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Abstract The world is moving towards applying
intelligent technologies in automobiles, with focus
on the development of autonomous vehicles. These
vehicles are equipped with devices to predict and
avoid dangerous situations such as vehicle crashes,
pedestrian hits, etc. Such devices are mostly used in
pre-crash management but not during crash. Hence,
there is a requirement of smart crash energy absorp-
tion system that works during crashes and modulates
its energy absorption capability as per the severity
of crash. Thus, the proposed methodology involves
development of mathematical modelling and dynamic
simulation of a four-stage collision energy absorption
system. The Dodge Neon vehicle is considered as a
base model with 4 DoF lumped parameter modelling
(LPM). The proposed model is equipped with four
impact absorption elements such as a bumper, magneto
rheological absorber (MRA), spring, and a piston-cyl-
inder with shear plate assembly, that are in series. The
MRA is an intelligent device which plays a vital role to
make a system to be smart or semi-active by adjusting
the crash absorbing capability while altering the power
distribution to MRA as per the severity of crash. The
modified Bouc-Wen model is utilized for MRA, which
is non-linear in nature, and the spring-dashpot model
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has been considered for other elements of the proposed
system. Dynamic expressions have been derived and
simulated to validate the capability of the proposed
model against the existing base model. The proposed
model exhibits great capability in terms of displace-
ment, deceleration, and time of crash of the occupant’s
cabin. The proposed design can also be utilized for the
electrical vehicles (EVs) as an add-on system because
of the absence of crushable mechanical elements.

Keywords Magneto-rheological absorber - Four-
stage crash energy absorption system - Lumped
parameter modelling - Modified Bouc-Wen model

Abbreviations

Parameters related to MRA

Evolutionary coefficients,

N/m

a, Evolutionary coefficient
varying linearly with
the applied voltage, N
Vim!

By Hysteresis parameters of
yield elements, m2

A Dimensionless quantity
controlling the behaviour
of the model

Co Viscous damping coeffi-

cient at high velocities, N

s/m

a, a,
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COa, C] a

Con,C1b

¢

max

== o<

X0

rel

Damping coefficient
related to ¢ and ¢;, N s/m
Damping coefficient
related to ¢, and c,
varying linearly with

the applied voltage, N s
Vim™!

Viscous damping coef-
ficient at low velocities, N
s/m

Maximum energy
absorbed, J

Maximum damping force,
N

Damping force, N
Stiffness at high velocities,
N/m

Accumulator stiffness,
N/m

Exponential parameter
that varies between 1 to 2.
Voltage applied, V
Filtered voltage, V
Derivative of filtered volt-
age, V/s

Coefficient of first order
voltage filter, 7!

Initial displacement of
spring k; m

Relative displacement, m
Displacement of the pis-
ton, m

Evolutionary displacement
component, m
Evolutionary velocity
component, m/s

Parameters related to vehicle

Cc

Cib, C2p, C3p
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Damping constant of
bumper, N s/m

Damping elements of
frontal parts of the vehi-
cle, N s/m

Damping constant corre-
sponding to stage-4, N s/m
Force at stage-1, N

Force at stage-3, N

Force at stage-4, N

k Stiffness of bumper, N/m

ki, kop, ks Stiffness of frontal parts of
the vehicle, N/m

k, Conventional spring stift-
ness for stage-3, N/m

ks Stiffness corresponding to
stage-4, N/m

M, Mass of suspension and

lower longitudinal struc-
tural members, kg

M, Mass of engine, engine
cradle, and upper longitu-
dinal structural members,

kg

M; Mass of fire wall and part
of body on its back, kg

M, Mass of occupant’s cabin,
kg

T pear Time to reach peak entity,

S

X|sXq,X3,X, Displacement of M, M,,

M;, and M, m

X1, %, 33, X, Velocity of M|, M,, M3,
and M,, m/s

X1, %, X5, %, Acceleration of M, M,,
M,, and M, m/s?

Vi Initial velocity of the vehi-

cle, m/s

1 Introduction

The current scenario of vehicle collisions and increas-
ing number of fatalities on roads due to transforma-
tion of high-impact energy into passenger cabin has
become serious concern in many countries. A car
crash is such a dangerous phenomenon, which causes
an extreme intrusion towards the occupant’s cabin.
There are institutions established with crash test
facilities internationally. Also, standards are available
for enhancing impact energy absorption capability of
vehicles during high-speed collisions. These stand-
ards include New Car Assessment Programme, Fed-
eral Motor Vehicle Safety Standards 208-occupant
crash protection, and Insurance Institute of Highway
Safety (Khattab and a 2010). In India, the test cen-
tres available as an initiation of National Automotive
Testing and R&D Infrastructure Project (NATRIP)
are: International Center for Automotive Technology,
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Global Automotive Research Center, National Auto-
motive Test Tracks, and Automotive Research Asso-
ciation of India. All these facilities are established
particularly for testing and homologation. Such R&D
infrastructure facilities developed by the Government
of India are for delivering comfortable, safe, and
high-performance vehicles to the consumers (http://
www.natrip.in/ 2011).

