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Abstract

Eight-wheel drive vehicles have many areas of use, such as military, logistics, firefighting,
and disaster response. One of the key design requirements of an 8 x 8 vehicle is to achieve
low turning radius at low speeds, without loss of stability and handling at high speeds.
In this study, an 8 m turning radius is taken as a preliminary design objective of a 24-ton
vehicle, and best handling performance is achieved for high speeds using simulations and
the Taguchi Method. While achieving the 8 m turning radius, calculations are based on
Akerman’s principle to calculate the turning angles of each wheel. The bicycle model was
derived using motion equations, then implemented in MATLAB/Simulink (version 2023b)
model to predict the slip angle for six degrees of sinusoidal steering input and a longitudinal
speed of 72 kph. The effects of design parameters such as steering configuration and
axle distances on slip and steering angle were investigated by design of experiments.
With the help of ANOVA analysis performed using Minitab software (version 19), the
relationship and optimized solutions were achieved to satisfy both minimum slip angle and
steering stability. Minitab optimizer results conclude that Configuration 3 with L1 = 2.45 m,
L2 =13 =0.8 m, and L4 = 2.3 m axle distances achieved a mean slip of 2.54 x 10~2 radians
delay during the sinusoidal maneuver of 4.19 x 1073 radians at 20 m/s forward speed.
Although the optimum solution is achieved with the third configuration, there is not a
common solution to achieve both the lowest slip and the highest stability with the same set
of design parameters. Finally, a CAD model of the first two axles is established using the
software Solidworks (version 2025). A kinematics model including pitman arm, idle arm,
and steering rods is designed and virtually validated using ADAMS/ View (version 2025.1)
multibody dynamics software.

Keywords: 8 x 8 vehicle’s steering; Ackermann geometry; steering angle; slip angle; design
of experiments; Taguchi robust design

1. Introduction

Eight-wheel drive vehicles are multi-axle vehicles that offer high mobility in various
application areas, such as military, industrial, and emergency response. Eight-wheel drive
vehicles provide balanced weight distribution and reduced ground pressure and allow
vehicles to travel on off-road terrain [1-4]. Their robust chassis increases resistance to
heavy loads and severe environmental conditions. Equipped with advanced suspension
systems, these vehicles effectively absorb shocks and maintain stability and comfort on a
variety of off-road conditions, such as bumpy terrain, mud, snow, and sand. In military
operations, 8 x 8 vehicles are used for troop transportation, armored reconnaissance, and
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logistics support. Their ability to operate in diverse terrains and carry substantial payloads
make them indispensable for defense forces [2]. In emergency and rescue operations,
8 x 8 vehicles are deployed to reach disaster areas, providing critical support and trans-
portation. Therefore, they have a wide range of emergency uses, from responding to a forest
fire to bringing hope to destroyed cities after an earthquake. In conclusion, 8 x 8 vehicles
are specialized machines designed to perform extremely well in demanding environments
where conventional vehicles might struggle. Their unique configuration, advanced features,
and adaptability make them invaluable in various industries, despite the inherent chal-
lenges associated with their complexity and cost. Some of the 8 x 8 vehicles are presented
in Figure 1.

Sophisticated steering systems, frequently with several steerable axles, are a feature of
modern 8 x 8 vehicles that greatly reduce turning radius and improve maneuverability in
limited areas. The drivetrain system is engineered to distribute torque evenly across all
eight wheels, enhancing traction and stability. This feature is particularly useful in off-road
scenarios where consistent power delivery to all wheels is crucial. When a multi-axle
vehicle (MAYV) is considered, there is always a conflicting performance of maneuverability
and stability. Generally, active steering control systems and strategies were applied by
many researchers to enhance both design requirements [5]. An et al. studied the linear
quadratic linear regulator control method on a six-wheel steering system to improve
maneuverability [6]. Checking vehicle performance with J-turn tests demonstrated that
the control system can achieve a smaller turning radius and better stability. Zang et al. [7]
introduced an adaptive yaw control scheme based on the estimation of the vehicle mass,
yaw inertia, and center of gravity (CG) position. System parameters of these vehicles vary
significantly due to varying conditions, such as unloading and full loading of payloads.
Pareira et al. [8] proposed a trajectory tracking control strategy for a 6 x 6 armored vehicle
based on a simplified dynamic model integrated with microprocessor controllers. The
main objective of their study was to eliminate rollover risk during high-speed handling.
Similar studies are also available for 8 x 8 vehicles. Active rear steering has been used
in many research studies to enhance ground vehicles’ lateral stability. Ahmed et al. [9]
worked on various controllers to actively steer the rear axles of a multi-axle combat vehicle
using a linearized bicycle model. Bao et al. [10] proposed a coordinated slip control
algorithm using the hierarchical linear quadratic regulator scheme for a 12 x 12 vehicle.
The 12-wheel driving system was decoupled based on the wheel load and simplified to a
double local subsystem.

In open literature, the second most widely studied topic for MAV is probably the
synthesis of the steering system, including geometry and mechanisms. The effects of
steering geometry on cornering have been frequently investigated by many researchers.
Chen et al. [11] studied the effects of steering geometry and developed the proper steering
mechanisms of a four-axle vehicle to improve cornering behaviors. It is concluded that
fourth-axle steering can obviously cut down the turning radius and even the slip angle.
Khang et al. [12] performed a valuable study to optimize the dimensional synthesis of
Ackermann steering mechanisms for three-axle, six-wheeled vehicles. They employed
optimization methods including particle swarm optimization, hybrid particle swarm opti-
mization, differential evolution with golden ratio, and linear ensemble of parameters and
mutation strategies in differential evolution.

In most studies, turning performance and steering stability were studied separately,
while some of them are just focused on developing a steering mechanism to achieve low
turning or cornering radius, and some of them worked to enhance handling performance
by introducing complicated control algorithms [8-15]. The studies that take both design
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considerations into account are limited; therefore, it is worthwhile to analyze both of
them [16-18] together.

and rear-axle steering. At highe

speeds, automatically deactivated
> v ? 3 ¥ 3 w ‘.

