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The influence of a vehicle dynamics
control system on the occupant’s
dynamic response during a vehicle
collision

Mustafa Elkady1,2, Ahmed Elmarakbi1 and John MacIntyre1

Abstract
This paper aims to apply a vehicle dynamics control system to mitigate a vehicle collision and to study the effects of this
systems on the kinematic behaviour of the vehicle’s occupant. A unique three-degree-of-freedom vehicle dynamics–crash
mathematical model and a simplified lumped-mass occupant model are developed. The first model is used to define the
vehicle body’s crash parameters and it integrates a vehicle dynamics model with a model of the vehicle’s front-end struc-
ture. In this model, the anti-lock braking system and the active suspension control system are co-simulated, and the
associated equations of motion are developed. The second model aims to predict the effect of the vehicle dynamics con-
trol system on the kinematics of the occupant. The Lagrange equations are used to solve that model owing to the com-
plexity of the obtained equations of motion. It is shown from the numerical simulations that the vehicle dynamics–crash
response and occupant behaviour can be captured and analysed quickly and accurately. Furthermore, it is shown that the
vehicle dynamics control system can affect the crash characteristics positively and that the occupant’s behaviour is
improved.

Keywords
Active safety, collision mitigation, vehicle dynamics, vehicle control, mathematical modelling, numerical simulations, occu-
pant kinematics

Date received: 21 December 2011; accepted: 23 March 2012

Introduction

Nowadays, occupant safety is an important subject in
the automotive research and industry. Seat belts, air
bags and advanced driver assistance systems (ADASs)
have been developed to prevent a vehicle crash or to
mitigate vehicle collision when an accident occurs.
Furthermore, to improve the vehicle crash energy
absorption capability, the vehicle’s front-end and side
structures have been developed and enhanced.

ADAS techniques have been investigated in an
endeavour to alleviate vehicle crashes.1–5 The main pur-
pose of the ADAS is to warn the driver of dangerous
situations and to provide active aid in an impending
collision. However, ADASs have yet to achieve their
goal of preventing vehicle collisions.

In terms of the absorption of crash energy, two types
of smart front-end structure were proposed to mitigate
vehicle-to-vehicle frontal collisions;6–9 they consist of
two hydraulic cylinders integrated with the front-end
longitudinal members of conventional vehicles. Two

mathematical models have been developed: one to rep-
resent the vehicle and its associated smart front-end
structure, and the other to represent the occupant. Both
models use lumped masses and spring–damper systems.
It was demonstrated from these studies that intrusions
and decelerations were reduced.

With regard to the occupant safety, vehicle body
pitch and drop during frontal impact play important
roles in a driver’s neck and head injuries.10–12 Vehicle
body pitch and drop have normally been experienced
in frontal crash tests. Chang et al.10 used a finite
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element method to investigate frame deformation upon
full-frontal impact and discussed the cause and coun-
termeasures design regarding vehicle body pitch and
drop. It was found that downward bending generated
from the geometric offsets of the frame rails in the ver-
tical direction during a crash is the key feature of the
pitching of the vehicle body.

The development of a vehicle dynamics control sys-
tem (VDCS) plays an important role in improving the
stability, ride characteristics and passenger safety of a
vehicle. The anti-lock braking system (ABS) and the
yaw moment control system are used to help vehicle
stability during emergency manoeuvres, while the active
suspension (AS) control system is used to improve the
vehicle ride quality and to reduce the vertical accelera-
tion of the vehicle.13,14 In addition, the AS control sys-
tem integrated with the ABS is used to reduce the
vehicle’s stopping distance.15

Few researchers have investigated the effect of a
VDCS on vehicle crashworthiness and collision mitiga-
tion. The influence of the braking force on the impact
dynamics of a vehicle in low-speed rear-end collisions
was studied16 and this confirmed that the braking force
was not negligible in high-quality simulations of the
vehicle’s impact dynamics at low speeds. The effects of
vehicle braking and anti-pitch control systems on the
crash routine have been investigated by Hogan and
Manning,17 who also investigated the possibility of
using a VDCS to improve the vehicle collision perfor-
mance in frontal and offset vehicle-to-barrier collisions.
The ADAMS multi-body model was used to simulate
the characteristics of the vehicle structure together with
the vehicle dynamics. In this study the anti-pitch con-
trol system was minimally involved and the crash pulse
was affected by the braking force; however, more
research into the effects of the braking and anti-pitch
control systems was recommended. Further research
focused on vehicle compatibility; the effect of a VDCS
on vehicle-to-barrier offset collisions18,19 and vehicle-
to-vehicle offset collisions19 was studied. It was found
that the VDCS had different levels of effectiveness
depending on the collision scenario.

Mathematical modelling

The frontal collision of a vehicle can be divided into
two main stages: the first is a primary impact, and the
second is a secondary impact. The primary impact indi-
cates the collision between the front-end structure of
the vehicle and an obstacle (a barrier in this paper). The
secondary impact is the interaction between the occu-
pant and the restraint system and/or the vehicle interior
due to vehicle collisions.

Vehicle dynamics–crash model

Using mathematical models in a crash simulation is
useful for the first design concept because rapid analy-
sis is required at this stage.20–22 In addition, the well-

known advantage of mathematical modelling provides
a quick simulation analysis compared with finite-
element models.

A three-degree-of-freedom (3-DOF) vehicle dyna-
mics–crash mathematical model was developed to study
the effect of a VDCS on vehicle collision mitigation.
Full-frontal vehicle-to-barrier crash scenarios are con-
sidered in this research. In this model, the vehicle body
and the bumper are represented by lumped masses, and
the front-end structure is represented by two springs
(the upper and lower springs) with piecewise non-linear
characteristics. The ABS and the AS control systems
are co-simulated with a vehicle dynamic–crash mathe-
matical model and integrated with a front-end crash
model, as shown in Figure 1(a).

