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F. Tarlochan', Samer. F?

Center for Design and Innovation, College of Engineering, Universiti Tenaga Nasional, Malaysia

Abstract

This paper describes a computational investigation on the response of thin wall structures due to dynamic compression loading. In
this paper, the tubes subjected for both direct and oblique loading. Several different cross-sectional structures have been studied to
specify the best one. Initially the tubes were subjected to direct loading, and then the tubes were subjected to oblique loading. After
that, the tubes were compared to obtain the cross section which fulfills the performance criteria. The selection was based on multi
criteria decision making (MCDM) process. The performance parameters taken in this study are the specific energy absorbed by the
tube for both direct and oblique, crush force efficiency and the ratio between the energy absorbed by direct and oblique loading.
Trigger and foam filled are implemented to study their effects on the parameters used. The study used the magnesium alloy as a
material to study potentially the possibility and ability of using the magnesium alloy in the energy absorber parts since the magnesium
has lighter weight.

Index Terms: dynamic compression, thin wall, energy absorption, direct oblique loading
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1. INTRODUCTION

It is known that thousands of people throughoutwioeld are
killed or seriously injured due to collisions eveygar.[1]
showed the problem of causalities as a result adl r@ccidents

is acknowledged to be a global phenomenon in alintées
around the world because of the growth in numbepeafple.
The dangerous comes from the impact energy thasrri to
the car occupant and hence to the passengers. €p ke
passengers safe the impact energy transmittecetpabsengers
should be as low as possible. To minimize the irhpaergy it

is necessary to dissipate the energy comes frofisioal by

Reyes et al. [6-8] and Reid et al. [9]. When thédisle is
subjected to an oblique loading, the frontal londjibal
collapses in a bending mode rather than axial cfi8h this
causes to lower energy absorption capability of ftomtal
longitudinal.

Some researchers have considered foams for enlesgypdion.
Foam used as a filler which might be metallic olypwric [11-
17]. It was concluded that using of foam leadsnttréase the
energy absorption capability for tubular structuresid
decreases the energy absorption stroke (crushhlesfgtube).

absorbing the energy through deformation of carcttire; this
will reduce the risk and hence will keep the pagees more
safe. It is necessary to find out a method to emeethe car
structure members’ ability to absorb impact eneagymuch as
possible and allow an acceptable energy passesheo
passengers. The structures are called frontal tisdigal as
shown in Figure 1.

Many researchers have done to improve the energyrjation
of these structures due to axial impact [2]. Howeire the
context of a vehicle collision, the vehicles eneatpgorbers are
commonly subjected to both axial and oblique (odEaloads.
If compared with axial loading conditions, relativéew studies
have been conducted on the energy absorption respmirthin
walled tubes under oblique loads [4]. Some of tledl wited
works in this oblique impact are works of Borvik &t [5],

And this is useful especially when designing comgacs.

Recently, the researchers trend to the computeulaiion
(finite element analysis-FEA) instead of experinagéniork.
FEA widely used for analysis and optimization. Impiact
studies, FEA has shown to be able and useful taols
understand the deformation and responses of thegyene
absorber tubes under impact loading [18, 19]. UdhitA
reduces time and cost which may uses in the expeatahwork.
The objective of this study is to design an effiti¢hin wall
tube as an energy absorber by using finite eleiuealysis

2. DESIGN METHODOLOGY

Six different walled tubular cross sectional pexfi were
designed. The profiles are circular, square, reyutean,
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hexagonal, octagonal and ellipse. The tubular &iraes
material was modeled as magnesium alloy (AZ31). The
perimeter of the six profiles, the length and thiekness were
kept constant. This was carried out just to ingedé the
various cross sectional profile crash performaridee length
and the thickness were chosen to be 350mm and 2mm
respectively. Two different perimeter lengths werkosen
300mm and 372 mm respectively. From these six lpmfone

of them will be chosen by Multi Criteria Decisionaking
(MCDM) process. After that the study enhances thastc
performance of the chosen profile. The foam filleaterial
includes to that profile namely aluminium foam witansity of
534kg/ m3. The dynamic simulations for tube andhfddled
tube include direct and oblique loading (30 degrefisthe
tubular longitudinal axis). The initial velocity ed in the
simulations was 15m/s with an impact mass of 275 TKge
values of the velocity and mass are discussed én riiaxt
section. The values are given in Table 1.

