems is crucial for

enhancing ride stability, minimizing
structural fatigue, and improving freight
transportation efficiency. Excessive

vibrations not only accelerate vehicle wear
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and tear but also impact cargo integrity, fuel
consumption, and driver safety—critical
factors influencing operational costs and
logistics performance. Opposite-phase force
control has been proposed as a way of
actively mitigating non-linear vibrations
(Fig. 9). As in active noise control, an
actuator applies a force in antiphase with the
measured body motion so that the two cancel.
Because this force is delivered by actuators,
the technique is treated here as a control
strategy built on the active and semi-active
suspensions of Section 3, and it is compared
with them in Section 6.5.

Fig. 9. Using noise-cancelling to create the
opposite phase reduces vibrations by cancelling
out unwanted ones with counteracting vibrations
(a).; Diagram of Non-linear Vibration Reduction
in Truck Suspension Systems Using Opposing-
phase Forces (b).

6.1 Potential advantages of opposite-phase
control

(a) Broad-spectrum vibration control
Opposite-phase control is intended to address
a wide range of vibration frequencies and
patterns.  Unlike  traditional  passive
suspensions, it can respond adaptively to
changing road conditions and cargo loads
[reference to be added].

(b) Real-time dynamic response
Sensor-based control can detect vibration
and command opposing-phase forces with
low latency; the achievable response time
depends on sensor, controller and actuator
dynamics [reference to be added]. Reduced
body motion would in turn limit cargo
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movement, which matters for fragile or high-
value goods.

(c) Reported efficiency and cost
benefits
Vibration reductions of [40—60]% have been
claimed for opposite-phase  systems,
compared with [20-30]% for passive
suspensions [reference and test conditions to
be specified]. If confirmed, such reductions
would translate into better fuel economy,
longer vehicle life and reduced maintenance.

6.2 Formulation for a non-linear quarter-
car model

Heavy truck suspensions exhibit
complex nonlinear dynamic behavior due to
large sprung mass (mg ), unsprung mass
(m, ), and road-induced excitations. To
improve ride comfort and roadholding,
modern approaches use opposite-phase
active/semi-active control, such as MR
dampers or active actuators, to counteract
vibrations in real time. A non-linear quarter-
car model with active control can be
expressed as:
Sprung mass (body):

MgXs~+Cs (xs - xu) + kg (xs *xu) +k3 (xs —Xu ) 3= act -

(6.1)

Unsprang mass (wheel/tire):

m,Xy + Cs (X,, - X_;) + ks (X,, - xs) +c (xu - X,)
+ k& (X,, - xr) = —Fuu, (62)

where my, m,, are sprung and unsprung mass,
ks, k3 are linear and cubic suspension
stiffness, ¢, is suspension damping (linear or
nonlinear), k;, c¢; are tire stiffness and
damping, x,, x., X, are body, wheel, and road
displacements, F.. is active control force
(opposite-phase).

An active actuator generates a force
Fu: in opposite phase to body acceleration
(X,) to cancel or reduce vibrations, similar
to active noise control. A semi-active damper
can only approximate this behaviour,
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because it can produce a force only in the
direction opposing the relative velocity
across the suspension (a dissipative force); an
ideal counter-phase force therefore requires
an active actuator.

6.3 Effect on ride comfort and road-
holding

Ride Comfort: Body acceleration X
RMS is minimized when F,. is accurately
opposite-phase, reducing low-frequency
oscillations. Nonlinearities (k3, c(xX)) affect
the effective natural frequency, so active
control must adapt to amplitude variations.
Roadholding: Tire force: Opposite-phase
control must avoid excessive unsprung mass
motion to maintain tire contact. Improper
tuning of m./m, ratio can degrade
roadholding even if ride comfort improves.