Figure 1(b) and (c) shows deformation of the front
end and vehicle pitching at the early stage and at the
end of impact respectively. At the first stage of impact,
deformation of the front end and vehicle pitching are
small while, at the end of impact, deformation of the
front end reaches its maximum level, the vehicle pitch
angle increases and the rear wheels leave the ground. It
is worth noting that the rear wheels will leave the
ground only in certain cases while the impact velocity is
high. In our case, the impact velocity is sufficiently high
that the wheels leave the road. It is assumed that the
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Figure 1. (a) Vehicle dynamics–crash mathematical model; (b)
a schematic diagram showing the model at the early stage of the
impact; (c) a schematic diagram showing the model at the end of
impact.
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front-end springs are still horizontal during impact,
and they will not incline with the vehicle body.

In this model, the vehicle body is represented by the
lumped mass m, and two spring–damper units are used
to represent the vehicle’s suspension system. The mass
of the bumper is neglected because of full contact of the
bumper with the barrier. It is assumed that the vehicle
moves on a flat asphalted road; thus the vertical move-
ment of the tyres and the road vertical forces can be
neglected. The ABS is co-simulated with the mathemat-
ical model using the simple wheel–road model shown in
Figure 2, and its associated equations can be written as

I _v=Fbkrw � Tbk ð1Þ
Fbk =m(l)Fzk ð2Þ

where the slip ratio l is defined as

l=
v� vrw

v
ð3aÞ

and the relationship between m(l) and the wheel slip l

can be determined from the equation

m(l)=2m0

l0l

l2
0 + l2

ð3bÞ

where I is the wheel’s moment of inertia, v is the
wheel’s angular velocity, _v is the wheel’s angular accel-
eration, rw is the wheel’s radius, Tb is the braking tor-
que applied by the disc and/or drum brakes, m is the
friction coefficient between the tyre and the road, l is
the tyre slip ratio, Fz is the vertical normal forces of the
tyres and v is the velocity of the vehicle body. The sub-
script k indicates the wheel’s location (where k= f indi-
cates the front wheel and k= r indicates the rear
wheel). The slip ratio l can be estimated using the
wheel model discussed above. Relating to the values of
l, the ABS controller turns the brake on and off to sus-
tain m at its maximum values; therefore the maximum
braking force can be obtained. At the beginning, the
ABS controller turns on and the braking torque is
applied while the slip ratio l is equal to 0. When the
slip ratio l reaches 0.3, the ABS controller turns off,
causing a reduction in the slip ratio value. Finally,

when the slip ratio reaches 0.18, the ABS controller is
turned on and the slip ratio increases again; this pro-
cess is repeated during the braking time.

The vertical forces Fzk at each wheel can be written
as

Fzf =mg
lr
l
+FSf ð4Þ

Fzr =mg
lf
l
+FSr ð5Þ

where m is the mass of the vehicle body and g is the
acceleration due to gravity. lf, lr and l represent the
longitudinal distance between the vehicle’s centre of
gravity (CG) and the front wheels, the longitudinal dis-
tance between the CG and the rear wheels and the
wheelbase respectively, and FS represents the suspen-
sion force. The subscripts f and r denote the front vehi-
cle wheels and the rear vehicle wheels respectively. The
suspension forces can also be written as

FSf = kSf(z� lf sin u)+ cf( _z� lf _u cos u)� uf ð6Þ
FSr = kSr(z+ lr sin u)+ cr( _z+ lr _u cos u)� ur ð7Þ

where kS, c and u represent the stiffness of the suspen-
sion springs, the damping of the suspension coefficients
and the active suspension force elements respectively. z
and u are the vertical displacement and the pitch angle
of the vehicle body respectively. _z and _u are the velocity
in the vertical direction and the pitch angular velocity
of the vehicle body respectively.

The AS is simulated, and its force elements are taken
to be 2000N for each wheel in the upward direction
with the maximum suspension travel limit of 100mm
considering the response time of the AS system.15

A general multi-stage force–deformation curve with
piecewise non-linear characteristics could be considered
to simulate the front-end springs, as shown in Figure 3.
In this paper, to simulate the upper and lower springs,
the force–deformation curves used in the multi-body
model19 are used to generate the n-stage piecewise
spring’s characteristics, as shown in Figure 4. It is
assumed that the spring force is deactivated after
small restitution to represent plastic deformation of the
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Figure 3. General piecewise force–deformation characteristics.Figure 2. Wheel–road model.
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front-end structure. The forces of the non-linear springs
shown in Figure 3 are defined using piecewise functions
in the displacement domain which are given by

Fsi = ksijdi +Fij ð8aÞ

where Fs is the front-end spring force and where ks, d

and F represent the stiffness, deflection and force ele-
ments of the front-end spring respectively. The sub-
script i indicates the spring location (i= u indicates the
upper springs and i= l indicates the lower springs) and
the subscript j indicates different stages of the force–
deformation characteristics, as shown in Figure 3. The
stiffness ks of the spring and the force elements Fij vary
according to the different stages of the deflection d and
can be defined as

ksij= ksi1, Fij=0, 04d \ di1 ð8bÞ

ksij= ksi2, Fij=(ksi1 � ksi2)di1, di14d \ di2 ð8cÞ

ksij= ksi3, Fij=(ksi1 � ksi2)di1 + (ksi2 � ksi3)di2,

di24d \ di3 ð8dÞ

ksij= ksin, Fij =(ksi1 � ksi2)di1 + (ksi2 � ksi3)di2

+ � � � +(ksi(n�1) � ksin)di(n�1), d5d(n�1) ð8eÞ

where the deformations di of the front-end springs can
be calculated for the upper and lower springs using
Figure 5 as

du = x+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2f + e21

q
cos tan�1

e1
lf

� �
� u

� �
� lf ð9aÞ

dl = x�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2f + e22

q
cos tan�1

e2
lf

� �
+ u

� �
+ lf ð9bÞ

where x represents the longitudinal displacement of the
vehicle body, and e1 and e2 represent the distance
between the CG and the upper springs and the distance
between the CG and the lower springs respectively.

