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SIREEGORN SUMKLANG : THE CRASHWORTHINESS FRONTAL ANALYSIS OF
PASSENGER-BUS STRUCTURE UNDER ECE REGULATION No.29. THESIS ADVISOR :
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Trucks and buses are the types of vehicles that cause the most damage in the
event of an accident. The first type of accident is a frontal crash, which causes
damage to life and assets. If the structure of buses is designed and tested to be
strong and the safety systems satisfy standards, this is another factor that can reduce
the risk of injury. However, designing and constructing bus structures in Thailand is
only an overturned test. The front crash standard is not yet considered a structural
requirement for buses made in Thailand. As a result, the bus structure is less reliable
due to the absence of analytical information to support it and a lack of a standard
for frontal accidents.

This thesis analyses the passenger-bus structure under the frontal crash based
on United Nations Economic Commission of Europe (UNECE) Regulation no. 29 (ECE-
R29). The structure of the bus used for analysis in this research was provided by
Cherdchai Corporation Co., Ltd. The Finite Element Method was use to enhance the
design and preliminary analysis of the bus structure before actual fabrication and
testing. The computer program used to analyze the explicit finite element method is
called Explicit Dynamic ANSYS® Workbench. The bus structure is strong and safe,
satisfying ECE-R29, and the bus structure has been improved to transfer less energy
to the driver.

The original structure did not pass ECE-R29 due to structural components
encroaching on the driving dummy. The energy absorption of the original structure
was 53 kJ, the residual energy on the driver dummy was 157.22 J, 0.29% of the total
energy, and the acceleration deceleration was 16.1 g. The structure has been
improved to be able to pass the ECE-R29 standard by adding a thin-walled pipe

structure. The energy absorption of the improved structure was 54.2 kJ, and the



residual energy on the driver dummy was 103.4 J, representing 0.29% of the total
energy. The deceleration value was 13.8 g, representing 14.3% compared to the
original deceleration value. In addition, the Virtual Topology command has been
applied to the analysis simulation. This Virtual Topology command can reduce the

simulation time. As a result, the cost of analysis is also reduced.
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123 weuduugilanaatssolasaslidanuudusiasauvasadsliduly
aasguglsuderiuai 29

1.2.4 Wiesanmanglunisnadaulasedasiesalneans



1.3 U2UlATBINISANEN

131 Awneiuuuiiasiveddasiadiesalasaisuszianitus (Low Floor Bus) #
dumnueyasIzsian vitn Bede AosUaisdu d1in

132 farsawuuiiaedassadiesalasarsdruncfifinanielddouluniswu

nsEuNNANNAIEIUNgls Ut vuafl 29

1.3.3  AASIENLUUTIa0992852 08U M LUA Lo A L UA WUUT AW I 1L UTHASTY
ARLIILADINTOI Explicit Dynamic ANSYS® Workbench
A4

1. Msandnwarsesdouredlasiastawuu@ennoudanss (rigid joint)

1.4 Usleminaiainazlasu
141 lelavsa$revessalasansianuudansadulumudaninun ECE-R29

1.4.2 Wuanud@enslvnulassasissolneasinanwaraonwuuMelulseme

143 assuvulumsasawazegeulaseasnese
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aw ¢ awv o d v
UINAUITIUNITTULALIIUIYVINY IV
nAdedidunsfnwuariiasginnuudusiwaganulasndevedlasasnesn
lnganslunsdinsaingiRvgnsaindnisvunssunnaunt dulusunsureuiinesilily

a

n193aseiseideuisivludiefiuuduuudauds (Explicit) §378lavinsAnwiAuai

¥ 1

IIIUNTINRATIITEEN 9 MR ITeInuNUITY ladeasuavitesalull

2.1 wmsgrunsegausalagasiulszmalne
wasguildlunismageusalasarslulsemalnadunimageuniswdnainves
Tnssasssalasansoehadeusiiy Tnsdrsdeudetmunanenssunnaasugiaglsuuv
andsynuatedl 66 n3e ECE-R66 Fadumsmageunismssiivessalagans litensivaoy
anulasnfunrduivunsaindy fvuslfsalasasidanugannnt 3.6 m July fos

finauginsmsasialaisnndy 30 eem dawanslugun 2.1

o
Q
-
7
| CG:
Gl
S50
! s
0oo aoo
2 1 } £
 § 11 [
‘
tilting platform B __Z] 8 ditch with
in horizontal axis / rigid surface

starting position of tilting

JUT 2.1 Manegeun1snanadimnudenivnun ECE-R66



2.2 YaNMUUANITTUAIURLNVDIIOLABENT

sitedaulafnuiftumsrunssunndunii 1esgiunsTunsELInE U
Y9959 THUINTFIUAINATVISUNAINVAIBNINTFIU 18U FMVSS (In Federal Motor
Vehicle Safety Standard) Euro NCAP (The European New Car Assessment Programme)
wag ECE (United Nations Economic Commission for Europe Regulation) Husu UINIZU
fauiseidlvenuauls Ao ECE esnnilumnsguiivssmalneduseddunisudn
Tassasvesenun e ediseassenvesdormualunsmageusil