The physics behind the collision of the vehicle
can be modelled in numerous ways such as LPM,
finite element modelling, multibody dynamic mod-
elling, and hybrid modelling. The destructive crash
test of a vehicle is more complex and expensive due
to the requirement of costly equipment. Thus, most
of the researchers depend on mathematical replica of
crash phenomenon by using these methods (Mei and
Thole 2008). Amongst the above methods, an LPM
technique has been used in the present work due to
its closest outputs compared with experimental test
results with ease of operation. The usage of bio-
inspired materials in the development of crashwor-
thiness structures have been increased in the present
days of research. Xiao et.al have proposed six various
cross-sectional models of horsetail-bionic thin-walled
structures and validated their performance with out-
comes of finite element simulation (Xiao et al. 2016).

Furthermore, several technological advancements
are available in the form of passive and active systems
to provide comfort and safety to passengers. These
are either pre-crash or fully crash avoiding technolo-
gies as shown in Table 1. In spite of this, there is a
need of a semi-active system, which could work when
a vehicle encounter a crash. Thus, the proposed sys-
tem works during crash occurrence and adjusts the
damping force to counteract the impact force based
on a semi-active device called, MRA. MRA contrib-
utes an important role in making the entire structure
to be intelligent by adjusting the damping force as per
electro magnetization of the coil inside the piston.

The following studies were also observed in the
past towards utilization of various elements in absorb-
ing impact energy that originates from high-speed
crashes. The stiffness of the longitudinal member,
which consists of an extendable hydraulically driven
intelligent structure was modified as per the sever-
ity of the frontal impact. (Jawad 2002). Whereas,
Elmarakbi and Zu (2006) have proposed couple
of smart structures, that are fixed and extendable
in nature. Also, the authors followed an insightful
methodology, called the incremental harmonic bal-
ance method, to improve the crashworthiness of front
structure while encountering full and offset impacts.
Further, energy absorption structures were pro-
posed by means of pneumatic elements (Cao et al.
2012), that are capable of extending or compressing
the beam that absorbs energy according to impact.
Multiple shock absorbers were attached to the front
and back frames of the “Baja vehicle” to reduce the
force of impact during the frontal and rear crashes
by absorbing the impact energy (Goher et al. 2017).
Also, the authors simulated ‘“Baja frame” by transient
dynamic analysis in the ANSYS workbench for differ-
ent contact situations.

The theoretical design of a novel 4-stage col-
lision energy absorbing system, which includes a
bumper, MRA, spring, and piston cylinder with shear
plate assembly had been proposed in an earlier work
(Jain and Sreekumar 2016). Soumitra Singh et al.
(Kachhwaha et al. 2020) developed a mathematical
model of a vehicle under crash with four DoF sys-
tem consisting of bumper, engine and engine room,
body of the vehicle, and occupants, including pas-
sive restraints called seat belt and airbag. The vehi-
cle behaviour was studied in detail in an earlier work
by combining MRA in series and parallel modes
with one and two DoF models during various impact
velocities (Archakam and Muthuswamy 2021).

Active-systems

Table 1 Safety systems to SL.No Passive systems
protect from crash
1 Seat belt
2 Air bags
3 Impact attenuators
4

Bumper and crumple zones

Anti-lock braking system
Electronic stability program
Traction control system

Advanced driver assistance systems, automated driving,
pre-crash warning alerts & autonomous emergency
braking
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The present trend in the design of automobiles is
moving toward EVs to counteract the depletion of
natural resources and also to completely reduce air
pollution. These battery-powered EVs do not have
mechanical frontal parts such as, internal combus-
tion engine, engine cradle, radiator, etc. to absorb
energy during collision. Instead of mechanical parts,
there are battery packs that need to take this energy
to reduce the intrusion towards the occupant’s cabin.
With this as an objective, Hao et al. have proposed
flexible battery packs and optimized to get maximum
crash energy absorption capability (Hao et al. 2017).
But there may be an occurrence of fire in the bat-
tery packs which may limit this approach to a certain
extent of crash. Hence, the proposed multi-stage col-
lision energy absorption system addresses this issue
in EVs by deploying the advanced crash-proof system
with MRA as an intelligent member.

The proposed multi stage non-linear dynamic
model is intricate, novel, and developed by position-
ing MRA and other crash absorbing elements inside
the frontal structure of the vehicle. The focus is on the
development of mathematical model for multi-stage
collision energy absorption system for passenger cars
based on MRA along with dynamic simulation. The
total system with all components is modelled in LPM
technique. The parameters like mass, stiffness, damp-
ing coefficient have been selected based on structural
material properties of the Dodge-Neon vehicle under
crash available in (Marzbanrad and Pahlavani 2011).
The MRA has been modelled with the help of modi-
fied Bouc-Wen model (non-linear hysteresis paramet-
ric model) proposed by Spencer et al. (1997). The
smart system has been assembled in front overhang of
the vehicle by arranging four-stage elements in series,
where MRA contributes a significant role in trans-
formation of the system from passive to semi-active.
Numerical analysis has been performed to compare
the kinematic responses of the base vehicle and the
vehicle equipped with the proposed system.

This article is organized as follows. The brief
introduction on MRA and proposed methodology are
discussed in Sect. 2. Section 3 presents the mathemat-
ical modelling and dynamic equations of the existing
and proposed models with LPM technique. The criti-
cal parameters selection is a major task in the simula-
tion performed numerically, which is also presented
in Sect. 3. Section 4 consists of dynamic simulation
along with results and discussions. The results are
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categorised into crash kinematics and behaviour of
the embedded elements of the proposed system along
with MRA during the crash for various velocities
of the car and also for different voltages supplied to
MRA. Finally, conclusions are drawn in Sect. 5, fol-
lowed by references.