The equations of motion of the mathematical model
can be written as

m€x+Fsu+Fsl +Fbf +Fbr =0 ð10Þ
m€z+FSf +FSr =0 ð11Þ
Iyy€u� FSflf +FSrlr +Fsud1

�Fsld2 � (Fbf +Fbr)(z+ h)=0 ð12Þ

where Iyy is the moment of inertia of the vehicle body
about the y axis, €x is the acceleration of the vehicle
body in the longitudinal direction, €z is the acceleration
of the vehicle body in the vertical direction, €u is the
rotational pitch acceleration of the vehicle body and h
is the CG height from ground. d1 and d2 represent the
distance between the CG and the force of the upper
springs and the distance between the CG and the force
of the lower springs respectively, and they can be calcu-
lated, using Figure 5, as

d1 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2f + e21

q
sin tan�1

e1
lf

� �
� u

� �
ð13Þ

d2 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2f + e22

q
sin tan�1

e2
lf

� �
+ u

� �
ð14Þ

The model’s equations are solved using the central dif-
ference method.

Multi-body occupant model

There are many techniques for occupant modelling such
as finite element modelling23 and MADYMO software
modelling.24 In our study, the occupant is modelled
mathematically to be integrated with the above mathe-
matical model of the vehicle. The occupant can be mod-
elled as a one-mass model,6–9 a two-mass model,25,26 a
three-mass model27,28 or a multi-mass model.29 In most
of these previous studies, the researchers claimed that
simple occupant mathematical models can obtain use-
fully similar results to sophisticated analytical and
experimental work.

The occupant mathematical model shown in Figure
6(a) is developed to evaluate the occupant’s kinematic
behaviour in full-frontal crash scenarios. The human
body model consists of three bodies, with masses m1,
m2 and m3.

27 The first body (i.e. the lower body), with
mass m1, represents the legs and the pelvic area of the

Figure 4. Force–deformation characteristics for the upper and
lower rails.
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Figure 5. A schematic diagram showing the deformation of the
front-end structure due to the vehicle pitching: – – –, before
pitching; ——, after pitching.
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occupant and is considered to have a translation
motion in the longitudinal direction and a rotation
motion around the CG of the vehicle. The second body
(i.e. the middle body), with mass m2, represents the
occupant’s abdominal area, the thorax area and the
arms and is considered to have a translation motion in
the longitudinal direction and rotation motion around
the pivot between the lower and middle bodies (pivot 1).
The third body (i.e. the upper body), with mass m3,
represents the head and neck of the occupant and is
considered to have a translation motion in the longitu-
dinal direction and rotation motion around the pivot
between the middle body and the upper body (pivot 2).
Two rotational springs are considered at each pivot to
represent the joint stiffness, namely between the pelvic
area and the abdominal area and between the thorax
area and the neck–head area respectively. The seat belt
is represented by two linear spring–damper units
between the compartment and the occupant. Figure
6(b) shows the vehicle body and the occupant beha-
viours at the end of impact. At this point the lower
body moves forwards and reaches its maximum posi-
tion, while the middle and upper bodies start to rotate,
although they have not reached their maximum posi-
tion yet.

The equation of motion of the human body, using
Lagrange’s method, is generated as

d

dt

∂E

∂ _x1

� �
� ∂E

∂x1
+

∂V

∂x1
+

∂D

∂ _x1
=0 ð15aÞ

d

dt

∂E

∂ _u2

� �
� ∂E

∂u2
+

∂V

∂u2
+

∂D

∂ _u2

=0 ð15bÞ

d

dt

∂E

∂ _u3

� �
� ∂E

∂u3
+

∂V

∂u3
+

∂D

∂ _u3

=0 ð15cÞ

where E, V and D are the kinetic energy, the potential
energy and the Rayleigh dissipation function respec-
tively of the system. x1, u2 and u3 are the longitudinal
movement of the occupant’s lower body, the rotation
angle of the occupant’s middle body and the rotation
angle of the occupant’s upper body respectively, and
_x1, _u2 and _u3 are the corresponding velocities. The rota-
tion angles u2 and u3 are measured on the basis of their
inclinations relative to the vertical position.

The kinetic energy of the system can be written as

E=
m1v

2
1

2
+

m2v
2
2

2
+

m3v
2
3

2
+

I1
2

_u2 +
I2
2

_u2
2 +

I3
2

_u2
3

ð16Þ

where v1, v2 and v3 are the equivalent velocities of the
lower body, the middle body and the upper body
respectively of the occupant. I1, I2 and I3 are the rota-
tional moments of inertia of the lower body, the middle
body and the upper body respectively about the CG of
each body. The equivalent velocities of the three bodies
of the occupant can be calculated as

v21 =
_X2
m1

+ _Y2
m1

ð17aÞ

where the displacement and velocity of the lower body
in the x direction can be calculated as

Xm1
= x1 + l1½sinb� sin (b� u)� ð17bÞ

_Xm1
= _x1 + l1 _u cos (b� u) ð17cÞ
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Figure 6. (a) Multi-body occupant model; (b) a schematic
diagram of the vehicle and occupant at the end of impact; (c) a
schematic diagram of the occupant’s lower-body movement.