Table 1: Geometry and dimensions of tubes used for study

Profile Specimen | Perimeter Length Mass Major Thickness Profile
D (mm) (mm) (ke) Dimension {mm)
(mm)
Circular C_300 300 350 17 Diam. =955 2
€372 372 20 Diam. =1181

Rectangle R_300 300 350 17 30 x60 2
R.372 372 20 112x74

Square 5_300 300 350 17 75%75 2
5372 372 20 93 x93

Hexagonal | H_300 300 350 17 50 eachside | 2
H 372 372 20 62

Octagonal | O_300 300 350 17 375 each 2
0_372 372 20 side
465

Ellipse E_300 300 350 17 62,31 2
E 372 372 20 7437

AARARANLY

Peak Force, FMAX

The peak force of a component is the highest leagiired to
cause significant permanent deformation or digtartiThe peak
load is of concern for two reasons. The first Bttt low-speed
and low-energy impacts, it is desirable that nonperent
deformation takes place, as this would be consildegnage to
the structure. Secondly the peak load is oftemthgimum load
observed in the useful stroke of the energy absgrbievice
and as such has a direct importance on the loadfnthe

vehicle occupant.

P_max
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P_mean

CRUSH LENGTH = w——

ENERGY ABSRBED [
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Figure 2: Force displacement characteristics [20]

Energy Absorption, Es

The energy absorption performance can be calcufeded the
load-displacement curve. Energy absorption EA isotkd as
an integration of a load-displacement curve as shiowFigure
2.

5b
ea=to P-d8 1)

When P is an instantaneous crushing Ioé@i’, is the length of
crushing specimen. From the equation (1).

Sb
ea=lo P-d8_ P (8b - &) )

WherePm is the mean crushing Ioa§,1 is the initial length of
the crushing specimen. An ideal energy absorptionldc
achieve a maximum force and keep it constant duhiegentire
deformation length.

Crush For ce Efficiency, CFE

The crush force efficiency (CFE) can be definedaasean

P
crushing force %m'i‘ﬂ" ) divided by peak crushing loadR==¥)
as follows.

P!‘I:I.BBEI.

CFE = “pesk 3)

The crush force efficiency is very important pargeneised to
evaluate the performance of energy absorbing stres{21]. A
value of unity of the energy absorber member reprssan
ideal energy absorber which represents a valueh@fctush

force efficiency corresponding to the constant load

displacement curve [22], while the low values imdéc
happening of greater peaks of force during crusfi2gj Low
values of crush force efficiency means high peaksef which
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leads to increasing in acceleration and potentahabe to the
passengers during frontal impact which must bedeai CFE
is related to the structural effectiveness and iam important
measure for car structure to know how efficiensif24]. High

values of CFE are desirable and must be maximizedthis

can be obtained by decreasing the peak load. knting trigger
mechanism is usually used to decrease the peakaoddhus
increases the CFE value. [25] Showed that the cfaste

efficiency can be increased by increasing the thdlkness of
the tube.

Specific energy absorption (S.E.A)

The most significant features of the longitudinadmbers are
the Specific energy absorption (SEA). Which is defas the
energy absorbed (EA) per unit mass and can be ekdred
follows.

ﬁ
SEA= ™ 4)

Where (n) is the original undeformed mass (before impact).
The specific energy absorption is a measure of ggner

absorption capability of a structural componente Ttigher
values of (SEA) are an indicator of the light weighiush
members [26]. The specific energy absorption igdicator of
how efficient the absorber is. So the term is usetbmpare the
ability among absorbers. High value of specific rgge
absorption can be gotten by decreasing the absorass, since
the specific energy absorption depends on the tyensithe
absorber material. Researches done on the enbegymion
behavior stated that the using of tubular conceptmiost
efficient energy absorption concepts evaluated .[2F]was
found that the use of foam-filled tubes will incseathe
unreformed tube mass. By using foam-filled specditergy
absorption will increase and it also increase hydasing the
foam density [28].

Stroke efficiency

The stroke efficiency of structur%E is the ratio between the
maximum energy absorber crush lengths to the aigin
absorber length which can be expressed as follow.

_d.'l"l.ll?:
5, = Smax

: ©)
d

Where “max js the maximum crush length of the energy
absorber at when the compaction occurs and theggner

absorption is at in maximum level, anldis the original length
of the absorber. Also it is a measure of how théopmance of
a structure reaches to the best possible perfonf2@]. A

unity value of stroke efficiency represents thealdmase of the

energy absorber, but in reality the value is alwkss than
unity. They also concluded that the stroke efficiedecreased
rapidly when the wall thickness increased anddtéased when
the length increased.