2 Methodology

MR fluid (MRF) is a smart material in the form of
liquid capable of altering its viscosity when subjected
to a magnetic field. Rabinow invented MRF at the US
National Bureau of Standards in the middle of the
of twentieth century (Rabinow 1948). It is prepared
by mixing magnetizable particles (1-10 pm) 0-40%
by volume in the carrier fluid. Frequently used car-
rier fluids are synthetic oil or mineral oil. In a recent
research, the MRF was developed by storing them in
a different metal foams and finite element simulations
were performed to validate the dynamic response
along with experimental results (Liu et al. 2015). Zhi
Shen et.al proposed a new MR damper using metal
foam with the help of dimensional optimization and
experimental study on the mechanical performance
was carried out using a self-developed test rig (Zhi
Shen et al. 2020). Different types of MR materials,
their modelling, and applications had been studied by
Ahmed et al. (Ahamed et al. 2018).

The semi-active device, called MRA, resembles a
hydraulic damper in appearance but contains MRF in
place of hydraulic fluid with an electromagnetic coil
around the piston. Also, there is an accumulator to
restore the MRF as per requirements. The MR effect
has been achieved in a small gap between piston head
and cylinder (active region) while moving the piston
in an enclosed cylinder, as shown in Fig. 1a. The MR
damper works based on the principle of electro mag-
netization of MRF through an electromagnetic coil
present inside the piston to increase or decrease the
damping effect based on external disturbance. These
particles align themselves simultaneously once the
electromagnetic coil is activated with the current /
voltage driver and transforms the fluid from liquid
to semi-solid and next to solid-state and vice versa,
as depicted in Fig. 1b. This nature of fluid restricts
the piston movement and thus the damping effect has
been achieved.
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Fig. 1 MRA. a Com-
ponents of MRA and b
Operating principle

Accumulator

Cylinder

MR Fluid +—
Piston shaft

Electromagnetlc
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f
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(a)

Magnetizable particles

Inactive Magnetic excitation| ~ Active Magnetic excitation
; I I O

Movement of
MRA piston

MRAs are utilized in four working modes such
as shear mode (structural composites, clutches,
breaks, chucking, and locking devices), valve mode
(dampers,shock absorbers, servo valves, actuators,
and hydraulic controls), squeeze mode (small-ampli-
tude vibration devices and impact dampers), and
mixed mode (developed in recent years by achieving
two modes at a time) based on the movement of fluid
between the plates and based on an application (Zhu
et al. 2012).

Structural advancements of MRA are broadly cat-
egorized into three aspects such as magnetic circuit,
coil number and distribution, and damping chan-
nel (Yuan et al. 2019). Additionally, some research-
ers have also studied applications of MR actuator in
multi-DoF systems with focus on design requirements
like geometric optimization, principle of working,
and control schemes (Oh et al. 2022). The applica-
tions of MR technology are versatile such as MR
clutches and breaks in automobiles (Pisetskiy and
Kermani 2021), bearings (Bompos and Nikolako-
poulos 2011), semi-active suspension and torsional
devices (Suvarna et al. 2021), devices for mitigating
the vibrations during the seismic activity outbreaks

(Spencer et al. 1998), and medical devices (Gao et al.
2019; Liu et al. 2022).

MRA has many input and output variables that
are responsible for the actuation behaviour. The input
variables are, the voltage supplied to MRA and the
corresponding displacement of the associated struc-
ture. One of the output variables is the damping
force, which is maintained by varying the magnetic
flux density around the coil to reduce the effect of
impact force. The magnetic flux density changes by
varying the voltage supplied to the coil. Thus, the
mathematical model includes the coupling effect of
magneto-mechanical variables. Most of the research-
ers concentrated on increasing the magnetic flux den-
sity there by achieving enhancement in the damping
force. Current trend of research is on the optimization
of design variables by using two different approaches,
finite element analysis (Krishna et al. 2017) and vari-
ous optimization techniques such as particle swam
optimization, genetic algorithm, etc. (Muthalif et al.
2021).

Various types of models, which are well known
for MRA modelling are quasi static, dynamic para-
metric, dynamic non parametric, dynamic models,
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and inverse dynamic models (Rossi et al. 2018).
Among the above, the current work requires a
dynamic parametric modelling of MRA so as to
integrate such dampers in the vehicle. The dynamic
parametric models like Gamota and Filisko, Dahl,
Lugre, Bingham, Bouc-Wen, and modified Bouc-
Wen models, etc. are widely known as mechanical
models (Eshkabilov 2016). The modified Bouc-Wen
model is considered in the current work because of
its better repeatability as evidenced in past research
works (Azar et al. 2020; Jiang and Wen 2020)
related to several applications as non-linear sys-
tems. This model also revealed a closed approxi-
mation with physical test results for different input
excitations, as proved by Spencer (Spencer et al.
1997).

The proposed methodology for the dynamic mod-
elling of the multi-stage collision energy absorption
system is presented in Fig. 2. Initially, the dynamic
modelling of the base vehicle with 4 DoF has been
done based on LPM. The parameters like mass, stift-
ness, and damping coefficient have been selected by
considering the optimized parameters of crash test

performed on the Dodge-Neon vehicle (Marzbanrad
and Pahlavani 2011).

The dynamic expressions of the proposed 4 DoF
model equipped with MRA and other elements are
obtained first. Further, the proposed multi-stage crash
energy absorption model and base model have been
compared in terms of crash kinematics such as intru-
sion (deformation), velocity, and deceleration of pas-
senger’s cabin for various high impact velocities.
Simultaneously, the behaviour and characteristics of
MRA and other energy absorbing elements have also
been captured from the proposed model.