1458 Proc IMechE Part D: J Automobile Engineering 226(11)



and the displacement and velocity of the lower body in
the y direction can be calculated as

Ym1
= l1½( cos (b� u)� cosb� ð17dÞ

_Ym1
= l1 _u sin (b� u) ð17eÞ

Substituting equations (17c) and (17e) in equation
(17a), the equivalent velocity of the lower body can be
written as

v21 = _x21 + l21
_u2 +2 _x1l1 _u cos (b� u) ð17fÞ

By repeating the previous steps of equation (17), the
equivalent velocities of the middle body and the upper
body can be calculated as

v22 =
_X2
m2

+ _Y2
m2

ð18aÞ

Xm2
= x1 + l1½sinb� sin (b� u)�+ l2

2
sin u2 ð18bÞ

_Xm2
= _x1 + l1 _u cos (b� u)+

l2
2

_u2 cos u2 ð18cÞ

Ym2
= l1½cos (b� u)� cosb� � l2

2
(1� cos u2) ð18dÞ

_Ym2
= l1 _u sin (b� u)� l2

2
_u2 sin u2 ð18eÞ

v22 = _x21 +2l1 _x1 _u cos (b� u)+ l2 _x1 _u2 cos u2 + l21
_u2

+ l1l2 _u _u2½cos u2 cos (b� u)� sin u2 sin (b� u)�+ l22
4

_u22

ð18fÞ
v23 =

_X2
m3

+ _Y2
m3

ð19aÞ

Xm3
= x1 + l1½sinb� sin (b� u)�+ l2 sin u2 +

l3
2
sin u3

ð19bÞ

_Xm3
= _x1 + l1 _u cos (b� u)+ l2 _u2 cos u2 +

l3
2

_u3 cos u3

ð19cÞ

Ym3
= l1½cos (b� u)� cosb)� � l2(1� cos u2)�

l3
2
(1� cos u3)

ð19dÞ

_Ym3
= l1 _u sin (b� u)� l2 _u2 sin u2 �

l3
2

_u3 sin u3 ð19eÞ

v23 = _x21 +2l1 _x1 _u cos (b� u)+2l2 _x1 _u2 cos u2

+ l3 _x1 _u3 cos u3 + l21
_u2

+2l1l2 _u _u2½cos u2 cos (b� u)

� sin u2 sin (b� u)�+ l1l3 _u _u3½cos u3 cos (b� u)

� sin u3 sin (b� u)�+ l22
_u2
2 + l2l3 _u2

_u3

( cos u2 cos u3 + sin u2 sin u3)+
l23
4

_u2
3 ð19fÞ

where Xmi is the resultant longitudinal displacement
and Ymi is the resultant vertical displacement (the
subscript i denotes the body position where i=1 indi-
cates the lower body, i=2 indicates the middle body
and i=3 indicates the upper body), l1, l2 and l3 are
the distance from the vehicle’s CG to the lower body’s
CG, the middle-body length and the upper-body

length respectively. It is assumed that l1 is constant
owing to the insignificant change in its length during
the crash. u is the pitch angle of the vehicle body and
b represents the angle between two lines before
any movement of the occupant, where one line is a
vertical line from the CG of the vehicle and the other
line is connected between the CG of the vehicle
and the CG of the occupant’s lower body (see
Figure 6(c)).

By substituting equations (17f), (18f) and (19f) in
equation (16), the kinetic energy can be defined as

E=
1

2
(m1 +m2 +m3) _x21 + m1

a2 + b2

24

� ��

+(m1 +m2 +m3)l
2
1

�
_u2 +

m2

6
+

m3

2

� �
l22

_u2
2

+
m3

6
l23

_u2
3 + (m1 +m2 +m3)l1 _x1 _u cos (b� u)

+
m2

2
+m3

� �
l2 _x1 _u2 cos u2 +

m3

2
l3 _x1 _u3 cos u3

+
m2

2
+m3

� �
l1l2 _u _u2 cos (b� u+ u2)

+
m3

2
l1l3 _u _u3 cos (b� u+ u3)+

m3

2
l2l3 _u2

_u3

cos (u2 � u3) ð20Þ

The potential energy of the system can be written as

V=m1g(h+ z+Ym1
)+m2g h+ z+Ym1

+
l2
2
cos u2

� �

+m3g h+ z+Ym1
+ l2 cos u2 +

l3
2
cos u3

� �

+
k1
2
(d1 � ds1)

2

+
k2
2
(d2 � ds2)

2 +
kR12
2

(u2 � u)2 +
kR23
2

(u3 � u2)
2

ð21Þ

where the deflection on the lower seat-belt spring and
the deflection on the upper seat-belt spring respectively
can be calculated as

d1 = x1 � x ð22aÞ
d2 = x1 � x+ l4 sin u2 � l5½sing � sin (g � u)� ð22bÞ

where h is the vehicle’s CG height. k1, k2, kR12 and kR23
are the lower seat-belt stiffness, the upper seat-belt stiff-
ness, the spring stiffness of pivot 1 and the spring stiff-
ness of pivot 2 respectively. d1, d2, ds1 and ds2 are the
total deflection of the lower seat-belt spring, the total
deflection of the upper seat-belt spring, the initial slack
length of the lower seat-belt spring and the initial slack
length of the upper seat-belt spring respectively. l4 is the
distance between pivot 1 and the contact point between
the upper seat-belt spring and the middle body, l5 is the
distance between the vehicle’s CG and the contact point
between the upper seat-belt spring and the vehicle com-
partment, and g is the angle between the line l5 and ver-
tical centre-line of the vehicle’s CG.
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The Rayleigh dissipation function can be written as

D=
c1
2
( _x1 � _x)2 +

c2
2
½ _x1 � _x+ l4 _u2

cos u2 � l5 _u cos (g � u)�2 ð23Þ

where c1 and c2 are the damping ratio of the lower seat-
belt damper and the damping ratio of the upper seat-
belt damper respectively.

To obtain the components of equation (15) the dif-
ferentiations of the kinetic energy, the potential energy
and the Rayleigh dissipation function are determined
and explained in Appendix 2. Then the different
responses x1, u2 and u3 of the occupant’s bodies can be
determined by solving the equations using the central
difference method.

