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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 absor ption, direct oblique loading
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1. INTRODUCTION Reyes et al. [6-8] and Reid et al. [9]. When théide is

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 rccidents
is acknowledged to be a global phenomenon in alintées
around the world because of the growth in numbepexiple.
The dangerous comes from the impact energy thasnma 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 froifisioal by

absorbing the energy through deformation of carcstire; this
will reduce the risk and hence will keep the pagees more
safe. It is necessary to find out a method to meeethe car
structure members’ ability to absorb impact eneagymuch as

possible and allow an acceptable energy passeshdo t

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]. Howeive the
context of a vehicle collision, the vehicles eneagpgorbers 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],

subjected to an oblique loading, the frontal longjibal
collapses in a bending mode rather than axial cfi8h this
causes to lower energy absorption capability of fitwatal
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).

And this is useful especially when designing conhjgacs.

Recently, the researchers trend to the computeulaiion

(finite element analysis-FEA) instead of experina¢ntork.

FEA widely used for analysis and optimization. Impiact

studies, FEA has shown to be able and useful tdols
understand the deformation and responses of thegyene
absorber tubes under impact loading [18, 19]. UshigA
reduces time and cost which may uses in the expatahwork.
The objective of this study is to design an effiti¢hin wall
tube as an energy absorber by using finite elerealysis

2. DESIGN METHODOLOGY

Six different walled tubular cross sectional pexfi were
designed. The profiles are circular, square, reyutean,
hexagonal, octagonal and ellipse. The tubular &iras
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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 es in the
simulations was 15m/s with an impact mass of 275 Kge
values of the velocity and mass are discussed én riéaxt
section. The values are given in Table 1.

Table 1: Geometry and dimensions of tubes used for study

Profile Thickness

(mm)

Mass Profile

(ke)

Specimen | Perimeter
D (mm)

Length
(mm)

Major
Dimension
(mm)
Diam. =955 |2
Diam. =1181

300
372

350 17
20

Circular C_300

c.37m2

Rectangle R_300

R.372

300
372

350 17
20

30 x60 2
112x74

300
372

350 17
20

75%75 2
93 x93

Square §_300

5372

300
372

350 17 50eachside |2
20 62

Hexagonal | H_300

H_ 372

375 each 2
side
465

Octagonal | O_300

0_372

300
372

350 17
20

300
372

350 17
20

62,31 2
7437

Ellipse E 300

E 372

AARARANLY

Peak Force, FMAX

The peak force of a component is the highest leaglired to
cause significant permanent deformation or digtartThe peak
load is of concern for two reasons. The first &t tht 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

AAAAAAAAAAAAA/\AAAAA
vavvvvvvvvvvvvyvvv

P_mean

CRUSH LENGTH = ==

ENERGY ABSRBED [

5 Sb
Figure 2: Force displacement characteristics [20]

Energy Absorption, Es

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

5b
EA= _rD p.dd

(1)

When P is an instantaneous crushing Io%’, is the length of
crushing specimen. From the equation (1).

5b
Ea=Jo 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 %ﬂ’-‘-‘ﬂ" ) divided by peak crushing loadq==¥)
as follows.

P!‘I:I.BBEI.

CFE = Ppeak 3)
The crush force efficiency is very important pargeneised to
evaluate the performance of energy absorbing streef21]. 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 imadéc
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 efficierisif24]. High

values of CFE are desirable and must be maximizedthis

can be obtained by decreasing the peak load. nting 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 tadkness of
the tube.

Specific ener gy absor ption (S.E.A)

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

&
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 igndicator 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 absoréss, since
the specific energy absorption depends on the tyensithe
absorber material. Researches done on the enbregypion
behavior stated that the using of tubular conceptmiost
efficient energy absorption concepts evaluated .[2f7]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 lydasing the
foam density [28].

Stroke efficiency

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

: ®)

Where Aoz is 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 perfornf2@]. 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 anddteased 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. THEBPRAS

method is a successful method to solve problemslesign

selection in many fields like construction, projecdnagement,
and economy. This method consists of many stepbtteay 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 simplgtrix which
maps the alternatives (design concepts) to thetsatbecriteria.
This matrix is labeled as X as given in equation3.

