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Abstract
Steel material has a widely use in automotive
applications for the high stiffness that could
provide more safety for the passengers. On the
other hand, the steel has quite a heavy weight
due to its high density. A new longitudinal
member design has been presented in order to
give more safety in many crash situations. Two
dynamic collision tests (frontal and oblique)
have been simulated. The new design concept
needs two separate components. An interior
tube called the crash component. This
component is simulated with a bi-metallic
material (combination of steel and aluminum)
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to reduce the weight by up to 25
%. This interior tube controls the front crash
test to exhibit a desirable energy. The outer
part called the support component, contains
four stiff tubes fitted to each other in order to
slide over each other like a telescope. The
outer component produces high bending
resistance in the case of an oblique collision.
There are five different concepts for the
telescope (arc side, inside arc side, hat side,
taper side and sharp side). The complex
proportional assessment method (COPRAS)
has been used for selecting the best design.
Using the COPRAS method helps to meet the
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satisfaction of engineering specifications and
costumer needs. Six different criteria, which
were specified as specific energy absorption,
crash force efficiency for frontal and 30
degrees, cost and ease manufacturing, were
analyzed to form the initial matrix. It is
concluded that the sharp angle side can be
used for the longitudinal member design with a
mid car model.

Keywords
Bi-metallic material, Selection of concept,
COPRAS, PDS, Oblique crash

1. Introduction
There is a growing recognition of the
importance of crashworthiness in aircraft and
automobile
transportation
sector.
Crashworthiness deals with the structural
integrity of a vehicle during impact, especially
as it relates to the safety of its passengers. The
primary aim of a crashworthy vehicle design is
to manage the rapid conversion of the kinetic
energy in other forms (such as structural
deformation) in a manner that attenuates effects
of sudden decelerations (or accelerations) on
occupants.
Central
to
crashworthiness
technology is the notion of energy absorption
[1]. [2] observed the Increase of car accidents
following an explosive increase of vehicles has
brought casualties as well as enormous social
and economic losses. When passengers of a car
are fully subjected to collision energy at the
time of collision accident, their safety is in great
danger. To reduce such danger, it is necessary
to lessen the impact of collision by absorbing
the collision energy through deformation of
vehicle structural member while securing space
for passengers to survive. It is also necessary to
devise safety measures for the vehicle structural
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member that can allow appropriate deformation
for passenger’s safety.
To design a safe frontal car structure it is
necessary to improve the structure so that it
absorbs enough energy in all crash situations.
To prevent excessive deceleration levels, the
available deformation distance in front of the
passengers must be used completely for the
crash velocity [3, 4]. The majority of accidents
occur in partial overlapping in which only one
longitudinal member is loaded, or in an off-axis
load direction [5]. The longitudinal members
fail with the bending mode rather than having
much more energy absorbed with the
progressive folding pattern. Presently, the
problems above lead to two conflicts. The first
conflict is to absorb enough energy during the
partial overlapping of either one of the
longitudinal member is loaded. The second
conflict is that the desirable energy must be
absorbed in the case of an off-axis impact angle
collision [6,7].
To improve the front design crashworthiness of
the car, it is necessary to come up with new
design concept that must have the ability to
exhibit energy in order to protect the
passengers. [8,9] produced a method that
solves the selection problems of engineering
using the stepwise ranking and alternative
procedure in terms of their significance. There
are six criteria chosen for this study, specific
energy absorption for the front and oblique
crashes, crash force efficiency for both front
and oblique crashes, cost and assembly.
This research focused on analyzing, evaluating
and selecting the optimum concept among five
different longitudinal member concepts. Based
on the National Highway Traffic Safety
Administration [10], the car longitudinal
member low impact test was simulated by the
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ﬁnite element software, to address the highest
energy absorption and maximum possible
deﬂection. Finally, the decision matrix came up
with five alternatives against five criteria. The
COPRAS method was appointed for selecting
the best concept of the longitudinal member
profile through five different geometries.