Figure 1. Military and industrial examples of 8 x 8 vehicles. (a) Otokar Arma armored vehicle [19],
(b) Avtoros Shaman armored vehicle [20], (c) Rosenbauer Panther airport rescue and firefighting
vehicle [21], (d) Mercedes Actros logistic truck [22], (e) Oshkosh Striker Airport fire fighter vehicle [23],
(f) Patria AMV armored vehicle [24].

1.1. Mathematical Modeling of Steering

When a vehicle turns, all the wheels cover different angular displacements. At lower
speeds, the extensions of the axes of the steered front wheels will intersect with the extension
of the rear axle at the center of the curve without error. This situation is called the Ackerman
principle [25,26]. Ackermann steering geometry is a basic principle in vehicle dynamics
and focuses on increasing the steering efficiency of vehicles by reducing tire slip during
cornering [25]. For 8 x 8 vehicles with four steerable axles, this principle is extended to
ensure that all steerable wheels are correctly aligned. The steering angles for each axle must
be calculated to ensure that all wheels are oriented towards the same turning center.

Achieving precise Ackermann geometry in 8 x 8 vehicles requires careful design and
calibration of the steering linkages and steering control systems. Steering linkages are
adjusted such that the calculated steering angles for each wheel are achieved during turning
maneuvers. In 8 x 8 vehicles, all-wheel steering systems often incorporate Ackermann
principles to optimize the steering angles for all steerable axles. By ensuring that all wheels
follow concentric paths, the stability and control of the vehicle are significantly improved at
low speeds. Implementing Ackermann geometry in 8 x 8 vehicles is more complex due to
the need to coordinate multiple axles and their respective steering angles. Understanding
slip helps to optimize steering response, improve vehicle stability, and increase overall
handling performance [25].

As far as a four-axle vehicle model is concerned, the motion model is as shown as
Figure 2. Cp is the center of vehicle body, Cg is the center of gravity (CG) of the vehicle,
and W is the tack width, which is the distance between left and right wheels. When the
vehicle turns, the position of the instantaneous center TC will be located at the intersection
point of the normal lines of the eight wheels. After setting the steering angles of the eight

https:/ /doi.org/10.3390/vehicles8100227


https://doi.org/10.3390/vehicles8100227

Vehicles 2026, 8, 227

4 0f 20

wheels, the position of TC can be found by the model constructed in Figure 2 with the
geometrical method.

X

Figure 2. Four-axle vehicle motion model. Ly, L3, L34 are the longitudinal distances between
axles, W is the track width of vehicle, J,_g is the steering angle of each tire, x1_g is the slip angle of
each tire, R is the turning radius of COG, and Ry is the turning radius of body geometric center;
B =Vy/Vx[27].

When the position of the instantaneous center is calculated, other motion parameters
can be calculated, such as the turning radius of Rg (Equation (1)), turning radius of body
center Rp (Equation (2)), side slip angle «, and so on.

Rg = \/(xc —xc)’* = (yo — yc)? (1)

Ro = \/(xo —xc)* = (yo — yc)? (2)

where x. and y, are the x, y components of the instantaneous center, and x; and y¢ are x, y
components of CG.

The proper relationship between the steer angle of the inside wheel and that of the
outside wheel should satisfy the well-known Ackerman formula:

W

—_— 3
IW+X ®

cot Sout — €Ot Fjpper =
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Formally, the slip angle is defined as follows (Figure 2):
= tan~ 4)
aj = 0; —arctan;

X

where a; is the slip angle of i-th tire, ¢; is the steering angle of the i-th tire (including steer
input and slip angle), V;, is the lateral velocity, and Vy is the longitudinal velocity.

Tire characteristics, vehicle speed, steering angle, load distribution, and road condi-
tions are some of the important variables affecting slip angle. The magnitude of the steering
angle directly influences the slip angle, as larger steering inputs typically result in larger
slip angles. Wet, icy, or uneven surfaces can change the friction between the tires and the
road surface, which can have a substantial effect on the slip angle [25,26,28]. The surface
adhesion is a significant component that greatly affects the calculation of the lateral force.
For medium cars, tire lateral force is linearly changing up to 5-6 degrees [29]. The lateral
force against slip angle is similar for truck tires on dry concrete surface for 88 kph forward
speed is shown in Figure 3 [27,30,31]. The linear relationship between the lateral force and
the slip angle is applicable for slip angles up to about 6-7 degrees. The linear relationship
will no longer yield a reliable approximation for increasing slip angles.

Normilized Lateral Force vs Slip Angle
1.0

NORMALIZED FORCE (FY/FZ)
o o o o o
» By < ® ©
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Figure 3. Lateral force normalized with vertical load slip angle change of truck tire for 88 kph speed
over dry concrete surface [27,30,31].

1.2. Bicycle Model

The bicycle model is a simplified representation of a vehicle’s motion that helps
in understanding and predicting its behavior during steering maneuvers. Despite its
simplicity, this model is particularly useful for analyzing the fundamental aspects of vehicle
dynamics and control strategies in both research and practical applications. This model
focuses on the vehicle’s lateral and yaw dynamics, capturing key behavior during turning
and stability control.

In mathematical formulation, the vehicle is assumed to have a rigid body. Additionally,
the wheels are assumed to be massless, and only the forces acting on the vehicle body are
considered. Tire forces are linearized for small slip angles, making the model applicable
primarily for low to moderate speed scenarios. The bicycle model uses a coordinate
system with the origin at the vehicle’s center of gravity. The x-axis points forward, and the
y-axis points laterally to the left. The bicycle model ignores aspects like the load transfer,
suspension effects, and non-linear tire performance at high slip angles, which oversimplifies
the true dynamics of multi-axle vehicles.
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1.3. DOE and the Taguchi Method

The Taguchi Method is developed for designing experiments to investigate how
different parameters affect the mean and variance of a system’s parameters on responses.
The experimental design proposed by Taguchi involves using orthogonal arrays. Instead of
having to test all possible combinations like the factorial design, the Taguchi Method tests
pairs of combinations, which allows the collection of necessary data to determine the factors
that most affect the response with minimum experiments [32]. The primary objective of the
Taguchi robust design is to ensure that systems and products perform reliably regardless of
uncontrollable external factors, thereby minimizing the impact of variations that cannot be
controlled or eliminated [33].