X X e Ky
e T

Xml Xm2 er
(|:12m)’(J:12n) ©)

Where xij is the performance value of ith altermation jth

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

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 mRatrito 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 criteéoianake it easy
for comparing. The symbol of the relative coeffitiess R and it
is formulated as

R= [rij ]an = iij

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 thatesion.

D:lyijJ: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 déach
criteria wj, the following method can be used:

Compare two criteria at a time. Total comparisots g8l) is
nin—-1
N 2 Nn-1)

equal to 2
criteria.

where n is the number of selection

Amongst the two criteria being selected, the dotewhich is
more important is given a score of 3 whereas thiermn 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 comgus

m —

i=1 Nii _Wi

A relative emphasis weighting factor, wj, for easblection

criteria is obtained by dividing the total score &ach selection

m

o Z W,

criteria (Wj) by the global total scofe”i=

Table 2 for example)

. (Refer

Step 3: Summing of Beneficial and non-Beneficial
Attributes

The beneficial and non-beneficial attributes arehie decision
matrix. The greater beneficial attribute is beietection 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 "

Criteria |2 I[4]5]6 IHEEERE N 4

A 3|3 |1 |1 10| 10M40
=025

B 1 1|1 )2 b 6/40
2015

¢ 1 1 11 6 B/40
=015

D ! i 1 1 |8 9/40
20205

E 1 1 i |9 9/40
20208

Too, Y | G=d0| 1

S _ n

N zi=1 Y.ij o

S,=>"y

-1 i=1 =) (11)

Where y+ij and y-ij are the weighted normalizeduess 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 concépst to note

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

SJnqpositive = 221 S+i = 221 ZTzl y+ij (12)

UMiegaive = 221 S, = Zinz]lzr;ﬂ Yo

The summation equation 9 and 10 is always equala¢o

(13)

Step 4: Relative Significance or Priority (Q)

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

m
—min i=1 S—i

S, ZL (S—min S¥ )

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

Q=S+
(14)

Step 5: Determining the Quantitative Utility (i)
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Calculation of qualitative utility I(h] which directly related to

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

(15)

3.DYNAMIC ANALYSIS

Finite element codes ABAQUS/Explicit version 6.1&steen
used in this study to model the response of enalipprbers
and hence the frontal car subjected to dynamic anfmading
under full overlap, offset overlap and oblique livad
ABAQUS is capable to simulate problems in variocaisges as
structural field, thermal electrical analysis, héansfer, soil
mechanics acoustics and piezoelectric. In impliche
simulations take several orders of magnitude fewerements
than an explicit simulation in spite of the cost pgerement is
much greater. Explicit methods require a small tineeement.
ABAQUS/Explicit that operates explicit dynamic igitable to
model high speed dynamic and this is costly to yaes 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 computatignah
ABAQUS/Explicit. Energy absorbers deform to absertergy
under quasi-static or dynamic loading. So ABAQUSRMEEk is
used in this study to model nonlinear loading of #mergy
absorbers.

3.1 Finite Element Modeling

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 poialisng the
thickness direction of the element. The foam wadeted using
8-noded continuum elements with the reduced integra
technigues in combination with hourglass contrdiffri®ss-
based hourglass control was used to avoid arfifigeo energy
deformation modes and reduced integration was tsecoid
volumetric locking. Elements size of 5 mm were @rofor the
shells and foam elements, respectively, based omeah
convergence study. A mesh convergence is impottaehsure
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 interpendiva 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 suregwas set at
0.2 [25, 26].

The striker was modeled as a rigid body with onlyeo
allowable translational displacement while all @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 Sstfe
Administration (NHTSA). The mass was assumed t@%# of
a compact car (1100kg). It is assumed that edmlidu energy
absorbing structure is capable of absorbing an vetpnt
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 ABAQUISal are
used to create the models. However, the extendemeat
library provides a powerful set of tools for solyirmany
different problems, the figure (3) shows the typelement.

.