Numerical simulations

Primary impact

The mathematical model developed in this investigation
is used to study the effect of a VDCS on vehicle colli-
sion mitigation. Validation of the vehicle dynamics–
crash model was established to determine whether the
3-DOF mathematical model provides a valid measure
of vehicle response. This is accomplished by comparing
the mathematical model results with real test data30 and
the results of the former ADAMS model.17 In the real
crash test, the vehicle was in free-rolling mode with an
impact speed of 16.1 m/s; therefore the same conditions
are used in the mathematical model simulation.

The comparison of the mathematical model, the
ADAMS multi-body model and the real test results
from Transport Research Laboratory data are depicted
in Figures 7 and 8. The lower initial speed of 15.1 m/s
at the moment of the impact of the ADAMS model as
shown in Figure 7 is due to the effect of the rolling
resistance prior to impact,17 while in this paper the ini-
tial speed of the mathematical model is adapted to be
the same as the actual test impact speed. However, the
post-impact velocity curve of the mathematical model
is in good correlation with both the real test and the

ADAMS model results. The deformation of the front-
end structure is illustrated in Figure 8, and a slightly
lower value of the maximum deformation appeared in
the mathematical model. This may be due to mass dif-
ferences or other assumed parameters; however, the
trends in the three cases are approximately the same. It
is clearly shown from this validation of the mathemati-
cal model that it is useful and reliable and could be
used in many other full-frontal vehicle-to-barrier crash
scenarios as presented by the previous work of two of
the present authors and a co-worker.31

For vehicle-to-barrier collisions, different crash sce-
narios were simulated for different VDCSs to investi-
gate their influence on vehicle collision improvement.
An ABS control system, an AS control system, an anti-
pitch control system and an under-pitch technique were
applied and their results were compared with the free-
rolling crash scenario. Table 1 introduces the different
cases of these active control systems which are used on
full-frontal crash scenarios. The values of the different
parameters which were used in simulations are as fol-
lows: m=1200 kg; Iyy=1490 kg m2; kSf=36.5 kN/m;
kSr=27.5 kN/m; cf=2200N s/m; cr=1800N s/m;
lf=1.185m; lr=1.58m; h=0.452m.

In all cases, the deformation of the front-end struc-
ture, the deceleration of the vehicle body, the pitch angle
and the acceleration of the vehicle body are determined.
While the ADAS detected that the crash will be unavoid-
able 1.5 s prior to the impact,3 a VDCS will be applied in
this short time preceding the impact. The initial velocities
are different in all cases (depending on the active control
system), and all velocities will be the same (55km/h) after
1.5 s when the vehicle reaches the barrier.

Figure 9 shows the deformation–time histories of the
front-end structure for all cases. Slight differences in the
maximum deformation of the vehicle’s front end are
found in all the different cases; however, a reduction in
the maximum deformation is obtained when the ABS is
applied (cases 2 to 5) with almost the same values.

The deceleration–time histories of the vehicle body
for all cases are depicted in Figure 10, and it can be

Figure 8. Deformation of the front-end structure.

Figure 7. Velocity of the vehicle body.
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said that there is no significant difference in the trends
or the values. However, in cases 2 to 5, when the ABS
is applied, a very small change in the higher value of

the deceleration of the vehicle body is observed in com-
parison with case 1 (free rolling). These higher values
exist until the front wheels reach the barrier and their
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Figure 9. Deformation of the front-end structure for all cases.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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Figure 10. Deceleration of the vehicle body for all cases.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.

Table 1. Different cases of simulation.

Case Description

1: Free rolling The vehicle impacted the barrier without any activated control systems
2: ABS An ABS is applied
3: ABS + AS An AS control system is applied together with an ABS
4: ABS + anti-pitch An anti-pitch control system is applied using the AS components together with an ABS
5: ABS + under-pitch An under-pitch technique is applied using the AS control system components together with an ABS

ABS: anti-lock braking system; AS: active suspension.
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braking effect ends, and a fast reduction in the vehicle
body deceleration occurs (arrow 1, Figure 10). At this
point, the vehicle body deceleration in case 1 becomes
higher than in the other cases, and the maximum value
is observed in the case of free rolling.

Figure 11 shows the pitch angle–time histories of the
vehicle for all cases. The VDCS is applied 1.5 s before
collision and, therefore, the vehicle body impacts the
barrier with different pitch angles related to each case,
as shown in the figure. The vehicle pitch angle then
reaches its maximum values related to each case.
Following this, the pitch angle is reduced to reach neg-
ative values and then bounces to reach its steady state
condition.

The maximum pitch angle is observed in case 2 and
this is due to the pitching moment that was generated
because of the braking force. In the case of free rolling,
the pitch angle of the vehicle body is generated solely
because of only the different impact forces between the
upper front-end spring and the lower front-end spring.
The AS control system is applied together with the
ABS to increase the vertical force; therefore, the brak-
ing force is increased and the vehicle’s stopping dis-
tance is decreased.15 Thus, in case 3, the pitch angle is
also large owing to the higher braking force; however,
it is smaller than that in case 2 owing to the vertical AS
force in the front wheels. In case 4 (ABS + anti-pitch),
the anti-pitch control system helps the vehicle to reduce
its pitching by generating a pitching moment in the
opposite direction, and that clarifies the reduction in
the maximum vehicle body pitching in this case, which
almost equals the pitch angle in case 1. When the
under-pitch technique is applied together with an ABS
(case 5), the vehicle is given a negative pitch angle
before the impact, and the under-pitch forces will gen-
erate a negative pitch moment during the impact. That

explains why the maximum pitch angles are lower in
case 5.