The quality loss function, introduced by Taguchi, quantifies economic loss due to
deviations from target performance using the following formula [32-34]:

L=k(y—m)* (5)

where L is the loss function, k is a constant, y is the actual value, and m is the target
value. This approach shifts the focus from simple compliance to minimizing deviation
from the target. OAs are central to the Taguchi Method, enabling the study of multiple
factors simultaneously with a reduced number of experiments, allowing for efficient data
collection and analysis even in complex systems.

Implementing the Taguchi Method involves a series of structured steps to ensure
effective optimization: first, clearly identifying the problem, setting the objectives, and
determining the quality characteristic to be optimized (response variable) [33]; next, identi-
fying the factors affecting this quality characteristic and defining the levels (values) for each
factor to ensure that all relevant variables are considered; then, selecting an appropriate
orthogonal array that fits the number of factors and levels, based on the desired resolution
and the number of interactions to be studied. Conducting experiments according to the
OA and collecting accurate and reliable data for the response variable are the following
steps. The process continues with analyzing the results by calculating the S/N ratios for
each experiment and using analysis of variance (ANOVA) to determine the significance
of factors, thereby identifying the optimal levels for each factor. Finally, predicting the
performance at these optimal settings and conducting confirmation experiments to verify
the predicted performance ensure the reliability of the optimization [33].

To determine the effect of each variable on the response, the signal-to-noise ratio, or
the S/N number, needs to be calculated for each conducted experiment. For the case of
minimizing the performance, the following formula for the S/N ratio should be calculated:

S/N; = —10l0g( TN, Vi 6

1 og Zu:l ﬁl ( )

For the case maximizing the performance characteristics, the S/N ratio should be
calculated with the following:

1w, 1
S/N; = —101og(1\].251_1 ],2> )
1 u

where i is the experimental number, u is the trial number, and N; is the number of trials for
experiment i.

One of its primary advantages is the cost-effectiveness, as it reduces the number
of experiments needed, thereby saving considerable time and resources. Additionally,
it provides a systematic approach to problem-solving and optimization and focuses on
creating products and processes that are insensitive to variations, enhancing robustness.
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However, the Taguchi Method also has some limitations that necessitate careful application.
It operates on several simplistic assumptions, such as assuming that factors are independent,
which may not always be the case in real-world scenarios. Furthermore, it primarily focuses
on linear models, potentially overlooking complex interactions that could be critical to
the optimization process [34]. Despite these limitations, when complemented with other
methods, the Taguchi Method can significantly contribute to achieving excellence in product
design and manufacturing processes.

2. Materials and Methods

In this study, an optimized steering strategy is developed to satisfy both low turning
radius at low speeds and steering stability at high speeds for an 8 x 8 vehicle. The
methodology used in this study is schematically summarized with Figure 4.

‘ N Q [ > Q3
S i| Q N Q
Ot NI [ TAGUCHI DOE
0 - ]
\ Q I\ L Q /‘J
010 | 0 0] /
L o U‘ 2 0 Optimization / i

Verification of
optimisation

Design of steering
mechanism

IREEREEEEEREEEEEEEREEER

Figure 4. Methodology used for optimization and linkage design study [27].

This study started with mathematical modeling and simulation of vehicle motion,
which provides the ability to analyze complex systems quickly and accurately and test and
optimize various scenarios.

In the optimization part, the Taguchi Method is employed, which saves time and
simulation cost by reducing the number of experiments. It is effective in optimizing
parameters when the interaction between variables is limited and increasing the robustness
of the system against external factors. The method is effective in linear models and may
ignore complex interactions. In final part of the study, a four-bar mechanism is developed
and checked with multi-body dynamics simulations.
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2.1. Design Objectives

In the benchmark research on 8 x 8 vehicles, it is noticed that one of the most important
design criteria, as mentioned before, is to achieve a minimum turning radius. In this study,
an 8 m turning radius is taken as the design objective, which is a reasonably challenging
target. While achieving the turning radius target, the steering angle of the wheels was
limited to 40 degrees. Larger steering angles may cause a conflict in terms of kinematics
or packaging. The preliminary calculation consists of steering angles d,_g for every DOE
scenario and a mean steering angle J1_4,, for each axle.

Valid data is very important for realistic motion simulations. However, detailed and
accurate data is difficult to obtain, especially for four-axle vehicles. Therefore, a detailed
literature survey has been conducted, and the base vehicle parameters used in the motion
model are summarized at Table 1. The moment of inertia is taken from the author’s previous
works on 8 x 8 vehicles’ structural analysis using the finite element method, but similar
data is also available in the literature [16].

Table 1. Vehicle properties used for bicycle model.

Vehicle Property Symbol Unit Value Used

Mass m kg 24,000

Moment of inertia in z axis I kg m?2 210,000
Track width 1% m 2.38
First axle-CG I m 2.375
Second axle-CG I m 0.875
Third axle-CG I3 m 0.875
Fourth axle-CG Iy m 2.375

Tire definition 14R20

Cornering stiffness of tire Cio N/rad 200,000

Cornering stiffness of tire Cs4 N/rad 180,000

The cornering stiffness for a medium car would be about 140-200 kN /rad [29]. After
completing benchmark research for the 14R20 tires, in most studies, cornering stiffness
is stated to vary between 150-300 kN/rad [35]. Due to weight distribution, front axle
tires have higher cornering stiffness than the rear tires [16,29,35]. In the present study,
tire stiffness C; and C, were chosen to be 200,000 N/rad for the first two axles (total
shall be 400,000 N/rad for each axle in bicycle model), and the stiffness values of the
other axles were calculated artificially by decreasing it 10%, thus C3 and C4 were taken as
180,000 N/rad. The longitudinal velocity used in simulations is 20 m/s. This means that the
vehicle steering system designed for low-speed conditions achieves an 8 m turning radius
and moves at an average highway speed on asphalt road with the same steering dynamics.