For the multi criteria decision making (MCDM) prase the

complex proportional assessment method (COPRAS) was

chosen [30, 31]. This method was chosen for itkaity in
usage. The method assumes direct
dependences of the significance and utility degoéethe

available alternatives under the presence of miytaahflicting

criteria. It takes into account the performancé¢hefalternatives
with respect to different criteria and the corresing criteria
weights [30]. This method selects the best decismrsidering
both the ideal and the ideal-worst solutions. THEPRAS

method is a successful method to solve problemslesign

selection in many fields like construction, projecanagement,
and economy. This method consists of many stepktteay are
explained as follows:

Step 1. Developing the Initial Matrix (X) and Find the
Relative Coefficient (R)

This first step involves the generation of a simpigtrix which
maps the alternatives (design concepts) to thetsatecriteria.
This matrix is labeled as X as given in equation3.

Xll X12 e Xln
X = [Xij ]an _ X321 ngz X52n

Xop X2 -+ X
(|:]_’2m)’(J:]_’2n) (©)

Where xij is the performance value of ith altermation jth

criterion, m is the number of alternatives (desigpmcepts)
compared and n is the number of criteria. The Emobin

design selection is that most design criteria ateimthe same
dimensions or units. This makes selection a litéeder. One
way to overcome this is to convert the entire matrito a non-
dimensionalized matrix R. This way, it is easiercmmpare
between selection criteria. The entry xij represehe positive
(absolute) value for each criteria andij is the summation for
a number of positives decisions. The importancthefrelative
coefficient is to reduce the values of the critécianake it easy
for comparing. The symbol of the relative coeffitiés R and it
is formulated as

R= [rii ]an :+

Zi =1 Xij )
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Step 2. Determining the Weighted Normalized
Decision Matrix D.
The sum of dimensionless weighted normalized vatfesach

criterion is always equal to the weight for thaterion.

D:[yijJ=rij X W, )

Where rij is the normalized performance value lofalternative
on jth criterion and wj is the weight of jth criten. as given in
equation 6.

Zinll yii = Wi 9)

To determine or compute the individual weightage dach
criteria wj, the following method can be used:

Compare two criteria at a time. Total comparisots 8l) is
n(n-1
N 2 =D

equal to 2
criteria.

where n is the number of selection

Amongst the two criteria being selected, the dotemwhich is
more important is given a score of 3 whereas theriwn which
is least important is given a score of 1. If bothecia are of
equal importance, a score of 2 is given. Repeatftiiall other
criteria.

The total score obtain for each criteria is comgae

i=1 J

A relative emphasis weighting factor, wj, for easélection
criteria is obtained by dividing the total score &ach selection

"W
criteria (Wj) by the global total SCOZ:J:l )
Table 2 for example)

. (Refer

Step 3: Summing of Beneficial and non-Beneficial
Attributes

The beneficial and non-beneficial attributes aré¢him decision
matrix. The greater beneficial attribute is betietection also
the low value of non-beneficial attribute is betsetection too.
After specify these attributes, the next step isdparate these
values by their sums. The sums of the attributes ba
formulated as in equations below:

Table 2: Example of weight age setting

Selection Number of Comparisan Seks, N= 5(5-1)/2= 10
Geia | 1]2]3]4 |5 6]7]8 ]9 0| % | Y
A 313 |2 |2 10| 10M40
=(.25
B 1 1|1 )2 b 6/40
2015
C 1 1 11 b /40
=015
D ! i 1 1 |9 9/40
20205
E 1 1 il |9 8/40
20228
Tow, ), [ G=0| 1
n
S, = 21:1 Yiij opL
_ n
S.=2. j=1 Y-i (11)

Where y+ij and y-ij are the weighted normalizedues of both
the beneficial and non-beneficial attributes retipely. The
high value of S+i, the better is the design concapd the lower
the value of S-i, the better is the design concédpst to note

that z S+i andz S-i of the design concepts are always
respectively equal to the sums of weights for thedficial and
non-beneficial attributes as expressed by theviatig equation

UMysive = 221 S, = ZZEL Yeiy (12)

UM ive = Z:T;l S, = Zin;lzrj]:l Yo

The summation equation 9 and 10 is always equalado

(13)

Step 4: Relative Significance or Priority (Q)

The higher value of the relative significance is thest choice.
The relative significance can be denoted in thenida as

below:
S—min ZZl S—i
S, > (S /S.)

Where S-min is the minimum value of S-i

Qi = S+i +
(14)

Step 5: Determining the Quantitative Utility (Ui}
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Calculation of qualitative utility I(hj which directly related to

the (Ql) value as mentioned in equation. From the equadtion
can be observed that the quantitative utility igechly
proportionate to the relative significance. The imaxm
relative significance value is denoted as Qmax.