6.4 Design considerations for opposite-
phase control

Optimize my/m, ratio to ensure
actuator force effectively reduces sprung
mass vibration without destabilizing
unsprung mass. Include nonlinear stiffness k3
in controller design to maintain phase
accuracy over large displacements. Tune
damping ¢, and active control gains
considering actuator dynamics and road
frequency spectrum. Use real-time adaptive
control (semi-active MR damper or full
active actuator) to account for varying
payload and road conditions.

6.5 Comparison with passive, semi-active
and active suspensions

Table 3 compares opposite-phase
control with the suspension types of Section
3. The main distinction is force capability:
passive and semi-active suspensions can only
dissipate energy, whereas an active actuator
can also inject energy, which is what counter-
phase cancellation requires. A semi-active
damper (for example an MR damper) can
approximate opposite-phase control only
when the desired force happens to oppose the
relative velocity across the damper, so its
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benefit is limited to those parts of the motion
cycle. Opposite-phase control therefore
inherits the cost, energy demand and
reliability concerns of active systems (Table
1) and adds a requirement for accurate real-
time phase estimation in the presence of non-
linear stiffness and damping (Section 6.4).
Reported reductions differ in metric and test
conditions and are therefore listed in Table 2
where available.

Table 3. Comparison of passive, semi-
active, active and opposite-phase suspension
control for heavy trucks.

Principle

System and force Require Limitations
e ments
capability
Passiv  Fixed No Fixed
e spring and external characteristics
damper; energy; cannot adapt to
dissipative no road or load
force only sensors
Semi- Electronical ~ Sensors, Cannot inject
active ly ECUand  energy;
adjustable adjustabl ~ performance
damping; e depends on the
dissipative damper; control law;
force only low higher cost and
power maintenance than
passive
Active  Hydraulic Sensors, High cost and
or electric controller  energy use; lower
actuator and reliability, with
generates actuator; passive
force high components
independen  power acting as fail-safe
t of road
input; can
inject
energy
Opposi  Actuator As Sensitive to
te- force in active, actuator
phase antiphase plus fast dynamics, non-
with and linear stiffness
measured accurate and unsprung-
body phase mass motion
motion estimatio  (road-holding);
(Egs. 6.1- n reported reduction
6.2); ideal [x—y1% [ref.]
form needs

an active
actuator

6.6 Simulation and outlook

High-fidelity vehicle-dynamics
simulation platforms such as [IPG CarMaker
can be used to evaluate opposite-phase
control under realistic road profiles and load
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conditions. No simulation results for the
configurations discussed in this review are
reported here [insert the simulation set-up
and results if available; otherwise delete this
paragraphl].

Outlook. The adoption of opposite-
phase force technology may mark a shift
toward intelligent suspension systems that
improve freight efficiency and sustainability,
provided that the reported benefits are
confirmed experimentally on heavy trucks.
Future research should focus on integrating
machine learning, digital twins and energy-
harvesting mechanisms, and on validating
the approach with high-fidelity simulation
tools and full-scale tests.

7. Current Challenges and Future
Directions

The  development of  truck
suspension systems is a field grappling with
numerous challenges, particularly in
managing nonlinear vibrations and ensuring
durability under demanding operating
conditions. These challenges are
compounded by the need for enhanced
performance and sustainability [105]. At the

same time, the industry is exploring
innovative directions to meet future
demands, focusing on advanced
technologies, materials, and analytical
methods.

7.1 Current challenges of truck suspension
systems

One of the primary hurdles lies in
understanding and managing nonlinear
vibrations, which result from the complex
interactions between the suspension system,
road conditions, and vehicle dynamics. [20,
27, 28, 39]. Nonlinearities such as internal
friction in dampers and varying stiffness
under different loads make it difficult to
predict the suspension system's behavior
accurately. [106]. This complexity limits the
effectiveness of conventional design
methods in addressing the full spectrum of
real-world operating conditions such as Fig.
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10. Additionally, increased payload demands
in modern trucks strain suspension systems,
making them more susceptible to damage
under harsh conditions. [6, 19, 30],
particularly on uneven roads. These payloads
exacerbate structural stresses, potentially
leading to failures in  suspension
components.