Confinuum Shel Baam H\gld
(solid) elaments elements dlements elements
1 .
Memtrane \nf e Springs and dashpu Tiuss
dlements dlamants dlements

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

Shell element has been used to model thin-wall&éé tsince
shell element is suitable when the thickness ofttihe 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
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curved four node shell element.
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)dtom 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 siioins they are
not element and don’t need to specify masses, agtiand
stress-strain. The other ends of the tube will zant 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 p&atone on the
fixed one which the reactions can be calculatedthadsecond
one will be defined on the moving plate (impactehich at this
point the masses and velocity can be defined.

Dynamic loading is simulated at the second refexepacint
which mass and velocity have been defined. Step tieam 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 visualizesl risult 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 thectsres.

Interaction is available in ABAQUS/Explicit. Forghube walls
and for the aluminium foam, self-contact between th

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

the contact surface and specify the friction caoadfit

"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 andetie of the
last part of telescope. That's mean contact caiohe 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 discussiongl an
explanations will be given in the accompanying sebtions.

Each node has -three Table5: Summary of crashworthiness parameters for all tube

profiles for two different parameters (direct laagli

Circular Rectangle Square Oectazondl

T R [n[s] | #]H[0]0]|&]cE
WS | vect | Divect | Divect | Divect | Divect | Dvect | Divect | Divet | Direct | Divect | Divect | Divect
W00 | ¥ |00 | W00 W20 [W0[I|W| M

Hexazondl Blipse

fnerg
il
Fmar
(]
(%

45 | M3 [ 04 [ 116 | 114 ) 12 [ M5 [ 166 | 142 ) 164 | 128 | 12

189 ) 204 ) 163 ) M2 10| W0 L7 | W3 ) OMOO[ D[ IG0| 189

038 0307 [ 023 | 0357 | 03 | 0413 | 04 | 0307 | 039 | 04

[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)

Circular Rectangle Square Hexagonal | Octagonal Ellpse
mdie| ¢ | ¢ | R | R | & | & [ B | K |0 |0]|E|E
(Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig | Oblig
ue | ue | ue | ue | ue | ve | ue | ue | ue | ue | ue | we
300 | 372 [ 300 | 372 | 300 | 2| 0 M| W| M| WM

ators

Energ
L)
Pmax
(KN
CFE

92 | B | 67 | 73 | 73 ) 7 | 88 ) 10 | 93 | 104 | &3 | 105

47 | 641 | 703 | 574 | 746 | 797 | 721 | 631 | 792 | &5 | 845 | 727

062 | 069 | 0485 ( 063 | 049 | 045 | D685 071 | 06 | 082 | 086 | 072

Faver
age | 463 | ME | 31| 364 | 367 | 39 | 405 | M5 | 481 | 534 | 425 | 528
(KN

4.1. Force Displacement Characteristics of different
geometrical profiles

Typical force displacement diagrams for each kificomfile
tested in this study are presented in Figures 4 Eagh figure
depicts the force response for certain cross seitigeometric
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 (areaeuritie graph)
absorbed by the tubes due to oblique loading ishnawer
than for direct loading. This is because the oldidoading
causes two kinds of mechanical loads onto the flibese loads
are axial compression and bending. That is whytibes under
oblique loading bend while undergoing some form of
progressive crushing. Besides this it is evidemwt time force
displacement characteristic for different perimeteithin a
geometrical profile is rather similar for both dxénd oblique
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loading. This is an indication that the perimeteesinot play an S ——square-direcs-372
important role in the folding mechanism (progressiollapse) . ——quare direcs 293
of the tubes. —— Square-direct-300
Souare-ohbligus- 200
Faree | KN) = Clrgle-dinei-372
——{ircle-abligus-372
250
——{irdledirect-300
4 == {ircle-obliGue- 100
150 v
e 50 100 150 200
Displacement {mm)]
1o

= Figure6: Force vs. displacement for square tubes (dirett a
oblique impacts)

e Hirdancnal-dlirect-372
mal-ablique-372

mal-dirgect- 30

Displacement {mm

mal-ablique-300

Figure4: Force vs. displacement for circular tubes (diseat
oblique impacts)