221 dafmunanznssunimaasugiaglsluvisanyssvvnadeit 29 (ECE-

R29)

Tofmuaamugnssnsnsasugiaglsdursandssvaden 29 1du
Formuailiifuuasgulunsmegeuaunduusmedasaisdunimessalngauas
FAUTINN ANITNAFDULENGDEAILAU 3 NIINAADU LAKN N1TNAFBY A (N1TNAFBUNTT
NTZLNNATUNLN) NTVADU B (NMINAABUNITATZUVIAAULET) LAz NM3vagau C (N1Indau
anuuduswomdann) dddumiddeieaulaiissmmageu A wihi Tnefiseasdennis
NAFOUS I

2211 MINREDU A (NMTNAFDUTUNIZUNNATUNN)

MInAgeU A AensnagdeurunszunniumififigaUsrasdiile
Ussilunnuihunuresioslngasidloiingufivnsunssunnduwin gndudilinaaounis
gunszuvndewihanumdnuaziaiinaliesndt 1,500 kg iAunie 2,500 mm waz 83
800 mm (szyl37l b uaz h Tugudl 2.2) vevazdedldsnliiisaiinimlds 10 mm = 5 mm
gﬂLL‘mu”L*ﬁaEiwqﬁaizim&Jmuaaﬂmuﬁ%l”iasmLLﬂuMmLLasﬁuiwsmﬂasmﬁfaa 1,000 mm
(swg f) Ausiesiinnuelitosnda 3,500 mm NUNUTRITNERFAUINAINIAIAVDS

¥ v I

anau (5pee L) gnauazdotaglumindanludmuiauinsgaaudaieegi 50 mm +5/ -0
mm (s¥ee o ldga R veanitlaudu damuanslugun 2.2
wdsulunisnszwnnazian 29.4 k) Tunsdlveserunivugiingse

saulaiiiu 7,500 kg wag 55 kJ Tunstlenunviugiiuiasasidiiu 7,500 kg
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pendulum
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{

JUT 2.2 MINAFBUNISNTEWMNAUNIN

2.2.1.2 UaUURN38alATIa3 1930l UNITNAARUBUNTTUNNAUNT
ASNAADUBUNTENNAUUNTNE AR LUl Uredlneans PR IUY
v ad | dy
YIUNIULAEITAD UL
oA a 1 % U o @ v ¥ [ = ¥ 1

1) NI ol anwAaz @ UA I AN AANNAILALABITULSIA LA DENa
198 10,000 kg

2) 1A5985719911810091A5I509 895095 UMWl AU A9 D
wihdnlideendi 150 mm dswandlugui 2.3

o w v

3) NstAaRUMUMUNEI999LATI509EARInNINTARIg Y S aan A

Y

v Y vV

(Wauansluguil 2.3) iBatusnumthuedlasasnegeanmns way 9adavirsdulsifiosndn 600
mm viedentuagdesiyuiuiiusuliifu 25° uasiletuuvesliviodenyuuos
suuy SdsvhaulsiiAu 10° Weifisuiuununaenvedasesn

1) MR pUNALIN (Fudouaziur) axdosgniidnsely
v3aidon B Midndniulasisn seogszninagadafusnagdosliiin 5 m wazvinaanduvih
500031 3 m Teudedenyhyuduiiusuliiiu 200 uanidioTayuvedldudedenyuues
suuudiosiyallitosnin 25° wagliAu 45° Weiflsufuwnunuenvedlasesn

5) lgu3adion C 9zfosunssmalaunnda 10 kN yuveslavsodan

C AUWUISIUADILLLAY 15°



QLI

{
g adaodn
~ 1] g ‘
BRI
/
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2150mm \llmx_jl)" max.25°
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A
B -
% min ;.o //\ max. 10°
max.43
C - \/ -
E A
t X ///’\m&\_loc‘
\L min :i° °
\ g max 15° max.10
S e
e