2. Basic Design Procedure
2.1 Conceptual design of the longitudinal
member
The development of a product depends
preliminary on the conceptual design, which is
derived from the customer’s requirements. To
improve the product cost, the engineering
calculations must be precise. Material selection
and design are important factors which must be
taken into account. The designers have to select
the best idea from different design concepts or
material selection in each stage of the project to
avoid rework problems. There are many
methods of concept selection, which
compromise different concepts with a variation
of design parameters.
The Topsis technique is a method that has been
used to deal with multi attributes or multi
criteria selection problems. Its method is based
on the ‘‘chosen alternative has the shortest
distance from the positive ideal solution and the
farthest distance from the negative ideal
solution’’. It helps to organize problems, as well
as compare and rank alternatives to carry out
the analysis for better options [11]. [9]
presented the evaluation of mixed data
(EVAMIX) method. It is based on the
determination of the dominance score of an
alternative on criterion-by-criterion basis. This
method is especially designed to deal with
mixed (quantitative and qualitative) data.
Another approach to material selection
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problems is the weighted property method
(WPM) which is used when several properties
should be taken into consideration. This
numerical method ranks the candidate materials
based on their performance indices, calculated
from simple mathematics.
2.2. Product design speciﬁcations (PDS)
To perform the customer requirements and
expectation to a detailed technical document
called PDS. It is quite difficult to ﬁnish the
exact PDS in the early stage of product
development, while the knowledge of design
requirements is imprecise and incomplete [12].
PDS originates by disorganized brainstorming
team with
various
proﬁciencies,
i.e.
manufacturing, designing, selling, assembling,
maintaining, and might be improved due to new
product changes and manufacturing limitations.
Safety was the main goal among different
longitudinal member PDS speciﬁcations in this
study.
Longitudinal member PDS consisted of safety,
performance, weight, size, cost, environment
issue, appearance. Whole PDS parameters can
be classiﬁed into three main subdivisions such
as material, manufacturing and design.
2.3. Effective parameters in longitudinal
member energy absorption
To satisfy the customer needs and engineering
specifications, the parameters must meet both
requirements. The PDS originated from a
disorganized brainstorming team with various
proﬁciencies, i.e. manufacturing, designing,
selling, assembling, maintaining, and might be
improved due to new product changes and
manufacturing limitations. Safety was the main
goal
among
different
bumper
PDS
speciﬁcations in this study.
1. Side curvature and sharp angle: the side
curvature and angle increase the area between
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the applied load point and the interior part.
This apace gave enough time for the crashing
until reach the crash component. The telescope
starts to fail first with a slide backward due to
the telescope nature, then the contact between
the telescope sides curve or sides force the
crash component to fail in a progressive way.
2. Cross section: the cross-section has a
significant effect on the bending resistance and
energy damping rate, the crash component
cross-section remains same while the telescope
side cross-section has been changed. In this
research, five different telescope cross-sections
have been investigated to select the optimum
concepts in energy absorption and crash force
efficiency for the dynamic test along with
material weight, cost and easy manufacturing.

been calculated depending on the expert to the
converted qualified value to the quantify value
and other applications.
4. Thickness: increasing the longitudinal
member thickness has a significant effect on
the specific energy absorption due to increasing
the weight property. The thickness affect the
stability of the deformed tubes, increasing the
thickness produce a high structure disturbance
and unstable force level. On the other hand,
increasing the thickness improve the energy
absorption ability.
5. Material properties: Material behavior,
rigidity and ductility, has a great inﬂuenced in
energy absorption. High rigidity increases the
car protecting capability, but decreases damping
capacity and causes impact load transmission to
the compartment [13]. In dynamic test, the bimetallic material has been used in order to
increase the deformation length and time steps
to reduce the load transmission. The telescope
material is aluminum in order to reduce the
total weight of the longitudinal member and
increase the specific energy absorption.
In this study energy absorption abilities for the
five concepts are originated by cross-section,
material and manufacturing optimizations,
which have less effect with weight factor have
been employed. The crash force efficiency, cost,
weight, and easy manufacturing criteria have
included selecting the best design as shown in
Table 1.
Table 1. Five concepts with five criteria

Figure 1. Longitudinal member design
parameters
3. Manufacturing: to ease the manufacturing
many parameters must be taken into account
such as manufacturing process, machine used
and assembly. Easy manufacturing values have
© 2012, Advanced Engineering Solutions , Ottawa, Canada.
All rights are reserved.

Karam S. Khalid, F. Tarlochan, Haidar Fadhil AL-Qrimli

3. Material and Methods
The previous researchers used the metallic
materials for the design of the longitudinal
members. The metallic materials have the
toughness and stiffness, which is able to exhibit
high-energy absorption with progressive
folding patterns [13]. The steel material is
widely use for this application, but steel still has
a high weight which cannot improve on the
greenhouses gases and total front car weight
[7,8]. Bi-metallic material has been used in this
project to solve the weight problem; aluminum
material has been combined with steel to reduce
the weight by up to 25 % as compared with
steel alone.
3.1. Geometrical 3D Model Development
A bi-metallic tube that is a combination of steel
and aluminum materials has been modeled. A
shell 3D steel tube has been modeled with a
density of 7700 Kg/mm3 and young modulus
of 205 GPa, while the aluminum with a density
of 2700 Kg/mm3 and young modulus of 68
GPa has been combined with an offset of 0.1
mm. the Poisson’s ratio for both materials is
0.3, the thickness ratio of the steel and
aluminum tubes is 2/1, and the average
perimeter for all geometries is 300 mm. the
telescope has been modeled with a four
aluminum tubes, these tubes are fitted to each
other in order to slide over each other like a
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telescope. Figure 2 shows the longitudinal
member dimensions.