3 Mathematical modelling
3.1 Base model of the vehicle

The principle of LPM is to convert any structure/body
into lumped masses connected with energy absorb-
ing and dissipating elements such as spring and
dashpots respectively. The passenger car can be mod-
elled with several lumped masses and additionally,

Fig. 2 Methodology of the
proposed system

Dynamic modelling of multi-stage collision energy

absorption system

/\

base model

Identification of 4 DoF

Development of the proposed
multi-stage model with MRA

.

Dynamic modelling with LPM J

v

Selection of optimized parameters

v

Simulation

v

Comparison of results

Crash

kinematics of all
lumped masses

Characteristics
| and behaviour of
'L MRA and other

elements

)
)
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Fig. 3 Four-DoF base
model of frontal collision

Fig. 4 CAD model of the Stage-1

Stage-2 I Stage-3 T Stage-4

multi-stage collision energy
absorption system, a 3D
model and b Sectional view
(Jain and Sreekumar 2016)

MR Damper

Shear Plate

spring-dashpots are connected in between the lumped
masses to exhibit behaviour of structure. Here, the
base model consists of 4 DoF as shown in Fig. 3
which is accurate in predicting crash behaviour and
hence incorporated in the proposed multi-stage
absorption system.

The dynamic equations of the existing four DoF
model have been derived based on Newton’s second
law of motion and are presented below.

M%)+ citp + oy, (5 — &) + kxy + k() —x,) =0
My + ¢, (g — X1) 4 ¢35 (g — X3) + k(X — X)) + kyp (X —x3) =0
M3y + +0o, (X3 = Xp) + €3, (3 — &) + kppy (3 — X)) + k3p(x3 —x4) =0

M iy + c3, (g — X3) + kg (x4 —x3) =0

ey

3.2 Proposed multi-DoF model with MRA

The multi-stage collision energy absorption system
consists of four energy absorption elements such as
bumper, MRA, spring, and shear plate with piston-
cylinder assembly as described in an earlier work

(b)

v

Proposed multi-stage

collision absorption system
.

Fig. 5 Integration of proposed multi-stage collision energy
absorption system in passenger car

(Jain and Sreekumar 2016) which is shown in Fig. 4.
Two of these proposed crash energy absorption sys-
tems have been attached in the front end of the pas-
senger car and operates in parallel. One side of them
is attached to the bumper end and other ends are with
the chassis, as shown in Fig. 5.

The present work totally concentrates on the
modelling of a four-DoF system and its dynamic
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model so as to capture the behaviour of a vehicle
during crash. Spencer model is used for the MRA
and classical spring- dashpot model is used to repre-
sent other elements of the proposed system. All the
above individual elements have been added in series
to form a four DoF model, as depicted in Fig. 6.

This system helps in increasing the time of crash
and also reduces the impact force on the occupant’s
cabin. Newton’s second law of motion has been
used for deriving the dynamic (second-order differ-
ential) equations of the proposed model as detailed
below.

3.2.1 Masses, M; and M,:

The free body diagrams (FBD) for M, and M, are
presented in Fig. 7a and b respectively. The vehicle
is considered to be crashed against a rigid barrier
with an initial velocity of V;, and the same is assumed
for all the four masses. The restraints such as spring,
damper, and MR actuator are performing their elas-
tic and damping activities in the opposite direction of
vehicle movement so as to face the impact.
The dynamic equations are as follows

Xy —
Fixed Barrier X7 ‘ *2 e 4
kZb k3b
SN SAAMAAAAAAMAN
k
M,
[
Co
K,
~AAAALLNLNNNNNNN
C1p
— T
p— e
. Shear plate with piston-
Bumper MRA Spring cylinder assembly
Stage-1 Stage-2 Stage-3 Stage-4

Fig. 6 LPM of the vehicle with proposed multi-stage crash energy absorption system

Fig. 7 FBD for, aM, and X
b M, x, 2
. 20z
; lb(x.l _x.Z) 2ky(x, =) ks (X, = ;)
zl 201 (xl _y) 200 (Xz —y) 2k2 (xz _x3)
1 — 2k1(.x1 _.xz) 2k1(x2 _xl) _>02b(x2 _xs)
¢ (5 —X,) ¢, (x,—x)
B\ TN
klb (xz _xl)
(a) (b)
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M%) + cxy + 2¢, () = 3) + ¢, (5 — %)

2
M3y + c1p,(y — J7) 4 €9 (ry — X3) + (2ky + ko )y — x3) _
+2[c(ky = 3) + koOrp — ¥) + az] + (2ky + kyp)(xp — xp)
3

3.2.2 MRA

The LPM of MRA and its FBDs are depicted in
Fig. 8. The governing equations are obtained as
under.

Following expressions are derived from Fig. 8b

(0= x) + ¢y — &) + k(v —x) —az =0 4)

c=x) =az+cyly —3) + kylxy, — ) ®))

y = + Colty + €13 + ko(xy —
y corel [az + coly + Xy + k(X — ¥)] (6)

Damping force experienced by MRA obtained
from Fig. 8c is presented below.