£

JUN 2.3 Teufjiinistinlassadiasalunisvaaeuy

2.2.2 waulvluniskrunisnagau
Waulvlunisuiunisneaauniudaniun ECE R-29 1ags198931nUnAI1L

o [

UNECE Information Docurnent (2009) fliilewdn ALY ail
2:2.2.1 laiffudrumesiassadragna iuiigiud
2.2.2.2 wdsunmsvunszunndsae U TudladiAuiosas 30 ves

wiauaaafiseylimudartmue

Y

2.2.2.3 vaaaniingURmansvu gUuldesanunsaeenaniiiaautula

23  Jadeiidawaneuszausnmnsgadundenunisvunszumn
Tnssadranenanielassadramslesiildu adnmssunissussiinsgyilusuuuy
afmeeand fnsdesulusuuBangulfifondntoninby lessaisssanidafesinnsan
Anduiusseninsaaassaazauiuduvdn Tlumenduiulassaieildlumssu
MsvunsEunnaziansandadeiiuandiadiusenly TnsazfiansanA1vesnd saunisvy
nszunnifundn Tadefdsmadadszdnsnmnisgadundanuiuiivainuaisiade

Aregradu Tanililunistusd susavtidn AUyl dnyurvedaseaiie saudedmn



v94lA39a319 Yadefina1iud1enuiuiinasnaUse@nSameueansgadund s au N3

(%
[

UsyAvEnmnsgadundanuannsofiansanldandidin deteluid
2.3.1  M39AdUNEeY (Energy Absorption, EA)
N13AATUNGIY M8 mmafm'13fflumi@m%’uwé’muaaﬁﬁmzﬁﬁu
JGCEAGERR ﬂ"]ﬂ'15@Jﬂﬁi’j'uwé’mummiamlﬁmﬂamﬂ'ﬁﬁ 2.1 Tnevnanniiudildnsmlannuduiug

seriusnseviiulassas e sragnsineivedasiaseisiuandugun 2.4

EA(dx) = fodx F(x)dx (2.1)

Tneiswls F AD wSaNnseyinmalasedse way x Ao 5eeenIsinamiveatasadsiy

40
35 ‘ UIIBFUNIZUNNIT R
32 u - a
g 30
Z 25
g
Z 20 .
= HIIFHDIZUNNINAE
2 15 \}
—
o=
% 10
ST - o o
A MIAAFUHaHTH (@)]
0

0 20 40 60 80 100
FZEZM 3109619 (mm)

A [ v ¢ d‘ o k4 I 2/
E‘U‘Vl 2.4 ATMANUEUNUSLTTINTEINAULATIAS19Ua e 88N INIRITD9lATIEI 9

2.3.2  NIRAFUNEEUINNIE (Specific Energy Absorption, SEA)
N1IAATUNRIIUTUNIE U188 ANUFINTALUNTAATUNG SUaUTN
n3gyiulasIasewonIavadlasIasna Na1IAe NTRATUNTINIUAIUAIENIA N159AFY

NAIUIT RN lRnaNNIsRIse UL

SEA = EA/m (2.2)



187fUS m AD UIaVDILATIAST

2.3.3  WSIvUNSTUNNLAAY (Mean Crush Force, MCF)
LSIVUNTLBNNLRA Y NUBDIT ANLAA YYDILSININUAT NTVAUTATIAS4

Munalldannaunisi 2.3
MCF = EA(dx)/dx (2.3)

2.3.4  w3avunseunngegn (Peak Crushing Force, PCF)
A = Q‘I o % %4
LIIYUNTEUNNG G A3D PCF w1904 mizLLiaqqqmmﬂizmﬂ‘uimqaiw
lpgeussunTzLnnasanfaandluzui 2.4 usssunseunniaaeaisiennlnalfesiu welvd
‘Uiza‘m%m‘wﬂﬁgm%’uwé’qmuﬁqa
2.3.5  UseANSAInUaenIssunsginn (Crush Force Efficiency, CFE)
USLANDTANVDILITIVUNTEWAN KUIUDS DRSIFIUTEUINISITUNTEENNLRAY
\ a 1 v o = | a a
ABUIIYUNTLUNNE IR emniaLGUwag‘iugﬂmaaaumﬂmmammi‘m 2.4 TagAuseansnn
YBILTIVUNTEMINUIUBNDNAINEIUNTD MINITSUSIUDILATIASN ANUSEANTN NV DAL 9T

nszwnNgANARLAYIIAU 100%

CFE = (MCF/PCF) x 100 (2.4)

n3ANUFURUSIENINUTINNTEYAUlATIEs1aEsEEENIS NI g
lAs9asIeuanssisguin 2.4 ArkanalunsmAe AINITAATUNENIU ATLTITVUNTEUNNIARY WAL