Figure 2. Shows the longitudinal member
dimensions
3.2. Explanation of the Finite Element
Method
A deformable shell element with a three
dimensions was used to model the structure of
the tubes, and rigid bodies with a planner (no
thickness) were used to model the impactor and
bottom unmovable wall. To accurately define
the post-yield material response in the FE
model, the tube stress strain curve was
obtained by previous researches from tensile
tests. The material assumed to have only
isotropic strain hardening, and strain rate
effects on the yield strength were neglected due
to their low overall average load rate used in
the tensile and tube tests [14].
Surfaces and sets were created to define the
contact between the rigid bodies and the tube.
The top and bottom parts of the tube were set
to specify the node region to surface contact
for the impactor and the top of the tube, and
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constrained (tie contact) for the bottom rigid
wall and the bottom part of the tube. Selfcontact was specified for the tube walls during
collapse.
A quadrilateral shell element was defined to
control the mesh with an approximately global
size of five to divide the structure for
thousands of nodes to ensure the accuracy of
the results. Both the crash displacement-time
and reaction force-time are insensitive to the
mesh size [15]. The model can be shown in
Figure 3.

Figure 3. Finite element model
3.3. Impact Parameters
The design of the frontal car spectrum must be
safe in all types of collisions, the possibility of
more safety designs must be considered for the
crash tests to improve a car’s ability to absorb
more energy during real accidents. [8, 12 and
28] provide the complete database of the crash
parameters. The most important parameters of
the car crashing test are the collision speed,
obstacle type, impact direction and the impact
location. From the database information above,
collisions with different situations will be
covered to have a comprehensive idea about
the frontal car behavior. The following
observations can be made:
1.At least 90 % of collisions take place with a
speed of 54 km/h.
2.The number of different obstacle types is
endless. The obstacles can be divided into three
major types:
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(i)Rigid wall (simulating buildings or heavy
trucks)
(ii)The deformable barrier (simulating other
vehicles)
(iii)The pole (simulating trees and pillars)
3.Frontal collisions are considered to have an
incident angle for the impact direction varying
from -30 to 30 degrees.
3.4. Complex Proportional Assessment
Method (COPRAS)
The complex proportional assessment method
(COPRAS) is an effective way for selecting the
best alternative depending on the criteria that
has been chosen considering the best and worst
ideal solutions. [10 and 11] produced a method
that solves the selection problems of
engineering using the stepwise ranking and
alternative procedure in terms of their
significance.
The complex proportional assessment method
(COPRAS) is a successful method to solve the
problems of design selection in many fields
like construction, project management,
economy, this method consists of many steps,
and they are explained as follows:
Step 1: Develop the initial matrix (X) and find
the relative coefficient (R)
This step contains a matrix with values from 1
to 3; the decision is given according the
importance of the factors as shown in the
matrix below. The matrix is found to obtain the
positive decision.
X = [xij]mxn

1

Where xij is the performance value of the ith
alternative on jth criterion, m is the number of
alternatives compared and n is the number of
criteria.
Xij represents the positives for each criteria and
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∑ Xij is the summation for a number of
positives decisions.
2
Step 2: Determine the weighted normalized
decision matrix D.
D = [yij] mxn = rij x wj

3

wj is the weight for each criteria; the
summation of the normalized weight for each
criteria is always equal to the weight of the
same mentioned criteria. Now the new table for
the normalized decision matrix must be tabled
with a numbers depend on the equation above.
Step 3: Beneficial and non-beneficial attributes
The values of the normalized decision matrix
contain beneficial and non-beneficial attributes.
The next step is to separate them according to
their importance. These two factors are
formulated into two equations:

4
5

Where y+ij and y-ij are the beneficial and nonbeneficial attributes respectively, the best
alternative depends on the greater value as a
beneficial and the lower value as a nonbeneficial attribute. The summation of the
minuses also represents attributes to help find
the priorities.
6
7
The summation of S- and S+ always equals to
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one, and the separate summation is equal to the
sums of the weight of the beneficial and nonbeneficial attributes.
Step 4: Relative Significance or Priority (Q)
The priorities of the alternative have been
calculated, the higher the value of Qi, the
greater the priority of an alternative. The
alternative with the maximum relative
significance Qmax is the best choice for the
application design. The relative significance
has been formulated as below:
8
Step 5: Determine the Quantitative Utility (U)
The value of the quantitative utility is related
directly to the relative significance; the values
with the quantitative utility complete the
ranking of the alternatives and can be denoted
as the formula below:
9
The maximum value of the relative
significance is denoted as Qmax. The
quantitative utility is directly proportionate to
the relative significance and the utility value
with 100 is considered to be the best design
using this method.
4. Results
The most important criteria have been chosen
with their weight factors are shown in Table 2;
these five criteria are considered as parameters in
selecting the longitudinal member design
concept. The energy absorption (EA) and crash
force efficiency (CFE) values for the oblique
crash situation at 30 degrees have been derived
from the simulated crash test. The other
parameters have been calculated depending on
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the expert to the converted qualified value to the
quantify value and other applications. These
parameters created a decision matrix to comply
with the other COPRAS method requirements.