Generally, lane change is the most widely used maneuver for investigating stability
analysis [7,9,16]. A half sinus wave was used as the steering input angle to represent a lane
change maneuver. This simulates the vehicle making a 6-degrees (0.1 radians) turn and
returning to the starting point within 5 s, and the maximum slip angle is calculated for each
axle accordingly.

2.2. Mathematical Modeling

The multi-axle vehicle-bicycle motion model formulations for an 8 x 8 vehicle with
all-wheel steering (AWS) are presented in Figure 5. The steering angles 6;_4,, are the means
of the left and right tire steering angles for each axle, which comply to Akerman’s principle
for each configuration. In the example, for the first axle, J1,, is the mean of 4; and J, shown
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in Figure 2. For a four-axle vehicle, the multi-axle bicycle motion model equations can be
written using force and moment equilibrium as follows [9,16,25,26]:

m (Vy + er) = F1,c0881m + F2yc0862 + F3,00863 + Fayyc08041, (8)
M + Fyycosé1ly + Faycosdomly — F3c0803l5 — Fuycos0gmly = 11 9)
B = arctan(Vy/v;) (10)

where ; is the distance of the i-th axle to the center of gravity, and F;; is the lateral force of
the i-th axle.

X(Sgl Qsm s B O\8am Ny
L AN ONE

y450(4 FyB:a3 Fyz:az Fyli o

12 .
Iy Ih

A

- — <

~
w

i

Figure 5. Schematic representation of bicycle model for the four-axle vehicles [9].

For small steering angles,
‘B ~Vy / Vy (11)

We can write the slip angle with the following equation:

tan(8;,, — &) = - B+ — (12)

For small steering input angles, the slip angle can be written as follows:

Lir
ai%&'m—ﬁ—{z (13)
Wheel lateral force can be represented by the slip angle and the lateral force stiffness:

Fiy = Ci X o (14)

where C; is the cornering stiffness of tires of the i-th axle. Then,

m (Vy + er) = Cia100801, + Conpcosdyy, + C33€05603y, + CarqC0504y, (15)
. d . .
Vy = E(ﬁ Vi) = Vi + Vi (16)
and
C1a1¢0861,,11 + Conpcosdoly — Canzcosday,ls — Caryc0804ls = Ir (17)

For small steering input angles, cosé ~ 1; therefore, we can simplify that:
m Ve +m Vi +m Var = Cy(81m — B —1r/ve) + Co(Sam — B — b7/v)+C3(83m — B — 57/Vi) + C1 (64 — B — lar/V2) (18)
Ir = 11C1(51m — ﬁ — ll’/Vx) + lzcz(ézm — ,3 — lZ”/VX> — Z3C3((53m — ,3— ls”/V,{) — Z4C4(§4m — ,3 — 14”/Vx) (19)

After rearranging to leave ,8 and r at the right side of the equation, the state space
matrix will be achieved as follows:
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51m

. 2(C1+C2+C3+C4) B 2(C1h1+Cola—C3l3—Cyly) —2Cq —2Cy —2C3 —2C4
T m, 7 B 02

_ m Vy m Vg + mVy mVy mVy m‘é( m (20)

; 2(C1l+Caly—C3l3—Cyly) 2(CB+Col2+C3l5+C412) *2111C1 —2112C2 213IC3 2141 4| | b3m

1 x
54m

Equation (20), which is the result of the calculations and modeling, was remodeled for
processing through MATLAB-Simulink software version 2023b. In order to simplify data
input, Equation (20) is converted to the form shown with Equation (21).

:

Al A2
A3 A4

ﬁ]+
i

Bl B2 B3 B4
B5 B6 B7 B8

51m
52m
53m
§4m

(21)

The MATLAB/Simulink model is shown in Figure 6. The first axle steering input is

given with a sinusoidal source 0.1 radians amplitude, 0.6282 frequency, and 5 s simulation

time. The steer input data is distributed to other axles using a second block named “Steer

Axle”. In a state space block, Equation (21) is converted to a function with outputs ,B and r.
Outputs are integrated to calculate the slip angle using Equation (13). The scope block was
integrated to read the desired output values, such as slip angles and the vehicle steer angle.
The sample time of simulation is 1.0 x 10~#, and the “ode43” Runge-Kutta fourth order
solver was chosen.

Functlon [Lambdal,Lanbda2, Lambda3,Lanbdad)= SteerAxle(u)

Lambdal = u; )
Lambda2 =8.513*u; ot ]
Lambda3 =@.*u; ShpAng\gl.
Lambdad =6.482%u; ’7
I
Pt
SlipAngle2
Bsta ‘ K1=L1Vx
Lambda1 |
Lambda2 K el
" - 6\Lambda3 ‘ K2=L2Vx
e mbdad| BleydeMadel
U
= - Steering input of each alde, |
Function [Seta_dot,R_dot]= BicycleHodel(Beta,R,u,t) R_dot] F
% Seta_coeff 1 R ¢ SlipAngle3
Al = -6.333;

A2 = -1.838;
% R_coeff.s
A3 = -1.752;
A4 = -2.282;
% Beta coeff.s
81 = 1.667;
82 = 1.667;
83 = 1.5;
84 = 1.5;
% R_coeff.s
85 = 9.333;
86 = 3.648;
87 = -2.743;
B8 = -7.886;
% A,coeff Matrix 2x2, % B, &
A=[AL,  A2];
C=[A3, MI];
B=[8l, 82, 83,
D=[85 86, 87,

nput Matrix 2x4

84];
88];

XX output

Beta_dot = A*Beta + B*u;
R_dot = C*R + D*u;

end o

State Space Model

3=L3/Vx

Figure 6. Matlab/Simulink model.