Fig. 8 Modified Bouc-Wen
model of MRA, a LPM of
MRA for proposed configu-
ration, b FBD of component
y, and ¢ FBD for F;z

Fyr = az+co()'c2 —y) +k0(x2 —y) +k (x2 —xl)
@)
The following expression is obtained by substitut-
ing Eq. (5) in Eq. (7)

Fyp =,y — %) + ki (x, — x) €))

where, y can be obtained from Eq. (6).

Modified form of evolutionary velocity component
of MRA (2) for the proposed configuration based on
Spencer et al. (1997) is presented below.

z=—yzli, = 9|lz" = B, = 2" +AG, =) ()

Now, the following expression for M, is obtained
by substituting Eq. (5) in Eq. (3)

Moy + ¢ (g — X)) + €9 (G — X3) + (2ky + ko) () — X3)

+2c1(y = x7) + kg + kyp)(xp — x7)

Cl(y—xl)

(10
3.2.3 Similarly, for masses, M ; and M ;:
The FBD for M; and M, are depicted in Fig. 9.
The set of dynamic equations are
az
iy k(=)
o\t ™
k() e h Fi
.. o\ —Y
GO—%) ke (x, —x,)

(b)
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Fig. 9 FBD for, a M; and X
b M, 3
kzb (xa _xz)
2k, (x; —x,)
Cp (X3 _xz)
(a)

M3; + ¢y (k3 — &) + (203 + €33) (3 — Xy) _o
2k, + ) (X3 — ) + 2k + kyp) (s — X,)
(11)

M3y + 2cs + €3,)(E — 53) + (ks + kg )y — x3) = 0 (12)

Finally, the dynamic equations which would gov-
ern the crash kinematics of all individual mass ele-
ments of the system are grouped as under.

Xy
k3b(x3 _x4) k3b(x4 _x3)
2ky(x,—x,) 2k, (x, — ;)
c3b(x3 _x4) C3b(x4 _x3)
2¢, (%, —x,) 2¢,(x%, —xy)
(b)
€] =CratCpplt (16)
i=-nu-"V) a7

MIXI + Cxl +2€1(X1 —y) +Clb(xl —xZ) + (2k1 + klb)(.xl —xZ) +kx1 = O

Myiy + 20,y — &) + ¢, (6 — X)) + 0p(Xy — X3) + Rky 4+ k)00 — 1) + 2y + kyp )y —x3) =0

13)

Further, the spencer model of MRA consists of
the following four expressions (Spencer et al. 1997),
that are governed by the filtered voltage u and applied
voltage V. the first order filter n in Eq. (17) relates u
and V.

a=a,+au (14)

Co = Coq T+ Coplt (15)

Table 2 Parameters considered for MRA @200 kN

Parameter Value Parameter Value
Cou 110,000 ky 2.0

Cop 114,300 k; 9.7
Cla 8,359,200 Xy 0

Crp 7,482,900 y 164.0
a, 46,200 p 164.0
a, 41,200 A 1107.2
n 100 n 2.0

3.3 Selection of parameters

The parameter selection is a very critical part in the
dynamic simulation and it is based on the similarities
of existing and proposed model, especially the num-
ber of DoF of model considered. Thus, both the mod-
els are having 4 DoF and the parameters have been
selected from the literature (Marzbanrad and Pahla-
vani 2011). Here, the MRA has been modelled based

Table 3 Parameters considered for 4 DoF base-model (Marz-
banrad and Pahlavani 2011)

Parameter Value Parameter Value

M, 350.00 kyp, 1,141,520.38
M, 220.00 ky, 1,011,727.51
M; 700.00 ks, 681,806.21
M, 80.00 cp 2,480,317.34
k 48,344.98 Cyp 8.58
c 20,621.11 c3 178.40
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on the well-known Spencer model, governed by the
damping force, as it would reduce the high impact
force during crash. Thus, the parameters considered
for the present purpose are extracted from 200 kN MR
damper (Talatahari et al. 2012) and shown in Table 2.
The parameters for the base model were optimized as
per the experimental results of the crash test of Dodge
Neon vehicle and listed in Table 3. The proposed
model can be considered as a (multi-DoF system) free

vibration problem with x; = x, = X3 = x,= 0 m, and
X =%, =X =% =9.72-23.61 m/s as boundary
conditions.

The structural parameters of spring and piston cyl-
inder with shear plate assembly have been assumed
by trial-and-error method as; k,=50,000 N/m,
k;=50,000 N/m, and c;="75,000 N s/m.
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4 Dynamic simulation and results

The dynamic simulation has been performed in MAT-
LAB SIMULINK platform. The inputs used in the
simulation are V; and V to the MRA, ranging from
35 to 85 km/h to address both low and high-speed
crash phenomena and from 0 to 2.5 V for all simula-
tion conditions respectively. Whereas, outputs consid-
ered for the system are crash kinematics of occupant’s
cabin (displacement, velocity, and acceleration) and
parameters associated with MRA & other elements.
The Simulink model of base and proposed models
has been built and is depicted in Fig. 10.

4.1 Crash kinematics

The impact of the vehicle is initially encountered by
the bumper and after that it is transmitted to MRA.
The MRA is positioned just beside M,, thus the dis-
placement of MRA is same as the displacement of
M,. The impact displacements of MRA for differ-
ent impact speeds of the vehicle ranging from 35 to
85 km/h, have been extracted from the simulation
and shown in Fig. 11a. This is further sent to the pro-
posed model as an input variable. The damping force
produced by MRA is altered by adjusting the field
of electromagnetic coil by varying the voltage sup-
plied to the coil in the range of 0-2.5 V, as depicted
in Fig. 11b.