(15)

3.DYNAMIC ANALYSIS

Finite element codes ABAQUS/Explicit version 6.1&8steen
used in this study to model the response of enalpprbers
and hence the frontal car subjected to dynamic anfmading
under full overlap, offset overlap and oblique load
ABAQUS is capable to simulate problems in varicasges as
structural field, thermal electrical analysis, héansfer, soil
mechanics acoustics and piezoelectric. In implicihe
simulations take several orders of magnitude fewerements
than an explicit simulation in spite of the cost perement is
much greater. Explicit methods require a small tinement.
ABAQUS/Explicit that operates explicit dynamic igitable to
model high speed dynamic and this is costly to yaesl by
using implicit methods. ABAQUS/Explicit is suitablto
analyze the transient dynamic of the structureshvkubjected
to impact loading [4]. It is possible to solve cdioated, very
general, three-dimensional contact problems witfordeable
bodies in ABAQUS/Explicit. Problems involving steesvave
propagation can be far more efficient computatignan
ABAQUS/Explicit. Energy absorbers deform to absertergy
under quasi-static or dynamic loading. So ABAQU$eA is
used in this study to model nonlinear loading of #mergy
absorbers.

3.1 Finite Element M odeling

In this study, finite element (FE) models of botmpty and
foam filled tubes were developed using the nondlineE code
ABAQUS-Explicit. The code was used to predict tesponse
of the thin wall tubes subjected to a free fallimgpinging mass.
The whole model comprises principally of the thiraliw
structure under study, the falling mass (strikand the base.
The thin wall structure was modeled by using 4 netell
continuum (S4R) elements with 5 integration poialtsng the
thickness direction of the element. The foam wadeted using
8-noded continuum elements with the reduced integra
techniques in combination with hourglass contrdiffriss-
based hourglass control was used to avoid arfifideo energy
deformation modes and reduced integration was tseoid
volumetric locking. Elements size of 5 mm were @mfor the
shells and foam elements, respectively, based omeah
convergence study. A mesh convergence is impottaahsure
a sufficient mesh density to accurately capturedéf@rmation
process. The contact algorithm used to simulatetacon
interaction between all components was the ‘“gdneoatact

algorithm”. This is important to avoid interpendima of tube

wall. This algorithm is less intense in terms ofmputational

time. Contact between the tube walls and tube waills the

foam were modeled as finite sliding penalty basedtact

algorithm with contact pairs and hard contact. Vakie of the

Coulomb friction coefficient for all contact surigwas set at
0.2 [25, 26].

The striker was modeled as a rigid body with onlyeo
allowable translational displacement while all a@the
translational and rotations degree of freedom vieed. The
impact velocity of the striker on the tubes was gled to be 15
m/s (54 km/h) with a lumped mass of 275 kg. (Theaot
speed value was taken based from the New Car Assess
Program (NCAP) by the National Highway Traffic Ssfe
Administration (NHTSA). The mass was assumed t@%# of
a compact car (1100kg). It is assumed that edmliduenergy
absorbing structure is capable of absorbing an vefpnt
kinetic of 275 kg mass since in reality the maximemergy that
can be absorbed by two tubes in service is muahthes 50 %
[33].

The wide range of elements is available in ABAQUISch are
used to create the models. However, the extendemeat
library provides a powerful set of tools for solgimmany
different problems, the figure (3) shows the typelement.

.

Gonfinuum Shel Beam H\gm
(solid) elements elements dlements plements
Membrane \ﬂfﬂl Springs and daghpg Truss

glamants elaments glaments

Figure 3: Commonly used element families in
ABAQUS/Explicit
(ABAQUS Version 6.6 documentation)

Shell element has been used to model thin-wallbéa &ince
shell element is suitable when the thickness ofttibe is less
than 1/10 of the height. All the absorbers havenbmedeled
used in this finite element simulation were geredaby using
the element S4R. This element is a three-dimenkidoably
curved four node shell element.
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displacement and three-rotation degrees of freedhile the
two rigid plates modeled by using three-dimensidoat-node
rigid element R3D4. One of the two plates was fixedall
degree of freedom except in the direction of thpliad load,
while the other plate was fixed by constraining thbole
degrees of freedom.

3.2 Loading, Interaction and Boundary Conditions

The tube was completely fixed to a rigid body (g)aftom one
end using tied constraint. This constraint makes rtiotion
along with all displacement in linear and rotatidegrees of
freedom of all the nodes on the tube base edgsaime of the
rigid body. The plate was modeled as a rigid serfeRigid
surfaces are efficient analytical for contact semioins they are
not element and don’t need to specify masses, sigtiand
stress-strain. The other ends of the tube will tant in all
degree of freedom except in the direction of thevimp
impactor which will move axially towards the fixgdiate. Two
reference points will be defined, on the rigid ptatone on the
fixed one which the reactions can be calculatedthadsecond
one will be defined on the moving plate (impactshjch at this
point the masses and velocity can be defined.