A critical concern is the need to
balance performance and ride comfort.
While robust suspension systems are
essential for durability, they can sometimes
compromise comfort by failing to absorb
vibrations effectively. [2, 56, 65, 66, 75, 81].
Unwanted vibrations negatively affect driver
and passenger experience, making it
challenging to design systems that excel in
both performance and comfort

(b)
Fig. 10. The proposed enhanced energy-efficient
skyhook control [33]: (a) quarter-car model of a
semi-active suspension system; (b) block diagram
of the control system. Semi-active suspension
system.

7.2 Future directions

Advancements in  suspension
technology are steering toward innovative
solutions to address these challenges:

7.2.1 Intelligent vibration damping
technologies (Active Suspension Systems)

Active and adaptive suspension
systems are poised to transform truck
dynamics [72, 94, 97]. These systems
leverage sensors and electronic controls to
monitor and respond to road-induced
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vibrations in real-time. By dynamically
adjusting  stiffness and damping, they
promise smoother rides and reduced wear on
vehicle components, enhancing both
performance and longevity. [67, 107, 108].
Whereas these systems modulate stiffness or
damping, opposite-phase control commands
an actuator force in antiphase with the
measured body motion; Section 6 compares
the two families.

7.2.2 Use of advanced materials

The adoption of advanced materials,
such as carbon fiber composites and
lightweight alloys, is becoming a critical
focus. These materials offer a high strength-
to-weight ratio, enabling trucks to handle
heavier payloads while minimizing the
transmission of vibrations. [35, 74, 99]. Their
integration can improve energy efficiency
and reduce overall vehicle weight, aligning
with sustainability goals.

7.2.3 Digital twin technology

Digital twin models represent a
game-changing approach to suspension
system design and testing. These virtual
replicas allow engineers to simulate and
analyse suspension behaviour under various
scenarios, predicting potential issues and
optimizing  designs  before  physical
implementation. [45, 109]. This approach
accelerates development cycles, reduces
costs, and improves the precision of
suspension systems.

7.2.4 Smart materials and energy
harvesting

Smart materials with adaptive
damping and stiffness properties offer an
opportunity for dynamic vibration control,
enhancing both suspension durability and
cargo protection. Energy-harvesting
technologies that convert vibrational energy
into usable power could improve fuel
efficiency and align with eco-friendly
logistics practices [reference to be added].
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7.3 Critical analysis and perspectives

The evidence summarised in Tables
2-3 supports three observations. First, non-
linear  effects—hysteresis,  amplitude-
dependent stiffness and damping, and load
dependence—are established in both models
and measurements (Sections 4 and 5), yet
most of the tabulated modelling studies rely
on  quarter-car  representations  and
experimental validation on full heavy-truck
configurations appears comparatively scarce.
Second, every control approach trades one
benefit against another: passive systems are
simple and reliable but cannot adapt; semi-
active systems adapt at moderate cost but can
only dissipate energy; active systems,
including opposite-phase control, can inject
energy but at the price of higher cost, energy
demand and lower reliability (Table 3).
Third, ride comfort and road-holding pull in
different directions, so a control law that
lowers body acceleration must also keep
unsprung-mass motion and tyre force within
limits (Section 6.3).

Moreover, achieving a balance
between mechanical performance and ride
comfort should be a top priority for future
development. Ride comfort is particularly
vital in the transportation industry, where
long hours of driving demand systems that
reduce driver fatigue while maintaining
vehicle stability.

Finally, greater emphasis should be
placed on in-depth experimental studies that
replicate real-world conditions. While
computational and mathematical models are
invaluable, experimental validation remains
crucial to understanding the nuanced impacts
of nonlinear vibrations and ensuring the
practical applicability of new designs. Such
an approach  would facilitate the
development of cost-effective and efficient
suspension systems that meet the demands of
the modern trucking industry.