Table 5. Relative significance and quantitative
utility with concepts ranking

Table 2. Evaluation matrix for select the best
concept

Table 2 showed the five criteria with the
weighted factor which is resulting from the initial
matrix as explained in step 1. The following
tables represent the rest steps of the complex
proportional assessment COPRAS method.
Table 3. The Weighted Normalized Decision
Matrix

Table 4. Beneficial and non-beneficial attributes
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Tables from 2 to 5 illustrate the steps of the
Complex Proportional Assessment Method
(COPRAS) with five concepts and five criteria.
Firstly, the weight of each criterion has been
found related to the decision matrix.
Subsequently, the criteria are divided into
beneficial and non-beneficial values according to
their influence on the design. The relative
significance (Q) and the quantitative utility (U)
with their rankings are the last steps, which
specify the best design concept. The rectangular B
profile has been ranked as one; that is the best
design among the six concepts.
5. Discussion
According to [3 and 4], the car must be safe
during the crash at a speed of 56 km/h without
serious damage and occupant injuries. Most of the
front car designs use the square tubes in the
longitudinal member application [16]. Steel is the
major material selected to manufacture the
longitudinal members. This project estimates the
ability of different longitudinal geometries to
exhibit energy in order to choose the best design
that can produce more safety for the occupants.
The thickness for the six profiles is the same 1
mm for steel and 1 mm for aluminum while the
perimeter is 300 mm. [17,18] provide the
complete database of the crash parameters. For a
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safer car design, two crash situations have been
performed with the FEA with 30 degree oblique
crash. A midsized car has been used in this
research with a mass of 1000 kg [7].
Many parameters must be taken into account
besides the energy absorption affect for the
selection of the best concept. For the crash
performance, the crash force efficiency (CFE) is
an important criterion that must included. Based
on section 2, the design, the material and the
manufacturing are described to explain their
importance along with this application. Cost is
chosen as a criterion, cost estimation is a function
by which the cost can be calculated for each
geometry. Easy manufacturing is included with
this cost criteria. Longitudinal member assembly
is another criterion; the assessment is used to set a
value for the concepts in the range of one to five.
The weight parameter estimated for each concept
according to the density and the cross-section
perimeter.
The
COPRAS
(Complex
Proportional
Assessment method) is a mathematical way to
select the best concept; this method is used to
satisfy the engineering specifications and
customer needs. The sharp side telescope has
been selected using this method as explained in
section 4. Among all the concepts, the sharp side
telescope exhibits the best behavior during the
oblique crashing with a 30 degree crash. This
concept produces a regular folding patterns and
stable energy during the first 10 ms of the crash
deformation as shown in Figure 4. The bending
failure started at 20 ms, but, the telescope process
increase the bending resistance of the interior
part. The crash continue with a same behavior
until the step 50 ms which is the end of the
crashing process.
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t = 10ms

t = 30ms

t = 50ms
Figure 4. Sharp side concept deformation with
five steps.
6. Conclusions
The FEA dynamic test using Abaqus software has
been carried out with five different concepts. The
bi-metallic material is the developed combination
material design used in this project. The thickness
ratio between the steel to aluminum is 2/1, which
reduces the weight up to 25% compared with steel
alone. The bi-metallic tube represent the crashing
component of the present concept, while, the
telescope with a four tubes represent the support
part which produces more bending resistance for
the crash component. The the telescope tubes has
been simulated with aluminum material in order
to reduce the total weight of the longitudinal
member. The energy absorption cannot alone
decide the best design to satisfy both: engineering
specification and costumer needs.
Six parameters have been used: energy absorption
(SEA), crash force efficiency (CFE), cost (C) and
easy manufacturing (EM). The sharp side concept
has been selected as the best design depending on
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the Complex Proportional Assessment method.
The relative significance (Q) and quantitative
utility (U) with ranking is the last steps of the
COPRAS method, which specify the best design
concept. The telescope technique produce more
bending resistance for the crash component in
order to exhibit more absorbed energy in the 30
degree crash situation.
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