Dynamic loading is simulated at the second referepaint
which mass and velocity have been defined. Step tian be
defined in ABAQUS/Explicit by creating step and rthéy
choosing dynamic, explicit and then specify theetiperiod,
long time period needs a long time to visualized bsult and
need high CPU capability. Period time depends emtture of
structure and also the mesh size.

Interaction has been done on all the parts of thectsirres.
Interaction is available in ABAQUS/Explicit. Fordahube walls
and for the aluminium foam, self-contact between th

walls must be defined while surface to surface adrnshould be
defined between each rigid plate and the tube, dmtweach
part of telescope and another also between the dandeeach
part of telescope. Interaction option will be dafter defining

the contact surface and specify the friction caoedfit

"penalty”. The surface-to-surface contact basethaster-slave
type. Constraints were done between the fixed nméde and
the end of tube and between the fixed rigid andethe of the
last part of telescope. That's mean contact cadohe between
deformable surfaces or between deformable surfandsrigid

surfaces. Mesh then defined by specify the meshSiam size
was used in this study according to [31], [32].

4. RESULTSAND DISCUSSION

Summary of the results obtain in this study is emsd in

Tables 5 — 6 for convenience. Detail discussionsgl an

explanations will be given in the accompanying sebtions.

Table 5: Summary of crashworthiness parameters for all tube
profiles for two different parameters (direct laagli

(ircular Rectangle Square Hexazondl (ctazonal Elipse

M@ T e R [ %] &5 | # | K|O]0]|E]E
W5 | Direet | Direct | Divect | Direct | Divect | Divect | Direct | Divct | Oivect | Direct | Diect | Divet
00 | ¥ |00 [ 3| W0 W20 [ [W0[M WM

fnerg
1l
Pma
i
(FE

145 | 143 [ 104 [ 116 | 114 ) 12 | M5 [ 166 | 142 | 164 | 118 | 142

109 [ 204 | 163 [ 202 ) 160 | 200 [ 177 [ 203 | 180 | 209 | 160 | 189

0386 | 0366 | 0317 | 029 | 0367 | 03 | Q413 | 04 | 037 [ 039 | 04 [0

[F;:"‘ 7| M7 | SL7 | SR4 | 571 | 604 | TR | BOG | TIS [ 824 | 639 | 703

Table 6: Summary of crashworthiness parameters for all tube
profiles for two different parameters (oblique loay)

Gircular Rectangle Square Hexagonal | Octagonal Ellpse
mde| |G [ R[RE[& B E]0]0]E]|E
(Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig
ue | oue | oue |oue | oue |oue | oue | oue | oue | we | uw | e
300 | 372 | 300 | 372 | 300 | 372 | 300 | 32| 00| ;| 0| M

ators

Enerz
V(K
Pmax
(KN
CFE

92 | B6 | 67 | 73 | 73 ) 7 | 88 ) 10| 93 | 104 | 83 | 105

47 | 641 | 703 | 574 | 746 | 797 | 721 | 631 | 781 | & | 643 | 727

062 | 065 0485 | 063 | 043 ( 045 | 0685 | 071 | 06 | 082 [ 066 | 072

Faver
age | 463 | 446 | 31| 364 | 367 | 3|9 | 405 | 446 | 4B1 | 534 | 425 | 528
(KN

4.1. Force Displacement Characteristics of different
geometrical profiles

Typical force displacement diagrams for each kifipifile
tested in this study are presented in Figures 4 Eagh figure
depicts the force response for certain cross sedtigeometric
profile due to the direct and oblique loading foe two classes
of perimeters (300 mm and 372 mm respectively)n-tbese
figures, it is noticeable that the energy (areaeurtie graph)
absorbed by the tubes due to oblique loading ishniawer
than for direct loading. This is because the oldidoading
causes two kinds of mechanical loads onto the fibese loads
are axial compression and bending. That is whytibes under
obligue loading bend while undergoing some form of
progressive crushing. Besides this it is evidest tihe force
displacement characteristic for different perimeteithin a
geometrical profile is rather similar for both dxénd oblique
loading. This is an indication that the perimeteesinot play an
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important role in the folding mechanism (progressiollapse)
of the tubes.