2.3. Design of Experiments

& SlipAngled
Ké=LaNVx

A four-level DOE with five parameters is defined and L16 orthogonal array selected to

establish experiment scenarios. A total of sixteen scenarios were defined for four different

steering configurations and analyzed with Minitab software [34]. For each configuration,

four different scenarios were created. The parameters defined for each scenario are shown

in Table 2.

In this table, “I;_4” represent the distance between the axle and the center of gravity
of the vehicle in meters. Equation (3) was used to calculate the steering angles for each
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scenario, providing a turning radius of 8 m. Here, d1_4;, represents the average of the

steering angles of the left and right wheels on the axle.

Table 2. DOE scenarios and calculated axle steering angles for 8 m turning radius.

Steering Iy I I Iy O1m O2m O3m Oam 21l O1m O3l O1m O4ml O1m
Configuration m m m m Degree Degree Degree Degree
S Q 2.30 0.80 0.80 2.30 31.382 20.517 0 0 0.654 0.000 0.000
N\ Q 2.35 0.85 0.85 2.35 32.093 21.355 0 0 0.665 0.000 0.000
w i, { 2.40 0.90 0.90 2.40 32.797 22.188 0 0 0.677 0.000 0.000
0 0 2.45 0.95 0.95 2.45 33.495 23.016 0 0 0.687 0.000 0.000
Q Q 2.30 0.85 0.90 2.45 36.879 27.648 13.895 0 0.750 0.377 0.000
N Q 2.35 0.80 0.95 2.40 36.946 26.994 13.064 0 0.731 0.354 0.000
Q 2.40 0.95 0.80 2.35 37.014 27.765 13.963 0 0.750 0.377 0.000
0 0 2.45 0.90 0.85 2.30 37.084 27.112 13.130 0 0.731 0.354 0.000
S Q 2.30 0.90 0.95 2.35 27.295 16.438 0 —12.599 0.602 0.000 —0.462
\ Q 2.35 0.95 0.90 2.30 27.351 16.477 0 —12.630 0.602 0.000 —0.462
. g 2.40 0.80 0.85 2.45 27.410 14.821 0 —14.393 0.541 0.000 —0.525
Vo 0 245 0.85 0.80 2.40 27.470 14.858 0 —14.429 0.541 0.000 —0.525
S Q 2.30 0.95 0.85 2.40 20.517 8.6316 —7.736 —20.913 0.421 —-0.377 —1.019
« \ Q 2.35 0.90 0.80 2.45 20.961 8.2045 —7.304 —21.355 0.391 —0.348 —1.019
"""" 0+—r0 2.40 0.85 0.95 2.30 20.612 7.7747 —8.675 —20.212 0.377 —0.421 —0.981
e 0 2.45 0.80 0.90 2.35 21.059 7.3421 —8.247 —20.661 0.349 —0.392 —0.981

In Table 2, Configuration 1 represents the steering of the first two axles, Configuration 2
represents the steering of the first three axles, Configuration 3 represents the steering of the
first, second, and fourth axles, and Configuration 4 represents the steering of all the axles.
Secondly, steering angles d1_g for each configuration and axle distances were calculated
and mean steering angles tabulated in Table 2 for bicycle motion model. Parameter d;,,
represents the average of the steering angles of the inner and outer wheels of the i-th axle.

3. Results
3.1. Stability Analysis

To understand the steering performance and stability of the simulated vehicle, as a
preliminary study, slip angles were checked for each configuration at 10 kph with a half
sinusoidal steering input with an amplitude of 6 degrees for the first axle. The steering
input of other axles was activated according to the steering ratios given in Table 2. With a
half sinusoidal input, the vehicle first turns right and then left with the same amplitude
and rate to ensure that the final steering position of the vehicle is a neutral position when
the best performance happens. Slip angles «;,, for each axle and vehicle turning angle
are graphed with the same axle distances for 10 kph forward speed. As shown in Figure 7,
each steering configuration shows various slip angles and steering angles. It is evident
that a vehicle reaching a higher steering angle  and showing low slip angles has the best
turning performance.

The results of steering configuration 1 show that since the first two axles are steered, the
slip angle is quite low at these axles, but when the solid axles are taken into consideration,
there is a significant slip and resistance to the turning maneuver. For the ideal case, the
vehicle turning angle B should be close to the first axle steering input. Of course, due
to axle distance and orientation, we do not expect full compatibility with Ackerman.
Therefore, it can be concluded that the turning performance is low for Configuration 1. In
the second configuration, the first three axles were steered, and therefore the slip angles
are low at these axles and higher at the fourth axle, which is a solid axle. Vehicle steer angle
is higher than configuration 1, which means better turning performance is achieved. The
solid axle slip angle is close to the first axle steering input amplitude. As easily noticed,
the best turning performance is achieved when all axles are steered (Configuration 4). The
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first two and last two axles show similar slip angles, but in opposite directions. The vehicle
turning angle is significantly better than the other configurations but still could not reach
the theoretical value due to axle orientation and limitation due to package considerations
(max. 40 degrees allowed for the first axle). When only turning performance is taken into
consideration, the configuration order from high to low is 34-2-1.

Slip of Configuration 1 at 10 kph forward speed - N Tip of Coollgural forward speed

<
f‘@ =
L s
s £
< <
2 e
7 @
0,05
—B8ela —Beta
—SlipAngle —SipAnglet
008 —SlipAnglo2 —SlipAngle2
—SiipAngle3 —SlpAngled
SlipAnglod 05 P SlpAngied
o 08 ! " 2 25 3 35 4 a8 5 0 05 1 5 2 25 3 35 4 a5 5
Time (seconds) Time (seconds)

Slip of Configuration 3 at 10 kph forward speed

Slip of Configuration 4 at 10 kph forward speed
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Figure 7. Slip angle and vehicle turning angle of four different steering configurations at 10 kph
speed and 0.1 radians sinusoidal input.