?’i’]LLiﬂ"UUﬂi%Lmﬂ’sﬁ\‘iﬁﬂ

= = o/

2.4 ﬂ'ﬁLﬁElg‘ULLUUﬂuﬁI'JLLﬂ%LL‘U‘Uﬂ"I'Ji

NSNAFOUUSIFNUAEIVRTERUTEIANIanEAEna AN @8 JUVRITWIUVIAGEY
luN1MAaaULLUTINTLYIFBTUNUNAADY WALl o usINTEYINTUDDNLAT NINTUIY

= o a vy & =g v & = ' = =

nagpuanIaAusUNdudunaEuauld FununlivegeutuazgniSend nsidesuuuuau
#1 (Elastic Deformation) Liiasansgninauiamsidesusuuausy sunavasaneyseinnil
wAGiouionn INIAFUAUTBAANToEYINTIY Hot1uIINTEINEaNINTUINUBUNIAGINITE

LY ]

nauAugaEusu i lirununlinegeuansandugunsaaula lunenduiu mneunie
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vodlanzanunsandouldiduszeslnatu way luanusandugszesiuduld viliduau

nageuinn1sdesunuuliAui vse n191d@u3Ua1s (Plastic Deformation)

25 szdgudswasnuvesnsidesduuunadn
lunsalinsidesUuuunadniasainusenigusn MMUAYNIAINTE oAU

WA UIAUVDILATIATNINAUAGNS Y AIAUNITN 2.5

E, =D+ We¢+K (2.5)
1ag? E, AD UNe991nNusInseyin
D fD NHUNTENYLTBIINATLHEFURUUATIT

= = ° | = & o
we Ao dﬂuwgﬂﬂizm IU%QQﬂqiLaSEULLUUﬂu@’J

K AD NAIUAAVRIlATIAS

2.6 dNSIAULATYA

o a & Y} d' a !  a
BATIAIMULATYRN A @WiqﬂqiLUaﬁJULLﬂaﬂﬂT‘lmLﬂiﬂﬂmaigﬂgtﬂaqﬂl’ﬂaﬂu‘lﬂ d14198

o a 1 PN
Vﬁ@@]iqﬂqulﬂigﬂiﬂﬁnﬂﬁllﬂ']ﬁ/] 2.6

& = E = At (26)
Tne é AD 9RTIANULATLA
& =
P A9 ANULATEA

At fe szeznanasuld
l Ao syaziasull
l, 7D STuziSUAU
AN9RIIANULAS EALT U AT dINan 9 N1SLADNTTNITILATILIR LIS N1TTALI LAY

U3ene Faazgnaniisluion 2.8
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a (3 a (3

27 suleudslnludiediaug
seidoulslvludiediuud (Finite Element Method : FEM) tunsiiasngsidamimng
AenssudardmsunMsmaneulngUsEInveaNnse TS nseu 9 fuaunis

U31us wadnsnlaanszileuisiliifiugiuanainnsmdnaunisiliseyiusedvauysal v3e

v ¢ o = [

nsUsuufaunslseyiuslinanadussuulneyssunamesaunisdoyiusadydadu
Uiusnendinenans

mslflusunsureufiuposuitymiesadouiBinludiefiuudgnuuadu 4 funou
il 1) Aeun1sUszanana (Pre-Processing) 2) #1a1019U (Solving) 3) wanana (Post-
Processing) waz 4) N15U5UU100NLUY (Redesign) Tumouiiiianudiduiniian fe
fupoud 1 funourounisusznans Sslusunsuneufiunosasrhmaronsusavestiym
%39 Geometry Mé’qmﬂﬁ?u%ﬁﬁmmﬂagﬂiwuaaﬁmwﬂLﬁu%uLﬁﬂ 9 paeLoaud (Element)
wazdinsrmunveunding 1 veadgm WoeSatumeu dsrannsadidumsludunon
dnlule

Tnesialugusnavesiedinudazgauuseanidu 2 U9 Ao JUsedind on was
AMALL UBNINNNTTUUNLBALLUAMNAN YA TUT9TLANA I UL Ssanunsndauun
Svarveseduudldanaumsiidmuaeduuiiu q 8nde ddeilasnaniaeduugd
4 dnwasg Ineguil 2.5 (n) wag (A) Haunseyiusdusy 1 Wuaunisveseduns Jevinlol