The reported benefits of opposite-
phase control should be treated with caution:
the Fig.s cited for it are not yet tied to specific
test conditions, its ideal form requires active
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actuation, and semi-active implementations
can only approximate it. Establishing where
it offers a real advantage over skyhook-type
semi-active control and conventional active
control is therefore the main open question
for heavy-truck applications.

8. Discussion

This section interprets the findings
of Sections 4 to 7 and their implications for
freight logistics; the comparative evidence
itself is analysed in Section 7.3.

8.1 Interpretation and implications for
logistics

Despite advancements in
computational and mathematical modelling,
accurately predicting non-linear vibration
behaviour remains a challenge due to the
inherent complexity of truck dynamics.
Finite element methods, harmonic balance
techniques, and machine learning-based
models have improved the ability to simulate
real-world operating conditions. However,
discrepancies between theoretical models
and experimental results highlight the need
for more adaptive and data-driven
approaches. The unpredictability of road
conditions, coupled with varying load
distributions, necessitates more robust
predictive frameworks that can integrate
real-time data and enhance vibration
mitigation strategies.

A key challenge in logistics and
transportation efficiency is balancing vehicle
durability and ride stability while ensuring
minimal disruptions to freight operations.
Heavy trucks frequently operate under
extreme conditions, including high payloads,
uneven road surfaces, and continuous long-
haul transport. These factors intensify non-
linear vibrations, leading to accelerated wear
of suspension components, increased fuel
consumption, and higher maintenance costs.
Furthermore, excessive vibrations affect
cargo integrity, particularly for fragile or
high-value goods, resulting in potential
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financial losses and chain

inefficiencies.

supply

8.2 Opposite-phase control in context

Opposite-phase control (Section 6)
sits at the active end of the range compared
in Table 3. Reductions in vibration intensity
of 40-60% have been claimed for it,
compared with 20-30% for passive
suspensions, but the sources and test
conditions of these figures are still to be
specified [reference required]; until they are,
the figures should be regarded as indicative
only.

8.3 Limitations of this review

This review has limitations. The
search was restricted to four databases and to
publications from 2000 to 2024 (Section 2),
so relevant work in other sources or later
years may be missing. The included studies
differ in vehicle class, road input, payload
and performance metric, which is why
Tables 2 and 3 are comparative summaries
rather than pooled estimates. Evidence for
opposite-phase control in heavy trucks is
limited and appears to be largely of the
concept-and-simulation type [confirm], so its
benefits should be verified by full-scale tests.

9. Conclusion

This review examined non-linear
vibration in heavy-truck suspensions across
modelling, experiment and  control.
Amplitude-dependent stiffness and damping,
hysteresis and load dependence mean that
linear models can under-predict dynamic
loads, as reported in the case study of Section
5, and that model predictions still need
experimental validation. The comparative
summary in Table 2 shows that quarter-car
models are the most frequent model type
among the tabulated studies and that full-
scale experimental evidence is limited.

Passive, semi-active and active
suspensions form a progression in
adaptability, cost and energy demand (Table
1). Opposite-phase force control was



W. Tinsuwan et al. | Science & Technology Asia | Vol. 31 No.3 July — September 2026

examined as an actuator-based strategy
belonging to the active end of this range: its
ideal form requires an active actuator, semi-
active dampers can only approximate it, and
the quantitative benefits reported for it are
not yet tied to specific test conditions (Table
3). Whether it outperforms skyhook-type
semi-active and conventional active control
on heavy trucks remains to be demonstrated.
The main research gaps are adaptive
suspension design for varying payload and
road conditions, real-time prediction of non-
linear vibration, and intelligent (data-driven
and predictive) control validated in full-scale
heavy-truck tests. Addressing them, together
with digital-twin, smart-material and energy-
harvesting technologies, would support more
reliable and cost-effective freight transport.
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