Furce {KN) —{ircle-direct-372
e {jrrlpabligue. 177
250
——Cirtle-direc-200
o —Cirgle-obligue- 300
150
1w
50
0
& LY 1w 150 20
Displacement {mmi)
Figure4: Force vs. displacement for circular tubes (disett
oblique impacts)
Forge (KN) —Fedangle-drect-172
= Ractangle-oblique- 372
50 — Rectangle direct. 200
=Py ctange-chligque- 30
200
150
100
L
I
] 50 1 130 20
Displacamant (mm|
Figure5: Force vs. displacement for rectangular tubeg¢tir

and oblique impacts)

— S e - AT

Farce (KN)

—Gquare-direct-372
250

Squarc-dire ct-350

200 Square-obligus. 200

b 50 100 150 200
Displacement {mm)]

Figure6: Force vs. displacement for square tubes (dirett a

oblique impacts)

= Heanonal-dire - 372
mal-ablique-372
mal-direct- 300

mal-ablique-300

Displacemernt {mm)

Figure7: Force vs. displacement for hexagonal tubes (direc

and oblique impacts)

e Ol girread-direct- 272

Farce JKN)
250

—— Otagorad-chilique- 272
=——0rtagonal-direct-300

O laporal-chiligue- 0K

Displacament [mem)

Figure8: Force vs. displacement for Octagonal tubes (tirec

and oblique impacts)
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Force (KN) ——Ellipse-direct-3F 2

100

=———Ellipse-abdiqus-372
= Ellipse-digcl- 300

e E s - i - J0HR

50

o S 1oa 150 200

Dispacement {mm)

Figure.9: Force vs. displacement for Ellipse tubes (direct a
oblique impacts)

4.2. Energy Absorption

In Figures 10 and 11, the energy absorption istedotas
function of the deformation length rather than tioic of time

because this facilitates the comparison of differgnuctural
design concepts. Based on these figures it canmeuded that
rectangle cross sectional geometry has signifigaiaiver

energy absorption than the other five profiles foth impact
conditions.  Also from these figures, the octagoread

hexagonal profiles are better energy absorberoih wading

conditions. A summary of the energy absorption bdipas for

all tube profiles are summarized in Figures 12 aBdor both

direct and oblique loading respectively. From hetegan be
seen that as the perimeter was increased from 30Qar872

mm, most profiles exhibited a higher energy absonpt
capability. In terms of specific energy absorpti&EA), the

hexagonal tube with a perimeter profile of 300 mad hthe

highest SEA compared to the other profiles. Thiddpicted in
Figures 14 and 15 for direct and oblique loadirgpestively.

Another view of the energy absorption will be inigating the
effects of profiles on the energy absorption dueohdique
loading. This is depicted in Tables 7 and 8 respelgtfor both
different perimeters under study. In general in lbarconcluded
that profiles studied with oblique loading showeetibasing
energy absorption. The percentage of decrease ugario
according to the profile time, but on an overad thifference is
between 15 — 55 % for all profiles. Hexagonal, goteal and
circle are good geometry to be considered since plreeform
outstanding in terms of energy absorption in bo#éding and
perimeter conditions respectively. The task nowoiselect the
best tube in terms of the geometry profile and atke
perimeter. This involves using performance critesizch as
energy absorption capabilities; crush force efficie cost and
manufacturing constraints. This will be discussegtn

—_— ik

Ewengy [41) Elipac
—— Hexzzonal
——xtagonal

——Rriangh

AN

——Sqare

[ - T - T - T R I

] = 10a 130 00 bn)

Deplatemant |rrm)

Figure 10: Energy absorption characteristics of six différen
profiles for direct impact loading with perimetefZmm

ineray (4] —Circle
1 —Ellize
—Hizzagaral
n . L
—dagaml
] —Reitang e
— ——yemc
] /
a
2
Q
o =0 m 13 2 mplacemet (mm)

Figure 11: Energy absorption characteristics of six différen
profiles for oblique impact loading with perime&30 mm
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Figure 12: Energy absorption capability for various profiles
due to direct loading condition.
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Figure 13: Energy absorption capability for various profiles
due to oblique loading condition.
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Figure 14: Specific energy absorption capability for various
profiles due to direct loading condition.
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Figure 15: Specific energy absorption capability for various
profiles due to oblique loading condition.