The crash kinematics of the lumped masses (vari-
ous frontal mechanical and structural parts of the
vehicle) are obtained from the numerical simulation

-=-=\ehicle velocity 35 km/h
Vehicle velocity 45 km/h

=Y
N

- = =-Vehicle velocity 65 km/h
——Vehicle velocity 85 km/h

P~

o
o

Displacement to MRA (m)
=) o
= (2}

o
[N)

o

0?4
Time (s)

(a)

Voltage (V)

for both base and the proposed system. Figure 12
represents the kinematics of M; and M, for different
speeds of the vehicle during a frontal impact with a
stationary barrier. The displacement of the masses
has been plotted with respect to time, as shown in
Fig. 12a. There is a noticeable reduction of displace-
ment of both the masses of the proposed model
related with the base model. Subsequently, the veloc-
ity of the proposed model is reduced abruptly from
the initial velocity to zero with higher settling time,
as depicted in Fig. 12b for both M, and M,. A notice-
able decrement in the acceleration of masses is also
observed compared with the base model for different
speeds, as shown in Fig. 12c.

The crash kinematics of M; is shown in Fig. 13
which is mostly influenced by the performance of
MRA. The displacement of M; is decreased from
0.5041 to 0.4937 m for 35 km/h and a similar reduc-
tion is obtained for various velocities, as shown in
Fig. 13a. The velocity is also reduced drastically in a
short period, as shown in Fig. 13b. The deceleration
of the Mj; is depicted in Fig. 13c, which resembles
that there is a reduction of 8.2% compared with the
existing model.

The intrusion of the occupant’s cabin of a car is
shown in Fig. 14a, where in kinematics of M4 are
considered. The proposed model has the least peak
displacement than the base model for all initial veloc-
ities of the vehicle considered for the simulation.
The velocity of the car is drastically reduced dur-
ing the crash and the vehicle comes to rest within a
short period. The proposed model has the capability

)
n
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Fig. 11 Input parameters of MRA for various speeds of the vehicle, a Displacement of MRA after an impact and b applied voltage
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of increasing settling time, from 0.0756 to 0.1105 s,
compared with the existing /base model, as depicted
in Fig. 14b. The passenger safety mainly depends
on the deceleration coming from restraint mecha-
nism which is activated after an impact. The maxi-
mum acceleration of the proposed model has been
decreased substantially, by almost 30.53%, for every
impact velocity of the vehicle compared with base
model, as seen in Fig. 14c. The comparison of peak
displacement for both base and proposed system for
each lumped mass is presented in Table 4. A sub-
stantial reduction of peak intrusion in each stage is
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observed and finally the intrusion of the occupant’s
cabin gets reduced.

The peak displacement and deceleration of occu-
pant’s cabin (M,) are presented in Table 5, for a
clear understanding of the capability of the proposed
model related with the existing model. Accordingly,
the time of peak entity is also shown in Table 5 to jus-
tify the crashworthiness of the proposed model. The
peak intrusion occurs at 0.076 s for the base model
and for the proposed model it is 0.147 s. Certainly,
the time for peak intrusion to occur is increased by
93.42% compared with the base model. While, the
time of peak deceleration is reduced by 10.71%.
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Fig. 14 Comparison of crash kinematics of occupant’s cabin (M,) for base and proposed models for different speeds of the vehicle,
a Displacement, b Velocity, and ¢ Acceleration

Table 4 Comparison of peak displacement of lumped masses for various speeds of the car

Velocity Maximum displacement (m)
(km/h)
Mass M, Mass M, Mass M3
Base model Proposed model Base model Proposed model Base model Proposed model
35 0.5056 0.4994 0.5940 0.4996 0.5041 0.4937
45 0.6500 0.6421 0.6550 0.6424 0.6481 0.6348
65 0.9389 0.9274 0.9461 0.9279 0.9362 0.9170
85 1.2280 1.2128 1.2370 1.2135 1.2240 1.1991
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Table 5 Comparison

between peak disple}cemcnt, Model X(il(;ﬁl)ty quea;li ((irls}))lace— Tpeax (8) tl:zik(gecelera— Tpeax (8)
deceleration for various
velocities of occupant’s Base model 35 0.5099 0.0760 26.80 0.0560
;jl’;‘;g[;z;gg;g:elfe 45 0.6556 0.0760 34.45 0.0560
models 65 0.9470 0.0760 49.76 0.0560
85 1.2383 0.0760 65.08 0.0560
Proposed model 35 0.4969 0.1470 18.62 0.0500
45 0.6389 0.1470 23.94 0.0500
65 0.9228 0.1470 34.58 0.0500
85 1.2068 0.1470 45.21 0.0500

4.2 Characteristics and behaviour of crash energy
absorption elements other than MRA

The numerical analysis has been done for the estima-
tion of forces encountered in each stage of the pro-
posed four-stage crash absorption system for their
behaviour during the crash for various impact speeds
of the vehicle. A single series configuration of the
proposed system has been considered for calculation
of the forces and for capturing the behaviour of the
energy absorption elements as well.

4.2.1 For bumper (stage-1)

The bumper is a crushable element, and it is an essen-
tial part of every vehicle, which generally reduces
the transmission of impact force to the vehicle’s pas-
senger cabin during crash. A single series configura-
tion with half of stiffness and damping coefficient of
bumper in the proposed collision energy absorption
system is considered for the analytical formulation of
force (F,) experienced by the bumper as under.