FUIUABNAD (Node) NyNveagUsIvITL s ntadtuudlugun 2.5 (1) uag (1) N4

aun1seyiussuny 2 Wuaunsveaedmud Jsiduiugadousafininnii
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(@) (1)

JUN 2.5 (n) Leudanunaey 3 aase (V) LeAwudamndey 6 yase

(P) LOALIWA Aviden 4 9ase (1) LAWUAAWAEY 8 Yase

1) todmudiaumae 3 9ame (Constant Strain Triangle) JugUanundaynd
¥ ¥ < ¥ ¥ ! ‘d‘
auauauludunss Ussnaumy 3 yaseviangana1uynvedgy

2) Lodudaumasy 6 9ase (Quadratic Triangular Element) 1Jugy

a Aoy 1% [ Y &y < ! " = Y

avdguniianu aruaududulaamasluan Ineve 6 asdeevaslieglussuiuifeaiu
UsENausme 3 90 Aa7iIngend1lnveguLazan 3 AAFBUUMUTINENAY

3) WRuRALIALY 4 9a%e (Linear Quadrilateral Element) 1JuUamasuid
Yy Ay = v 1Y | a
UM TULEURTS UTEnauniy 4 9nRoNneandInvedsy

4) \oAIuAA A DY 8 9as® (Quadratic Quadrilateral Element) 1Jugy

Aoy Y

a a I £ v & 1 1 1 a [
dindsundaud sududulasmisilual lngvs 8 QQWBQWQQSVLNSQIUiEUWULQEJ'Jﬂ‘N

oA

Usenausme 4 906 In8eREIATRIIULALaN 4 PAFEUUAUNENY

q q q

2.7.1 Virtual Topology in ANSYS
ndannsiiuuuaead g lusunsa ANSYS mnldiofiuudaeiuros
TWsunsudmiuldlunmsiiasegsionavinlildnsneinslunisdiassroudaunn fds Virtual
Topology 9z¥Iwaniuuedwudliiuni1sdiass lnen1siliusisveaediuudmdusy
LUUeEed18 NMITmAusd e sasmiulddvaeiy vie wniuadau ifiaan
dFudfousanainiu tielioAuudaninsogluguinedield ddsdanansorisanodune

NINYINTIUNITUATIZILS Fedanalnszezna1lunISIAsIZRanadnle
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2.8 Awnsdaudanazuiany
33159 (Explicit methods) war33n15U3ene (Implicit methods) 1uisnnsil
gnllunsiseiifeiavaun1sideeyiusadiey (Ordinary differential equations) uag

[ 1

aunsdseuiusdes (Partial differential equation) Atufunan Tounnd1gseninens
ARV EEIENITALSILAEIEN1SUS Y Ae ¥29T895EEERATiNNTENSYYAET UIUNSe
TAseasng
mMslasgideistaudsuduituitymilumemssunuielasaisldiunsy
nsvhuuUlaundin asliiensidaudaiiotununielassadaiisnsinnuasonunnnin 10
wihe/Aui Fslaoiludunseiinseyifugundovielassasassunnios dunissuu Uy
NITUVNATONIIANDE9DasY 1Y SaeudTy wnn1salituns Lusu
MsATEREEATUS el nserRet uuvEelAsad LU UaRR TaesEEEnand
mMsznsevirelasiadiaiusuIunInisusene uaziinansenuvessnsIANLATEARe

1ASIAS19U0Y AULANFNGTEUINIDTABI LAz USewandlusuyl 2.6 (VanLehn et al.,
u

2004)
T

1 year 10s 1s 0.1s 0.01s 0.001s 0.0001 s

I

Hypervelocity

Fatigue Static Quasi-Static  Drop/Impact  Ballistics Detonation
Impact

=0l L@ ,

[ Explicit Method ]

Implicit Method ]

JUN 2.6 Tounnsinaseninasulsuisdaudanasseny
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[ =

NUATYTRA N IBLIATIERAMULD ISk ANUUaRR S BYadlAsIas 19T lasas iy

Ty
¢ = U

nsdliinnisyunszunnduntiinunsguelsudeimuei 29 \Wunsimsizinduediiv

1
a

PszEzIatEu nquludiulaznanieneazidunveion1stnudagdiilonnwialuil
v & o v ad v v
2.8.1 @uMIayWuSAInIUIETauda