The pitch acceleration–time histories of the vehicle
are depicted in Figure 12 for all three cases. The pitch
acceleration increased rapidly to reach its maximum
value for each case because of the high pitching
moment that is generated from the collision. At the end
of the collision, all pitching moments due to the crash
equal zero; the vehicle speed is negative with a very
small value, and the pitch angle of the vehicle is still
positive. This means that the vehicle now is controlled
by the tyres and the suspension forces which have
already generated a moment in the opposite direction
from vehicle pitching. This is the reason for the high
drop and the change in direction from positive to nega-
tive in the pitch acceleration of the vehicle at the end of
the crash. As shown in the figure, the maximum pitch
acceleration of the vehicle occurs at the end of the colli-
sion and the greatest value of the maximum pitch accel-
eration is observed in case 2 (ABS) while the lowest
value is detected in case 5 (under-pitch technique).
Related to this analysis in the full crash scenario, it can
be said that the optimum vehicle dynamic control is to
apply case 5 (ABS+under-pitch) because the mini-
mum pitch angle and acceleration are obtained in this
case.

Secondary impact

The results from the vehicle to a barrier full-frontal
crash is taken and used in the occupant’s model
to obtain the effect of the VDCS on the vehicle’s
occupant. The following data are used in the
numerical simulation:27 m1=26.68 kg; m2=46.06 kg;
m3=5.52 kg; kR12=280N m/rad; kR23=200N m/
rad; l2=0.427 m; l3=0.24m. The total stiffness of the
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Figure 11. Pitch angle of the vehicle body for all cases.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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two seat-belt springs is 98.1 kN/m with a damping coef-
ficient of 20%,7 and then it is distributed between the
upper and lower seat-belt springs in a ratio of 2:3
respectively.28 l1=0.3m, l4=0.3m and l5=0.35m
(general assumption ratios). The slack lengths ds1 and
ds2 of the seat-belt springs are assumed to be zero.

The longitudinal displacement of the lower body is
depicted for all cases in Figure 13; it increases forwards
to reach its maximum position and then returns back
owing to the seat-belt springs. The maximum displace-
ment is noticed in case 1 (free rolling) while this displa-
cement is slightly decreased in cases 4 and 5, and the
minimum displacement is observed in cases 2 and 3.

Figure 14 shows the lower-body deceleration for all
cases; it increases during the collision to reach its maxi-
mum value at the end of impact and then decreases to
reach zero value. The sudden decrease in the decelera-
tion (arrow 1 in the figure) is due to the reverse direc-
tion of the braking force at the end of impact when the
vehicle changes direction and starts to move backwards.
It is observed that the maximum deceleration of case 1
is slightly higher than those of the other cases with very
small and insignificant values.

The rotation angle of the middle body for all cases is
shown in Figure 15, which is quite similar to the pitch
angle of the vehicle. The maximum rotation angle is

-1200

-800

-400

0

400

800

1200

1600

2000

2400

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Free Rolling
ABS
ABS+AS
ABS+AP
ABS+UP

Time (sec)

P
it

ch
 a

cc
el

er
at

io
n 

(d
eg

/s
ec

2 )

Figure 12. Pitch acceleration of the vehicle body for all cases.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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Figure 13. Longitudinal displacement of the occupant’s lower body.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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observed in case 2 (ABS) while the minimum rotation
angle is observed in case 5 (ABS+under-pitch). Figure
16 shows the pitch acceleration of the middle body,
which is not similar to the pitch acceleration of the vehi-
cle. The maximum pitch acceleration is monitored in
case 1 while the minimum pitch acceleration occurred
in case 3.

Figure 17 shows the rotation angle of the upper
body (head and neck); it is observed from this figure
that the maximum rotation angle occurs in case 1 and
there is a slight reduction in case 5, while the minimum
rotation angle is noticed in the other cases (i.e. cases 2,
3 and 4) with almost the same values. The rotational

acceleration of this body is depicted in Figure 18 for all
cases; the acceleration starts from different values
around zero and then increases to reach its maximum
values before the end of impact; after that it decreases
to reach its maximum negative values after the end of
impact. High values of the maximum positive and neg-
ative accelerations are observed in case 1 while the min-
imum values are noted in case 2, 3 and 4 while the
value of acceleration in case 5 has a slightly lower value
than in case 1.

The relative rotation angles between the middle
body and upper body are given in Figure 19, and the
differences between the maximum rotation angles for
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Figure 15. Rotation angle of the occupant’s middle body.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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Figure 14. Longitudinal deceleration of the occupant’s lower body.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.

1464 Proc IMechE Part D: J Automobile Engineering 226(11)



the different cases in this figure are greater than the dif-
ferences shown in Figure 17. The maximum rotation
angle is observed in cases 1 and 5 while the minimum
rotation angles occurred in cases 2 and 3. In case 4
(ABS+anti-pitch) the relative rotation angle de-
creased in comparison with that in case 1; however, it
does not reach the minimum value, as in cases 2 and 3.
Figure 20 shows the relative acceleration between the
middle body and the upper body, which is quite similar
to the rotational acceleration of the upper body in
Figure 18. The same results at which the maximum
positive and negative accelerations occur are obtained
as in case 1, and the minimum positive and negative

values are seen in cases 2, 3 and 4 with, of course, dif-
ferent values.