If a similar study is performed for 72 kph forward speed without changing the pa-
rameters, it will be clearly seen that stability will deteriorate with increasing low speed
turning performance. At first glance of Figure 8, vehicle steering angle is not returning to
the neutral position while the maneuver is completed. The highest difference can be shown
in Configuration 4, which is 0.006 radians. The second configuration has 0.003 radians, and
the best is Configuration 1, which is 0.002 radians.

Slip of Configuration 2 at 72 kph forward speod
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005
~——SlipAngle1 006 i —SlipAngle1
006 —SlipAnglo2 — SlpAngie2
oo —SiipAngled —SlpAngle3
K I I I SlipAnglod 008 | L SlipAnglod
45

Siip Angle, rad
Siip Angle. rad
= °
8

0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 a 5
Time (seconds) Time (seconds)
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Figure 8. Slip angle and vehicle turning angle of four different steering configurations at 72 kph
speed and 0.1 radians sinusoidal input.

In order to design a high-performing vehicle from a stability point of view, the steering
angle deviation from the neutral position and total slip angle should be minimized. There-
fore, investigation proceeds using two parameters. The first response is the total deviation
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of the steering angle, and the second parameter is the sum of the absolute magnitude of
maximum slip angles.

3.2. Taguchi Optimization Results

With the help of Minitab software [35], optimization studies were carried out according
to the Taguchi Method. Here, L1, L2, L3, and L4 represent the distance of the axles from the
center of gravity in different scenarios. Parameters “L1” and “L4” vary between 2300 and
2450 mm, and “L2” and “L3” vary between 800 and 950 mm.

In Table 3, state space parameters for each DOE set are shown. Based on the calculated
parameter set, the MATLAB/Simulink model was run, and slip angle «; for each axle, max-
imum turning angle of vehicle Sy, and vehicle turning angle delay A = Byt =0 — Bat t=5
are tabulated in Table 4.

Table 3. State space parameter defined in Equation (21) for each DOE scenario.

Al A2 A3 A4 B1 B2 B3 B4 B5 B6 B7 B8

—-6.333 —-1.026 —-1.181 -2146 1.667 1.667 1.500 1.500 8.762 3.048 —2.743 —7.886
—6.333 —-1.027 -1219 -2260 1.667 1.667 1.500 1.500 8.952 3238 —2914 —8.057
—6.333 —-1.028 —1.257 -2378 1.667 1.667 1.500 1.500 9.143 3429 —-3.086 —8.229
—6333 —-1.028 —1.295 —-2499 1.667 1.667 1.500 1.500 9.333 3.619 —3257 —8.400
—-6.333 —-1.011 -0.514 -2313 1.667 1.667 1.500 1.500 8.762 3.238 —3.086 —8.400
—-6.333 —-1.011 -0.514 -2316 1.667 1.667 1.500 1.500 8.952 3.048 —-3.257 —8.229
—-6.333 —-1.043 —-1962 -2325 1.667 1.667 1.500 1.500 9.143 3.619 —2.743 —8.057
—6.333 —1.043 —-1.962 —-2328 1.667 1.667 1.500 1.500 9.333 3429 —-2914 -—-7.886
—-6333 —-1.019 -—-0.876 —2263 1.667 1.667 1.500 1.500 8.762 3429 3257 —8.057
10 —-6333 —-1.035 —-1.600 —-2270 1.667 1.667 1.500 1.500 8.952 3619 —-3.08 —7.886
11 —-6333 —-1.019 -0.876 —2372 1.667 1.667 1.500 1.500 9.143 3.048 —2914 —8.400
12 -6.333 —-1.035 -—-1.600 -2.378 1.667 1.667 1.500 1.500 9.333 3238 —2.743 —8.229
13 —6.333 —-1.027 —-1.238 —-2291 1.667 1.667 1.500 1.500 8.762 3.619 —2914 —-8.229
14 —-6333 —-1.027 —-1238 —-2345 1.667 1.667 1.500 1.500 8.952 3429 —-2.743 —8.400
15 —-6333 -1.027 —-1238 —-2296 1.667 1.667 1.500 1.500 9.143 3238 3257 —7.886
16 —6333 -—1.027 —-1.238 —2351 1.667 1.667 1.500 1.500 9.333 3.048 —3.086 —8.057

O O NONUTHWN | 3

Table 4. Slip simulation results for DOE scenarios.

# a1 x1072 ay %1072 a3x102 ag X102 o; x 1072 Ax1073 Binax
1 2.88 1.67 5.10 7.38 4.26 3.57 3.73
2 2.79 1.67 5.10 7.46 4.26 3.59 3.76
3 2.73 1.72 5.18 7.50 4.28 3.61 3.78
4 2.64 1.71 5.28 7.58 4.30 3.64 3.80
5 1.87 1.52 2.54 9.96 3.97 452 4.72
6 1.89 1.51 2.79 8.76 3.74 4.48 4.62
7 2.50 1.73 1.97 7.64 3.46 4.49 4.69
8 2.51 1.69 2.19 7.43 3.46 4.40 4.60
9 3.09 0.76 5.61 2.60 3.02 4.26 4.52
10 3.32 0.78 5.40 2.16 2.92 4.34 4.54
11 3.31 0.53 5.26 1.74 2.71 4.35 4.54
12 3.50 0.52 5.21 1.41 2.66 4.33 4.52
13 3.76 1.98 2.40 3.95 3.02 5.77 6.04
14 3.90 2.13 2.55 4.07 3.16 5.65 5.91
15 3.70 2.37 1.96 3.52 2.89 5.69 5.95
16 3.81 2.52 2.11 3.63 3.02 5.57 5.83

The DOE results are tabulated in Table 4. Columns 2-5 are the calculated slip angles
based on Equation (13) for each axle. Column 6 represents the mean of the slip angles for
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all axles. The seventh column is the maximum turning angle of vehicle B4x, and column
eight is the vehicle turning angle delay between the starting and ending times of maneuver
A = Bat t=0 — Pat t=5-

Figure 9 shows the main effects plot for slip angle, steer angle, and steer delay sepa-
rately. The minimum mean slip angle is seen for Configurations 3 and 4, but on the contrary,
the minimum delay occurs for Configuration 1. As a preliminary outcome, minimum
slip and max stability could not be achieved with the same steering configuration. In
fact, this is a common understanding that all vehicle manufacturers are aware of. In most
8 x 8 military vehicles, in order to achieve the minimum turning radius, all-wheel steering
is applied, but most of them have a deactivating control for the third and fourth axles
during highway driving conditions. The basic conclusion from the DOE study is in line
with this state-of-the-art solution.