Foree (KN) —Fetange-drect-372
gl obligue 173
el Rt iingle- drect. 200
 ——Retangle-ohlique- 300
200 Displacemernt {mm)
150
Figure7: Force vs. displacement for hexagonal tubes (direc
100 and oblique impacts)
50 Force (KN} e Ol girread-direct- 272
—— Otagorad-chilique- 272
=0
o = Ortagonal-direct-300
n 5 1 15 bt 200 O laporal-chiligue- 0K
Displacemant {mm| 150

1o
Figure5: Force vs. displacement for rectangular tubeg¢tir
and oblique impacts) 0

Displacament [mem)

Figure8: Force vs. displacement for Octagonal tubes (tirec
and oblique impacts)
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Farce (KN) ——Ellgse-direct-372 e
200 —— Ellipse-ablique-372 Energy (<) —Elipse
s H 30 Al
= Ellipse-digcl- 300
——Cxtagonal
—llj -l - 30
150 s -0 i R
——Guara
1000
50
o ] i 100 150 2 250
] el 100 150 200 PEO———
Displacement (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 tiorc of time

because this facilitates the comparison of differgmuctural
design concepts. Based on these figures it canhauded that
rectangle cross sectional geometry has signifigafdwer

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

hexagonal profiles are better energy absorberoth lmading

conditions. A summary of the energy absorption bdipas for

all tube profiles are summarized in Figures 12 a8dor both

direct and oblique loading respectively. From hetesan 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 intigating 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 showeecrtasing
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 botding and
perimeter conditions respectively. The task nowiselect the
best tube in terms of the geometry profile and aike
perimeter. This involves using performance critesiech as
energy absorption capabilities; crush force efficie cost and
manufacturing constraints. This will be discussegtn

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

1200

T0Hy

sl

&

g

4.0

200

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

Prerimeter 372 mm
<h Ene=rgy stsorpton (ki) Energy stsorpbon (ki)
1apE
Direct Impact Obligue Impact
200 rmm defor mation 200 rmim defor mation
&6
Circle I4.8
41 5%
7.3
Aectangle 11.6
-379%
7
Square 12
-4L.7%
H | I66 0
cRapnn
" -39.7%
104
Crctagonzl 164
-36.6%
. 105
£l 4.2
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Figure 14: Specific energy absorption capability for various
profiles due to direct loading condition.

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

Perimeter 300 mm
e Energy absorptian (k) Energy absorptian (k1)
¥ Direct Impact Ohbligque Impact
200 mm deformation 200 mm deformation
Cirgl 14.5 o
ircle aEE%
fectangle 10.4 d
¢ - 35,50
1.3
Sz 11.4
e 8%
| 14.5 =
Hexagaona i 3248
a3
Qcta | 122
gonal St
B.3
Elli 1xs
st -35.1%

SEA [KJ)
4500
agop | 3926 - 3068
3500 1115 =l
3000 28409 646 2751 1778
2500 2375
H1O 19.31 18.52
1500
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Figure 15: Specific energy absorption capability for various
profiles due to oblique loading condition.

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

complex proportional assessment method (COPRAS) was

chosen. This method was chosen for its simplicitusage. The
method assumes direct and proportional dependeoicdise
significance and utility degree of the availabldeaiatives
under the presence of mutually conflicting critettatakes into
account the performance of the alternatives witbpeet to
different criteria and the corresponding criteriaigints. This
method selects the best decision considering ethdeal 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 matrixstasvn in Table
10 is normalized using Eq. (7) and the correspandiaighted
normalized decision matrix is developed, as giveiiable 11.
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The purpose of normalization is to obtain dimenkgss values
of different performance indicators so that allstheriteria can
be compared. This is followed by the computingshens of the
weighted normalized values for both the benefiatitibutes
and non-beneficial attributes as given in Table IhZhis case
the only non-beneficial attribute is the ratio ivatior where a
lower value is preferred. Then, applying Eq. (14¢ telative
significance or priority value (Qi) for each tubencept is
determined, as shown in Table 13. Table 13 alsdb&ghhe

value of quantitative utility (Ui) for each tube raept on the
basis of which the complete ranking of the tubecept is

obtained. The candidate tube for designing aniefftcenergy
absorber is hexagonal with a perimeter of 300 natiowWwed by

hexagonal with a perimeter of 372 mm. The worstceph is

the square profile. Hence, it is the hexagonal twith a

perimeter of 300 mm that was chosen for the nextsehof
study which is to investigate the effects of thieks and foam
filling in the enhancement of energy absorption.