In Figure 21, the horizontal displacement of the
upper body is depicted for all cases; this displacement is
basically how far the head and neck move forwards in
the direction of the steering wheel. The maximum reduc-
tion in the head displacement of about 3 cm in case 5 is
observed in comparison with the displacement in case 2.
Although the overall displacement in each case is greater
than the limited space between the occupant’s head and
the steering wheel, these results are of significance if the
restraint system is different (higher seat-belt stiffness) or
if an airbag is used in the simulation.
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Figure 17. Rotation angle of the occupant’s upper body.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Free rolling
ABS
ABS+AS
ABS+AP
ABS+UP

Time (sec)

R
ot

at
io

na
l  

ac
ce

le
ra

ti
on

 (
de

g/
se

c2 )

Figure 16. Rotational acceleration of the occupant’s middle body.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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From the above analysis, it can be said that in case 2
(ABS) or case 3 (ABS+AS) the displacement and
deceleration of the lower body can be reduced, and the
rotation angle and rotational acceleration of the occu-
pant’s head can also be decreased. Use of the under-
pitch technique (case 5) can help to reduce the rotation
angle of the middle body. When the anti-pitch control
system is integrated with the ABS (case 4), an improve-
ment in the rotational acceleration of the middle body
can be obtained. The VDCS affects the occupant’s
behaviour in different ways related to the applied case,
and it can be seen that the ABS (case 2) can be taken as
the best case owing to its effect on the occupant’s head
(the most important part of the occupant’s body).

However, further investigations are being carried out
to show the effects of the damping of the suspension
system of the vehicle and different values for the AS
force elements.

Conclusion

A new 3-DOF vehicle dynamics–crash mathematical
model and three-mass occupant mathematical model
were developed to study the effect of a VDCS on a vehi-
cle crash in a full-frontal vehicle-to-barrier collision.
The models presented here would be very useful in the
early design stages for assessing the crashworthiness
performance of the vehicle and for selecting appropriate
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Figure 19. Relative rotation angle u3–u2.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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Figure 18. Rotational acceleration of the occupant’s upper body.
ABS: anti-lock braking system; AS: active suspension; AP: anti-pitch; UP: under-pitch.
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vehicle parameters. The results obtained for the vehicle
deformation and deceleration are reasonably close to
those obtained in tests. The results show that the effect
of the VDCS is quite minimal in terms of vehicle defor-
mation and deceleration. However, there are significant
effects on the vehicle pitching. The VDCS does have a
significant effect on the rotations of the middle body
and the upper body owing to its effect on the vehicle
pitching.
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Appendix 1

Notation

c damping coefficient of the
suspension spring

c1 damping ratio of the lower seat-belt
damper

c2 damping ratio of the upper seat-belt
damper

D Rayleigh dissipation function of the
system

e1 distance between the centre of
gravity of the vehicle body and the
upper front-end springs

e2 distance between the centre of
gravity of the vehicle body and the
lower front-end springs

E kinetic energy of the system
F constant
Fb braking force
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Fs front-end spring force
FS suspension force
Fz vertical normal force on the tyres
g acceleration due to gravity
h distance between the centre of gravity

of the vehicle body and the road
I1, I2, I3 rotational moments of inertia of the

first body, the second body and the
third body respectively of the
occupant

Iyy moment of inertia of the vehicle
body about the y axis

kR12 spring stiffness of pivot 1
kR23 spring stiffness of pivot 2
ks front-end spring stiffness
kS suspension spring stiffness
k1 lower seat-belt stiffness
k2 upper seat-belt stiffness
l wheelbase of the vehicle
lf distance between the centre of

gravity of the vehicle body and the
front wheels

lr distance between the centre of
gravity of the vehicle body and the
rear wheels

l1 distance from the centre of gravity
of the vehicle to the centre of gravity
of the lower body of the occupant

l2 occupant’s middle-body length
l3 occupant’s upper-body length
l4 distance between pivot 1 and the

contact point between the upper
seat-belt spring and the occupant’s
middle body

l5 distance between the centre of
gravity of the vehicle and the contact
point between the upper seat-belt
spring and the vehicle compartment

m mass of the vehicle body
m1, m2, m3 masses of the lower body, the

middle body and the upper body
respectively of the occupant

u active force element
v1, v2, v3 equivalent velocities of the lower

body, the middle body and the
upper body respectively of the
occupant

V potential energy of the system
x longitudinal position of the centre of

gravity of the vehicle
€x acceleration of the vehicle body in

the longitudinal direction
x1, _x1, €x1 longitudinal movement, velocity and

acceleration respectively of the
occupant’s lower body

Xm1, Xm2, Xm3 resultant longitudinal displacements
of the lower body, the middle body
and the upper body respectively of
the occupant

Ym1, Ym2, Ym3 resultant vertical displacements of
the lower body, the middle body
and the upper body respectively of
the occupant

z vertical position of the centre of
gravity of the vehicle

_z velocity of the vehicle body in the
vertical direction

€z acceleration of the vehicle body in
the vertical direction

b angle between the vertical
centre-line of the vehicle and the
line between the centre of gravity
of the vehicle and the centre of
gravity of the occupant’s lower
body

g angle between the line l5 and
vertical centre-line of the centre of
gravity of the vehicle

d deformation of the front-end
spring

ds1 initial slack length of the lower seat-
belt spring

ds2 initial slack length of the upper seat-
belt spring

d1 total deflection of the lower
seat-belt spring

d2 total deflection of the upper
seat-belt spring

u, _u, €u pitch angle, pitch angular velocity
and pitch rotational acceleration
respectively about the centre of
gravity of the vehicle body

u2, _u2, €u2 rotation angle, rotational velocity
and rotational acceleration
respectively of the occupant’s
middle body

u3, _u3, €u3 rotation angle, rotational velocity
and rotational acceleration
respectively of the occupant’s upper
body

l tyre slip ratio
m friction coefficient between the tyre

and the road

Subscripts

f front wheels
i spring location (i= u indicates

upper springs; i= l indicates lower
springs)

j different stages of the force–
deformation characteristics (see
Figure 3)

l lower front-end springs
r rear wheels
u upper front-end springs
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Appendix 2