Main Effects Plot for SN ratios Main Effects Plot for SN ratios Main Effects Plot for SN ratios

Configuration

£
Mean of SN ratios
f

a A= ﬁat t=0 — ;Bat t=5 ﬁmax

Figure 9. Main effects plot for slip, delay in vehicle steering angle at t = 5 s, maximum vehicle steering
angle using sign-to-noise ratio in vertical axis. Affecting parameters are Configuration, L1, L2, L3,

and L4 are at given in horizontal axis.

As stated in Table 5, analysis of variance (ANOVA) results show that the most sig-
nificant parameter for slip angle, angle delay, and vehicle steering angle is the steering
configuration. The p-value is less than 0.05 for each response, showing that the significance
of configuration is high. The other parameter such as L1-L4 on the response is quite low.
Another important feature of ANOVA analysis is the residuals calculated for each event.
When the calculated sum of the square of the residuals increases, the regression equation
represents the events more accurately.

Table 5. ANOVA analysis and linear regression optimization results.

Property u; A= Bart=0 — Batt=5 Bmax

=534 — 0.4587C — 1.61L1+ =2.38 +0.605C — 0.23L1+ =2.76 + 0.637C — 0.33L1 +
0.04L2 + 0.98 L3 + 0.93L4 0.30L2 + 0.01L3 + 0.38L4 0.46L2 + 0.02L3 + 0.30 L4

Regression equation

R-sq, % 80.65 82.76 83.76

R-sq adjusted, % 70.98 74.15 75.64

R-sq predicted, % 48.98 59.78 62.04

Configuration p-value 0.000 0.000 0.000

L1 p-value 0.294 0.898 0.858

L2 p-value 0.981 0.867 0.803

L3 p-value 0.518 0.996 0.989

L4 p-value 0.539 0.832 0.867
Optimized value, radian 249 x 1072 3.54 x 1073 5.76 x 1072

Optimized parameters

Config/L1/L2/13/L4 3/2.4/0.85/0.85/2.3 1/2.45/0.8/0.8/2.3 4/2.3/0.95/0.95/2.45
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On the other hand, increased number parameters can also increase the R-sq value;
therefore, R-sq adjusted is more conveniently used to understand the effectiveness of
regression equation. When the R-sq and R-sq adjusted values are close to each other and
are high (around 80%), the number of parameters is sufficient. When R-sq predicted is also
high, it proves that the regression model can predict new values out of DOE events, and
there is not any lack of a missed variable.

Minitab optimizer tool is used to find best values within the range defined for each
parameter separately. For the mean slip, the minimum value is 2.49 x 102 radians, which
is achieved in the third configuration. The minimum angular delay during the sinusoidal
maneuver is found to be 3.54 x 10~ radians in Configuration 1.

For the mean slip angle, R-sq and R-sq adjusted values have a significant difference;
therefore, it can be concluded that some parameters have not been taken into account
as variables, such as track width, cornering stiffness, or adding each wheel angle. The
difference between R-sq and R-sq adjusted is less for delay and vehicle steer angle.

Additionally, the Minitab optimizer (version 19) is used to find whether there is a
solution in which all responses could be optimized. The results are shown in Figure 10a.
When compared with Table 5, as expected, there is not a single configuration wherein all
responses are optimized. The composite desirability value (D = 0.6) is quite low, which
means the proposed solution is not fully representative. Also, desirability values for A and
Bmax are low, which means the optimizer results are not very dependable.

Minitab optimizer results conclude that the steering configuration that satisfies all three
responses is close to Configuration 3, with L1 =245m, L2 =13 =0.8 m, and L4 =23 m.
Figure 10b—e shows the performance of the vehicle with the calculated parameters for
speeds 5-20 m/s. For the mean slip, the minimum value is 2.54 x 102 radians, and the min-
imum angular delay during the sinusoidal maneuver is found to be 4.19 x 1073 radians.

Optimized Configuration_at § m/s forward speed
2450 0,950 0950
[2.450] 0.80] [0.80)

230 0.80 0.80

i Y

|- === T f — |
| .
|
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Figure 10. Composite optimization, mean slip minimum, deviation from neutral steering angle
minimum, vehicle steering angle maximum. (a) Minitab optimizer results (b-e) MATLAB/Simulink
result with optimized variable at 5-10-15-20 m/s forward speeds.
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4. Implementation to Linkage Design

Although Configuration 3 has significantly lower slip angles at low speeds, at elevated
speeds, Configuration 1 shows the better stability performance. In this study, since we
could not find a single solution to our design requirements with high confidence, the
high-speed handling capabilities and the turning radius of the vehicle were optimized by
selecting the third configuration, in which axles 1, 2, and 4 are steerable. Usually, in order
to keep handling performance safe without losing maneuverability at lower speeds, the
low-speed and high-speed steering strategies differ in a multi-axle vehicle. In this strategy,
the vehicle is steered in all wheels for low vehicle longitudinal velocities, and when the
longitudinal vehicle velocity is higher than a specific value (generally 30 kph), the rear
axles (third and fourth) are kept fixed at nominal position, and the vehicle is steered only
by the front four wheels.

For the third configuration, axle 3 is kept fixed, and other wheels are steerable. The
steering angles are calculated using Equation (3) for the 8 m turning radius as follows.