Table 9: Weightage setting for each performance indicator

Performance RING, N=min-A)'2 (n = number of perfermance indicstors] 5|y
indizgtors | 3 3 | 3| & | s & 7 8 3| 1w
AEDIKI 1332 10]0;
AE DK ! 3 3 1 0] 0;
C.FHD i 1 2 1 Blo:
CEED| i 1 1 2 5| 0
et 4 1 1 ; HER
i e E= | 2
Adiy
a gy atarbad ko ndeg]
ST e
CRER] e
e e s
ool e
Az ATDYAER

Table 10: Data of performance indicators in a decision matri

Weight ages
Py 0.25 | 0.25 | 0.1% [ 015 | 0.z
Ferformance indicators

S Coa (D) s.LaA [0) CFL{D) CFC{o) Hat o
500 6187 29 26 a6 62 I 57
L 572 3915 2275 36.6 9.5 172
B 500 44 38 R 50 317 45 5 1 55
R_37Z 309 19.31 29 G 1.59
= S0 A8.64 JL.15 35.7 49 156
5 372 51.2 1852 30 4z 1.71
H_300 el.87 41 EBZ 41.2 62.5 1L4E
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

wirlghtages
025 0.8 045 045 | 0.2
Specimens
Performance indicators
_AED) | AEIO) | CREDY | CRE(Q) | Rale
00267 0.027 0.013 0.0122 00166
C_300 I RN I RN R
00189 Q015 | 00125 0.0137 nnisz
. 373 |
0.0191 0013 0.0108 0.0095 0.0162
K_J00
00152 G013 00099 0.0124 00168
3 372
0.021 002t iz 0.0097 00165
5 300
nn22 o019 ool 00089 nn1sl
£ 372
0.025 00281 | 0014 0.0135 0.0157
H_3040
0.o139 0014 D013 0.0120 0.017a
H_3J2
0.026 0027 0.0135 0.0118 00161
0_300
onis 209 noiaa 0012 nonlsa
D 372
0.023 0024 | 0.0L36 0.0130 0.0163
E_%00
0.01a8 00153 00128 0.0144 00143
E dr2

Table 12: Sums of the weighted normalized values

Beneficial Non-.

_ Sit Bene_f|C|aI

Specimen Si-

C_300 0.079 0.018
C_372 0.059 0.015
R_30( 0.059 0.01¢
R_37: 0.049 0.01¢
S_30( 0.064 0.021
S 372 0.054 0.022
H_300 0.083 0.016
H 372 0.065 0.019
O_30( 0.079 0.01¢
O_37: 0.067 0.01¢€
E_30( 0.075 0.01z

E 372 0.063 0.013
> 0.800( 0.200(
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Table 13: Qi and Ui values

Specimens Q U Rank
CIR_300 0.094 94.1 3
CIR_37: 0.077 76.7 10
Rec_30! 0.079 78.5 8
Rec_372 0.066 | 65.7 12

Sq_300 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 0.08¢ 83.3 6

4.4 Effect on Foam On Energy Absor ption

In this phase of study, the selected tube from @Hasamely
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 fearhances
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 foam)  With trigge
Energy 14.5 KJ 60.2 KJ 13.85 KJ
absorptiol

CFE 41% 52 % 44.7 %

CONCLUSIONS

A numerical investigation of both the axial andiqbé crush
response of thin walled has been done. Ductile lfieta
Magnesium alloy (AZ31) of various cross sectionalfiies 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 axialction. It was
found that the hexagonal profile was a better cpnfor energy
absorption application taking into accounts the slra
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 iattdics
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 ggrdue 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 ahum
foam filling and a trigger mechanism has shown ¢oabgood
potential energy absorber candidate for crashwoeHs
application in helping mitigating serious injurigsthe occupant
of the vehicle.
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