In this appendix the differentiation of the kinetic
energy, the potential energy and the Rayleigh dissipa-
tion function are performed related to equation (15)
according to

d

dt

∂E

∂ _x1

� �
=(m1 +m2 +m3)€x1 + (m1 +m2 +m3)

l1½€u cos (b� u)+ _u2 sin (b� u)�

+
m2

2
+m3

� �
l2(€u2 cos u2 � _u2

2 sin u2)

+
m3

2
l3(€u3 cos u3 � _u2

3 sin u3) ð24aÞ

d

dt

∂E

∂ _u2

� �
=

m2

3
+m3

� �
l22

€u2 +
m2

2
+m3

� �

l2(€x1 cos u2 � _x1 _u2 sin u2)

+
m2

2
+m3

� �
l1l2½€u cos (b� u+ u2)

� _u( _u2 � _u) sin (b� u+ u2)�

+
m3

2
l2l3½(€u3 cos (u2 � u3)

� _u3( _u2 � _u3) sin (u2 � u3)� ð24bÞ
d

dt

∂E

∂ _u3

� �
=

m3

3
l23

€u3 +
m3

2
l3(€x1 cos u3 � _x1 _u3 sin u3)

+
m3

2
l1l3½€u cos (b� u+ u3)

� _u( _u3 � _u) sin (b� u+ u3)�

+
m3

2
l2l3½€u2 cos (u2 � u3)

� _u2( _u2 � _u3) sin (u2 � u3)� ð24cÞ
∂E

∂x1
=0 ð24dÞ

∂E

∂u2
= � m2

2
+m3

� �
l2 _x1 _u2 sin u2

� m2

2
+m3

� �
l1l2 _u _u2 sin (b� u+ u2)

�m3

2
l2l3 _u2

_u3 sin (u2 � u3) ð24eÞ

∂E

∂u3
=�m3

2
l3 _x1 _u3 sin u3

�m3

2
l1l3 _u _u3 sin (b� u+ u3)

+
m3

2
l2l3 _u2

_u3 sin (u2 � u3) ð24fÞ

∂V

∂x1
= k1(x1 � x� ds1)

+ k2fx1 � x+ l4 sin u2

�l5½sing � sin (g � u)� � ds2g ð24gÞ
∂V

∂u2
= �m2g

l2
2
sin u2 �m3gl2 sin u2

+ k2l4 cos u2fx1 � x+ l4 sin u2

�l5½sing � sin (g � u)� � ds2g
+ kR12(u2 � u)� kR23(u3 � u2) ð24hÞ

∂V

∂u3
= �m3

2
gl3 sin u3 + kR23(u3 � u2) ð24iÞ

∂D

∂ _x1
= c1( _x1 � _x)+ c2½ _x1 � _x+ l4 _u2 cos u2

�l5 _u cos (g � u)� ð24jÞ
∂D

∂ _u2

= c2l4 cos u2½ _x1 � _x

+ l4 _u2 cos u2 � l5 _u cos (g � u)� ð24kÞ
∂D

∂ _u3

=0 ð24lÞ

By substituting the components of equations (24) into
equation (15), the final forms of the equations of
motion become

a11€x1 + a12€u2 + a13€u3 = f1(x1, u2, u3, _x1, _u2, _u3)

ð25aÞ
a21€x1 + a22€u2 + a23€u3 = f2(x1, u2, u3, _x1, _u2, _u3)

ð25bÞ
a31€x1 + a32€u2 + a33€u3 = f3(x1, u2, u3, _x1, _u2, _u3)

ð25cÞ

The system then can be written in the matrix form as

½A�½ €B�= ½F� ð26aÞ

where

½A�=

m1 +m2 +m3
m2

2 +m3

	 

l2 cos u2

m3

2 l3 cos u3
m2

2 +m3

	 

l2 cos u2

m2

3 +m3

	 

l22

m3

2 l2l3 cos (u2 � u3)
m3

2 l3 cos u3
m3

2 l2l3 cos (u2 � u3)
m3

3 l23

2
64

3
75

ð26bÞ

½ €B�=
€x1
€u2
€u3

2
4

3
5 ð26cÞ

½F�=
f11
f12
f13

2
4

3
5 ð26dÞ

where

f11 = � (m1 +m2 +m3)l1½€u cos (b� u)

+ _u2 sin (b� u)�+ m3

2
+m3

� �
l2 _u2

2 sin u2

+
m3

2
l3 _u2

3 sin u3 � k1(x1 � x� ds1)

�k2fx1 � x+ l4 sin u2

�l5½sing � sin (g � u)� � ds2g
� c1( _x1 � _x)� c2½ _x1 � _x+ l4 _u2 cos u2

�l5 _u cos (g � u)� ð26eÞ

f12 =�
m2

2
+m3

� �
l1l2½€u cos (b� u+ u2)

� _u( _u2 � _u) sin (b� u+ u2)�
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+
m3

2
l2l3 _u2

3 sin (u2 � u3)

� m2

2
+m3

� �
l1l2 _u _u2 sin (b� u+ u2)

+
m2

2
+m3

� �
gl2 sin u2

�k2l4 cos u2fx1 � x+ l4 sin u2

�l5½sing � sin (g � u)� � ds2g
� kR12(u2 � u)� kR23(u3 � u2)

� c2l4 cos u2½ _x1 � _x+ l4 _u2 cos u2

�l5 _u cos (g � u)� ð26fÞ

f13 = �m3

2
l1l3½€u cos (b� u+ u3)

� _u( _u3 � _u) sin (b� u+ u3)�

+
m3

2
l2l3 _u2

2 sin (u2 � u3)

�m3

2
l1l3 _u _u3 sin (b� u+ u3)

+
m3

2
gl3 sin u3 � kR23(u3 � u2) ð26gÞ

Then the final equations of motions of the system can
be written as

½ €B�= ½A��1½F� ð27Þ

Therefore the different occupant’s bodies responses x1,
u2 and u3 can be determined by solving equation (27)
using the central difference method.
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