51 = 2551, 6y = 19.48, &3 = 12.42, 8, = 9.27, 6, = 12.42, J3 = 9.27

The Ackermann steering mechanism or trapezoidal steering mechanism, as shown
in Figure 11a, is a symmetric four-bar linkage with equal lengths of the input link and the
output link, r, while the length of the connecting link u is smaller or larger than the length
of the fixed link j. If u is smaller than j, it is arranged as a trailing Ackermann steering
mechanism; otherwise, if u is larger than j, it is arranged as a leading Ackermann steering
mechanism [12]. In Figure 11a, solid lines represent the trapezoidal steering mechanism
during straight travel, while red dotted lines show it during a left turn.

— — —

second axle

first axle % __i=1800mm ; : N
; L3=625 ,\/)
. =625 mm
[ A (37 = a1=250 mm
’ :
e a2=150 mm
L2=442 mm L
a3=222.4 mm 1650 mm
—
\ a4=222.4 mm
| A3
-
X . L
j=1800 mm
b)

Figure 11. (a) Four-bar steering mechanism and (b) its application to the first two axles.

The first two-axle linkage design is developed using a trapezoidal four-bar mechanism,
in which r/j ratio is generally taken between 0.10 and 0.15 [36]. Since the optimized steering
angle value is close to 30 degrees, the r/j ratio is taken as 0.15. Using Figure 10b, the
equation is derived by simply calculating total travel in x and y directions when making
the maximum turn. The r/j value is calculated using Equation (22) [37-39]:

v sin(A —dy) +sin(A 4 dy) — 2sinA

e [ S R 22)
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25.5° left tuun Neutral position

19.5° right turn

where J; (19.48°) is the first axle outer wheel angle, J; (25.51°) is the inner wheel angle,
A is the drag link angle at neutral position, r is the drag link length, and j is the distance
between kingpins in x direction.

In this equation, since the values of J; and &, are previously calculated, they are
substituted in, and the ratio of r and j is determined to be 0.15. The value of j, which
corresponds to the distance between the two kingpins on the front axle, is determined to
be 1800 mm. To achieve the desired angle values, attempts were made by assigning r/j
ratios of 0.13, 0.14, 0.15, and 0.16 and using angles in different orientations. By setting
to 3 degrees and using an r/j ratio of 0.15, the closest value to the target was obtained. It
was observed that the most significant factor in altering the é, value was the adjustment of
the § angle. The best A and r values for the developed configuration are 16.2° and 270 mm,
respectively. The L1 link makes a negative 3° angle and a length of 500 mm. Pitman arm
dimension al is equal to 250 mm, and a2 is 150 mm. In order to achieve the steering ratio
between the first and second axle idler arm, the b1 and b2 dimensions are set to 222.4 mm.
L2 is 442 mm, and the longitudinal distance between the first and second axle kingpin
points is 1650 mm. All steering hardpoints are shown in Figure 11b.

In order to verify the established geometry, the kinematics model was implemented
in ADAMS/View (version 2025) multibody dynamics software. The model and resultant
angle travel for the uppermost left and right turns are shown in Figure 12. The deviation
from theoretical values is below 0.8%.

'
I

Relative angular travel, Degrees

=20
Pitman arm 1 angular travel, Degrees

Figure 12. ADAMS/View simulation results. The horizontal axis shows the J1, the blue line is ,, the
green line is d3 and the red line is ¢;.

5. Discussions

During this study, various approaches and tools are used to develop a steering system
that performs well both in cornering at low speeds and lane changes at high speeds. In order
to achieve these objectives, a bicycle motion model is implemented in MATLAB/Simulink
(version 2023b) to predict the slip angle for various design settings. To achieve reasonable
and accurate outcomes, the model is run within a linear range of tire lateral stiffness. A
linear regression relationship was developed using L16 Taguchi orthogonal array, which in-
cludes five parameters and four levels. Responses are analyzed using the ANOVA method,
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and the optimum solution is generated and discussed deeply. The R-sq values found
around 0.8 indicate that the parameters could be increased to have a higher confidence
level, such as track width, cornering stiffness, or adding each wheel angle separately and
using a full car model including suspension effects.

Since our first target is to show the general tendency of steering configuration, the
existing number of parameters and the application of the bicycle model are sufficient.
First, mean slip, vehicle steer angle, and delay in steering maneuvering are investigated
to understand the effects of the parameters. This initial inspection helped to understand
the characteristics and behavior of the responses and definitively showed that minimizing
turning radius and increasing the stability of the vehicle are in conflict with each other. The
minimum slip occurs with Configuration 3, the maximum vehicle steer angle occurs with
Configuration 4, and the minimum delay occurs with Configuration 1.

Slip angle calculations show that Configuration 3 gives the lowest slip angle
(Figure 8, Table 5). When the vehicle is designed for high maneuverability in off-road
conditions and changes lanes at a speed of 72 kph on an asphalt road, significantly increas-
ing slip occurs. Additionally, the vehicle will not return to its neutral position even if the
steer angle reaches zero. This reduces driving safety, damages linearity in steering control,
and leads to tire wear.

Minitab optimizer results conclude that the steering configuration that satisfies all
three responses is close to Configuration 3, with L1=2.45m,[2=13=0.8 m,and L4 =23 m,
which steer the first, second, and fourth axles, respectively. The developed solution is used
in the design of a four-bar Ackerman mechanism of the first two axles without a linkage
added to the third axle. The mechanism is modeled using ADAMS/ View (version 2025)
and checked virtually to confirm whether the wheels’ travel during left and right turns are
in line with the Ackerman geometry.

6. Conclusions

Although the applied methodology proposes an optimized solution to low turning
radius and stability at high speeds, a reliable 8 x 8 vehicle steering system depends entirely
on the way the vehicle is used. Configurations 4 and 3 are preferable in cases where high
maneuverability is desired, and Configuration 1 works well in cases where a low steer angle
delay is expected. In such a case, vehicles that can simply switch between configurations
by locking the rear two axles when exceeding a certain speed will provide positive results
in both types of use. The state-of-the-art application to military vehicle steering systems is
similar [19,21]. It is not surprising that the recent studies related to multi-axle vehicles are
focused on control strategies [40-42]. However, this increases the cost of production and
maintenance. The proposed solution with this study can be a worthwhile and cost-effective
answer to the mentioned conflict.
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