Table 7: Energy absorption of six profiles with three two
different load conditions

Perimeter 372 mim
sh Energy sosorgtan (ki) En=rgy sosorgtan (ki)
rapE
Ciirect Impack 2bligue Irnpact
200 rmm defor mation 200 rmm defor mation
56
Circle I4.8
41 5%
T3
Aectangle 11.6
-5379%
¥
Square 12
-4L.7%
H | I66 1
cRapnn
" -39.7%
104
Crctagonzl 164
-36.6%
. 105
£l 4.2
o -26%

Table 8: Energy absorption of six profiles with three two
different load conditions

Perimeter 300 mm
s Energy absorptian (ki) Energy absorptian [ki)
e Direct Impact Obhgque Impact
200 mm defarmation 200 mmi deformation
Cir 145 ol
ircle ‘ap it
Fectangle 10.4 6
¥ - 35,50
.3
Squ: 11.4
quare g
| 14.5 i
Hexagonal i an.as
a3
Octa | 142
gonal St
B.3
Elli 1xs
poe -35.1%

4.3. Selection of Best Profile
For the multi criteria decision making (MCDM) prase the

complex proportional assessment method (COPRAS) was

chosen. This method was chosen for its simplicitysage. The
method assumes direct and proportional dependeoicdise
significance and utility degree of the availabldeaiatives
under the presence of mutually conflicting criteftatakes into
account the performance of the alternatives witbpeet to
different criteria and the corresponding criteriaights. This
method selects the best decision considering Iethdeal and
the ideal-worst solutions. The details of this noetthave been
presented in the previous section. The first stefo idetermine
the associated weightage for each performanceriarit€his is
depicted in Table 9. Once the weightages have assigned to
the respective indicators, the decision matrixstasyn in Table
10 is normalized using Eq. (7) and the correspandiaighted
normalized decision matrix is developed, as giveiable 11.
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The purpose of normalization is to obtain dimenisiss values
of different performance indicators so that allstheriteria can

be compared. This is followed by the computingghmms of the 25| oo ""“'E'“;E:‘;l o5 ] ~
weighted normalized values for both the benefiatfibutes Specimens - = T - -
and non-beneficial attributes as given in Table Ih2his case e i indenton
the only non-beneficial attribute is the ratio iratior where a bl _&E."L‘?!;-._FF.ELDJ..... CREIQ] |  Rali
lower value is preferred. Then, applying Eq. (148 telative ¢ 300 G o i
S|gn|f|c¢_':1nce or prlorlty_value (Qi) for each tubepqept is | oows | oos| oos| oo | osisz
determined, as shown in Table 13. Table 13 alsdbéshthe £ 377 |
value of quantitative utility (Ui) for each tube raept on the 0.0191 oole | oo 0.0095 00154
basis of which the complete ranking of the tubeceph is k100
obtained. The candidate tube for designing aniefficenergy - 01z 00E| eomE: e 0068
absorber is h_exagona_l with a perimeter of 300 notipwWed b_y ) 00 oo SaaT P
hexagonal with a perimeter of 372 mm. The worstceph is 5300
the square profile. Hence, it is the hexagonal twith a 0022 a0t ooio| oo 00181
perimeter of 300 mm that was chosen for the nexsehof ERETE .
study which is to investigate the effects of thieks and foam ai 0028 as3y Q1S 00135 DHasT
filling in the enhancement of energy absorption. = s e T s
H_3Jd
Table 9: Weightage setting for each performance indicator 0025 0027 |  o0i35|  oo11a 00161
0_300
onis 209 noiaa 0012 nonlsa
Perfarmanze FLING, N=ni-1}Z {n= numbes of performance indicstors] 0 3712
indigtors | 3 3 | 3| @ |5 & 7 3 s | 10 LL w0 0.023 0024 | 00136 0.0130 00163
E_3Da
gl | 2 313 ]2 1] a; 0.016 00183 | 00126 00144 | 00143
AE D1K b i ] E 372
LEEY ! 2|1 HER
CEED 1 1 2 i HEN Table 12; Sums of the weighted normalized values
Rt H 1 L 2 Bl 0:
.- Non-
AR o . .
0 gk et i E= | BengflClaI Beneficial
At . Si+ .
0 impeswdcine o) Specimen Si-
. -x!\:vr'\mqj-":
: '.u;::c:-'-:ei.scq.e C—30( 0.079 0.01¢
e C_37: 0.059 0.01f
aiz Wiy dER
R_300 0.059 0.014
Table 10: Data of performance indicators in a decision rratri R_37: 0.049 0.01¢
S_30( 0.064 0.021
Wieight ages S 37 0.054 0.022
e 0.2% | Fu.zs | 1_3.15'.- [ o.1% | 0.2 H_30( 0.083 0.01¢
erformance indicators
LA (D) s.LA [0 CrL{m) CFL{o) Hatio H_372 0.065 0.019
= ﬁ{'l-f?l 6187 29 26 a6 62 ] jT 0_300 0079 0019
G372 3015 2275 36.6 69.5 172
B 500 44 38 R 50 317 45 5 1 55 0_37: 0067 0016
R_37Z 309 19.31 29 G 1.59
= S0 A8.64 JL.15 35.7 49 156 E_30( 0075 001‘
5 372 51.2 1852 30 4z 1.71 E_372 0063 0013
H_300 el.87 41 EBZ 41.2 62.5 1L4E Z 08000 02000
H 372 4z 932 I5 486 40 TL 166
0200 B S 20 &R 9.7 60 152
o_372 .4a3.39 2751 i) BZ 157
S0y >5.62 F>.42 aa k=] 1.54
E 372 3757 Ir T ir.5 i) 1.35