F, = %(C}'cl + kx;) (18)

The simulation has been performed for different
speeds of the vehicle to get insights into the behav-
iour of the bumper during crash. The numerical data
has been plotted in Fig. 15. The bumper is an initial
element that encounters the first impact when the
vehicle is crashed with a stationary barrier, eventu-
ally receive higher impact force i.e., from 100.24 to
243.44 kN is absorbed or dissipated at stage-1 for
various impact velocities, as shown in Fig. 15a. The
displacement and force of M, are plotted in X and Y
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axes respectively in Fig. 15b, which depicts a non-
linear pattern. The peak displacement of the pro-
posed model varies between 0.4994 and 1.2128 m
for different impact speeds. The force at each veloc-
ity is initially high and reduced drastically thereafter
and finally becomes zero with dissipation of energy
through intrusion/crushing of the frontal bumper. The
force vs velocity plot (Fig. 15¢) which exhibits almost
a linear pattern for various impact velocities.

4.2.2 For spring (stage-3)

A spring with high stiffness has been used in stage-3
to encounter and establish further reduction in impact
force that has been transmitted through MRA. The
force has been calculated for all initial velocities of
the vehicle by the following expression,

F3=ky(x3 —x,) (19)

The numerical data has been plotted to get the
characteristics of spring, and is shown in Fig. 16.
The maximum force at stage-3 is varying from 6.395
to 15.529 kN for different speeds of the vehicle, as
shown in Fig. 16a. This force is exponentially decay-
ing with 0.3 s. The displacement vs force relation-
ship is shown in Fig. 16b, which depicts maximum
displacement between 0.4937 and 1.1991 m and a
curvilinear pattern is obtained for different speeds.
Whereas, a half-circular pattern has been observed
for velocity vs force at stage-3 which is shown in
Fig. 16¢c. The reason for a such a pattern would be,
vehicle’s velocity gets reduced after an impact with
an increase in the development of resistive force and
finally reaches to rest due to the inertia.
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Fig. 15 Behaviour of bumper (stage-1) during crash for various speeds of the vehicle, a Force, b Force vs displacement, and ¢ Force

vs Velocity

4.2.3 For piston cylinder with shear plate assembly
(stage-4)

The final stage is a piston-cylinder with shear plate
assembly. The impact force, which is left after the
passage of three stages is finally experienced by this
assembly. The force acts in this stage is calculated
based on the following expression,

F4 = C3(f€4 - fC3) + k3(}€4 - X3) (20)

The peak forces experienced by this element are
6.540 kN and 15.882 kN for different speeds of the
vehicle. Moreover, force is decaying exponentially

due to the underdamped state of the system as shown
in Fig. 17a. A curvilinear pattern has been observed
by plotting the datasets of displacement and force in
cartesian plot, as shown in Fig. 17b. The maximum
displacement is varying from 0.4969 to 1.2068 m.
The velocity vs force relationship is depicted in
Fig. 17c, which reveals a half circular pattern similar
to force vs velocity response in stage 3.

The force experienced by each stage to counter-
act the impact force coming from the high-speed
crash of the vehicle has been presented in Table 6. It
is noticed that the bumper experiences high impact
force because it is the stage-1 of the crash absorption
system. After that, the intrusion displacement passes
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Fig. 16 Behaviour of spring (stage-3) during crash for different speeds of the vehicle. a Force, b Force vs displacement. ¢ Force vs

velocity

through the MRA stage and next to stage 3, and
finally to stage-4. The last two stages absorbed less
force compared to the other two because most of the
impact force has been reduced in the frontal stages
(first two) itself.

4.3 The characteristics and behaviour of MRA at
Stage-2

The performance of MRA needs to be captured in
terms of impact related circumstances to establish
its capability while considering non-linear behav-
iour for low, medium, and high-speed vehicle
crashes. This behaviour has been studied with fixed
barrier for various initial velocities. Simultaneously,
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the damping characteristics of the MRA is also
investigated for various voltages applied externally.

The damping force and energy absorbed by MRA
with various initial velocities of the automobile are
depicted in Fig. 18a and b respectively. It has been
observed that, higher the initial velocities of the
vehicle, greater is the generated damping force and
energy absorption by MRA. The maximum damp-
ing force and also peak energy absorption are varying
from 62.10 to 148.6 kN and 22.06 to 129.0 kJ respec-
tively for various impact speeds ranging from 35 to
85 km/h.

The characteristic plots such as displacement vs
damping force and velocity vs damping force have
also been plotted. Here, both displacement and
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Table 6 Comparison of peak force experienced during differ-
ent stages of the proposed system for various impact speeds of
the vehicle

Force (kN) Velocity of the vehicle, km/h

35 45 65 85
F, 100.24 128.88 186.16 243.44
Fyr 62.28 79.93 114.81 149.09
F; 6.39 8.22 11.88 15.53
F, 6.54 8.41 12.15 15.88

velocity terms used are related to kinematics of MRA
piston. It is observed that, displacement of MRA
is only in the positive X-direction, and there is no

displacement in the negative direction because the
impact displacement which is fed to MRA is always
positive. The pattern is similar for different speeds
of the vehicle at constant 2.5 V and found that, the
response looks like a conventional conch shell shape,
as shown in Fig. 18c. The reason for such a pattern
would be, the force developed by MRA during an
impact increase with an increase in displacement
reaches a maximum and gets reduced afterwards with
a small increment in displacement and to end reaches
the original position due to inertial effect. The peak
displacement of the MRA is varying from 0.4996 to
1.2135 m and corresponding damping force is vary-
ing from 62.10 to 148.6 kN. The damping force vs
velocity plot is shown in Fig. 18d and observed a
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non-linear pattern, which is almost similar for all
velocities of the vehicle when there is a variation in
the damping force.

The behaviour of vehicle when integrated with
the proposed MRA assembly during crash for vari-
ous voltages but at constant initial velocity of vehi-
cle (35 km/h) is shown in Fig. 19. The damping force
is increasing with increase of voltage and varies
between 47.02 and 62.10 kN, as shown in Fig. 19a.
The energy absorption capability of MRA for differ-
ent voltages is also plotted to confirm on the capabil-
ity of MRA during crash and is shown in Fig. 19b,
which depicts that the maximum energy is varying
from 18.95 to 22.06 kJ for 0-2.5 V applied.
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The displacement of piston of MRA is plotted with
damping force. The maximum displacement of MRA
is found 0.4996 m at constant velocity of the vehicle
and corresponding peak damping force is found to
be varying from 47.02 and 62.10 kN respectively for
various voltages as depicted in Fig. 19¢c. The response
resembles like the conventional conch shell type of
pattern similar to previous response of damping force
vs displacement. The velocity response correspond-
ing to generated damping force is shown in Fig. 19d,
which follows a nonlinear pattern and similar pattern
is observed for various voltages.

The damping force needs to be considered as a
main attribute, as it predominantly adjusts the system
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Table 7 Comparison of

Voltage (V) Velocity of the vehicle, km/h

peak damping force of

MRA for different impact 35 45 65 85

speeds of the vehicle and

voltage supplied to MRA F o (kN) Tpeak (8) Fiax (kN) Tpeak (8)  Fpax (kN) Tpeak (8) Fpax (kN) Tpeak (s)
0 47.020 0.068  58.290 0.068 75.350  0.068 85.150  0.064
0.75 55.770  0.063  70.870 0.063 98.620 0.064 121.200  0.064
1.5 59.690  0.060  76.380 0.060 108.700  0.061 138.700  0.061
2.5 62.100 0.056  79.770 0.056 114.600  0.056 148.600  0.057

during the crash. Thus, the damping force of MRA by
varying both voltages supplied to MRA and impact
speeds of the vehicle along with corresponding peak
time are tabulated in Table 7. These results confirm
that the damping force is proportional to both velocity

and voltages and varies between 47.02 to 148.6 kN
dynamically. The time to attain maximum damping
force is called as the peak time and is same for all
velocities but varies for different voltages.
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Table 8 Comparison of
peak energy absorbed by

Voltage (V) Velocity of the vehicle, km/h

MRA different impact 35 45 65 85

speeds of the vehicle and

voltage supplied to MRA Eppax (k) Tpeak (8) Epax (KJ) Tpeak (8)  Epax (KJ) Tpﬂﬂk (8) Epay (KJ) Tpmk (s)
0 18.950  0.079 30.510  0.079 58.350  0.081 87.270 0.084
0.75 21.100  0.074 34.660  0.074 70.710  0.075 115.900 0.076
1.5 21.800  0.071 35960  0.072 74.500  0.072 125.800 0.072
2.5 22.060  0.071 36.250  0.073 75.930  0.068 129.000 0.071

The energy absorbed by MRA is an ultimate objec-
tive to counteract the intrusion of the vehicle during
an impact with stationary barrier. Hence, the data has
been gathered and is shown in Table 8 to understand
the variation of the energy absorbed by MRA. It is
observed that the energy is proportionately varying
between 18.95 and 129.0 kJ for different speeds of the
vehicle and also for different voltages. Finally, energy
absorbed by MRA can calculated by considering the
following standard expression (Archakam and Muth-
uswamy 2021),

EMR=/FMR‘d(xreZ) (21)

5 Conclusions

An attempt has been made to develop a four-stage
crash energy absorption system with MRA as one of
the energy absorbing elements. The proposed model
consists of bumper, MRA, spring, and a piston cyl-
inder with a shear plate assembly. This system was
modelled with LPM by considering the Spencer
model for MRA and spring-dashpot for other ele-
ments. The dynamic equations are derived for both
base and the proposed models. The optimized param-
eters have been selected by considering a real-time
crash test of Dodge Neon vehicle and for MRA,
damper parameters related to 200 kN have been
considered.

The dynamic model is simulated in MATLAB-
SIMULINK. The comparison has been made between
both the base and the proposed model to validate
it in terms of crash kinematics and time of maxi-
mum entity. The output reveals that the proposed
model exhibits the least peak displacement and peak
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deceleration of the occupant’s cabin has been reduced
by 30.53% compared with the base model. The time
of peak displacement has been increased by 93.42%
and the time of maximum deceleration has been
reduced by 10.71% for the proposed model compared
with the existing model. Accordingly, the behaviour
of various embedded elements of the proposed system
has been studied. Finally, the characteristics of MRA
have been captured for different speeds of the vehi-
cle and also for different voltages supplied to MRA to
justify its capabilities in crash energy absorption.

The proposed model is complex due to multiple
governing parameters and thus, the future study will
be to develop a simplified control scheme. The opti-
mized control attributes for both MRA and vehicle
based on severity of the crash will also be studied.
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ing the findings of this study are available within the article.
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may please contact the corresponding author.”
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