Table 11: Weighted normalized decision matrix Table 13: Qi and Ui values
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Specimens Q U Rank
CIR_30( 0.094 94.1 3
CIR_37: 0.077 76.7 10
Rec_300 0.079 78.5 8
Rec 372 0.066 | 65.7 12

Sq_30( 0.0776 77.1 9
Sq_37: 0.066 66.1 11
Hex_30( 0.1 100 1
Hex_ 372 0.079 79 7
Oct_300 0.093 93 4
Oct_37: 0.08¢ 84 5
ELL_30C 0.09¢ 97 2
ELL_372 0.084 83.3 6

4.4 Effect on Foam On Energy Absor ption

In this phase of study, the selected tube from @lasamely
the hexagonal tube with a perimeter of 300 mm wathér
investigated in terms of tube wall thickness andnidfilling.

The wall thickness selected were 1mm, 2mm and 3 mm

respectively. Table 14 shows that the using of faarhances
both energy absorption and CFE, increases enesgy 4.5 KJ
to 60.2 KJ for the same deformation length.

Table 14: Effect of using foam and trigger on the magnesium

tube subjected to axial loading

profile hexagonal With foanmh ~ With trigge
Energy 145 KJ 60.2 KJ 13.85 KJ
absorptiol

CFE 41% 52 % 44.7 %

4.5 Effect on Trigger Mechanism

Circular, square and elliptical were used in thiglg. Circular

trigger shown the best values. It was shown thadiktribution

of holes in non-neighbors side is the best choideese six
holes distributed on three sides as two holes ¢h sale. Three
reduction percentage also used 5, 10, 15% the Habdction

shows the best selection. Different trigger positised, 10, 20,
30, 40, 50, 60 and 70 mm of the edge used, the 56htriyger

location reveals the best selection.as shown ite tdd the
trigger increase the CFE by 9% . Using trigger eases the
peak load by 12.5% which decreases the force trittiesito the

passengers.

CONCLUSIONS

A numerical investigation of both the axial andiqbé crush
response of thin walled has been done. Ductile liweta

Magnesium alloy (AZ31) of various cross sectionalfiles was
performed. The investigation was broken up inteehphases:
(1) the investigation of individual cross sectiopatfile and the
selection of the best profile, (2) the investigatiaf tube foam
filling on the crush response on the chosen prafild finally
(3) the effect of trigger mechanism onto the selégprofile
design. All simulations were dynamic with an impapeed of
15 m/s and impact mass of 275 kg. Oblique loadiras w
simulated at a 30deg angle to the tube’s axialctiom. It was
found that the hexagonal profile was a better cpnfor energy
absorption application taking into accounts the slkra
performance indicators as well as the cost and faatwring
feasibility. The 2 mm thickness hexagonal tube leaergy
absorption of 14.5 kJ and a CFE of 0.41 for diteading and
9.8 kJ and CFE of 0.68 for oblique loading respetyi When
foam filing was added, the crash performance iaitics
improved. For direct and oblique loading, the 2 tickness
hexagonal tube had energy absorption of 60.2 kJaa@G&E of
0.52for direct and 29.5 KJ and 0.86 for obliquediog. This is
a mark improvement for the oblique impact crusHgrarance.
Finally, the trigger mechanism in form of a holéueced in the
tube, helped to lower the peak force and improwe dhash
force efficiency from 0.41to 0.447 and reducespbeak force
from 177KN to 155 KN in direct loading. This is figrdue to
the more effective progressive crushing that wasduced by
the trigger mechanism. In conclusion, it can bel dhat the
hexagonal tube of wall thickness 2 mm and with @hum
foam filling and a trigger mechanism has shown g¢oabgood
potential energy absorber candidate for crashwoets
application in helping mitigating serious injurigsthe occupant
of the vehicle.
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