[

auNTTeYRuStay (Partial differential equation) Ml¥d@mSuMIIATIEN

meIstaudaduaunisiinanfeniseysnvula Juudy wazsndsu dmsuniseusny

NAIUFILNTOUN P ANFUNTN 2.7
1 . . . . . .
E= B(GXXEXX + Oyylyy + 05585, + 204y€yy + 20,8, + 20,4E,4) (2.7)

el E f9 Wasauvianun
p AD AVUVUILUUYRITER
= al
o AD ANULATYA

€ A9 ANULAU

2.8.2  N1ISAUIUTUNBULIATEINIUISTALIS
msundamngisdaudsdnduaraewiliiulavunnsiinvestunauaan
(timestep) dANUWILNZaY LEWINITIATIZNTANUEATETHALAUYNADILIUE VD INATNG

FanaaivestunaunaIgnimuabinwanduaunsi 2.8

AtSf[E

] (2.8)
Cdmin
Tne At A9 naNMANTY

f #e Jumauan

h 78 YUINVDILDRLLUA

= < = a i3
c Ae anusluldusesofiuug
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v

2.9 uIeTNgIv949

[
[y

N5ANBIITBRANBINITIATIERANUD LT IazANNURDASBURdlATIas19TalAsENT

TunsahAnnNI1STUNTELNNATUNUIVB950UTELAN low floor TiaanwuulngusEn Wade

[ o

ApIUBTSTU 911n Aeiuandluguil 2.7 FeeeBamnuderivunnnenIsiEnisiAsugiaglsy

Ql I

wisanUszanmaven 29 Wunsfnvinginssunuunadn wazldssiouislnludedwuslu

4

[
[ [y v [y 1

ATFNATIZI AITUNUITETR R ONAN YT AIVIAUNITVUNTELNNAIBANULS

AN AZNNSTUNTELNNATUALNVDILATIAS 9SO LAYENT ANUAIRU

JUN 2.7 wuudnaedlasesalagasussan low floor NlASUANNBLATIZY IneuSEn Wade

¢ s o w
ARSUDILIVY 1NA

29.1 uideiiReatasiunisyuauEam

Quadfasel et al. (2019) Anwinisgeadundssuvesiontdsursiivihainias
High Manganese Steel wthdnunwaEL Fuunadouiinumun 1 mm, 0.8 mm, 0.7 mm
wag 0.65 mm LUSHUTIEUNSNAFDUISUALA1TINaDS NIULUSLATUYI8ASIZY ABAQUS
6.14 meldmIzusanszmsTunssunnfinE e IeauST 6.2 m/s fmuaeAmusll
LLUU'«iﬂaaQLﬂugUquﬁmﬁw (Quadratic Element) NUIINSNIAEDUISIMATNITINaDL ST Y
wardnuurnndesUilndiAestu uenand dmuhanumuvesvioniistulinadedins
Praof1u8IAITe (Deceleration) Inevianiaunsfiiaununuin axfiAnsvzasives

AL NN MIBNTIUI T ANaMEIteenI1 1191 1ATeasenins¥EanfiveIAILT g
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Lilalassadandianely Sndudesmddsriinmsveaemlussesfivasndeiuilneaisae
InefasliA1N13vzandIvesmustliiy 15 nesa1anulsslunne (15 o)

Vinayagar kag Senthil (2017) ¥MA19ANYINITUNTEUNNUDIVIONTIAUNY 2

a

W viontausgnivualitunengaiidnvasdussnaunfvuaduriugudnals 90 mm 7
AN 2 mm YINISANEIAMULANFNVOIVIDNUIUNNTUN 2 Tagn1siuualidntngni
wanenaiu fis vehdnanay mihdeauwmaey wasnthdamnimasy wasUSuiduruaudna
1 £ 3 Qll 3 1 = dl a a U 1 1 v
YOIVDHUIVNTUT 2 AUA 60 mm §19 80 mm LWBLUIHULTEUAINLANAIITZHINIONTS
5 a 3 14 < a =
UNLUUTUREILAZKUY 2 FU Austunssunszunn 0.167 mm/s Iaglifin1sdngiu
YDIWIDHTIUN NUTVBNTIUIUY 2 TuaNNTagadundanunsvunssunnlaandviens
UNWUUTULALY §agANEINTALUNITAATUNS 191U WTBHTIU UL 2 Funtidann
nl' < ~ o (9] 17 a ~ = [y Y o A dy ¥
wiaey Wuguuuuianunsagadundenulauiniian wWefisuiuntdisngy 9 wenainildu
HUAUINA19YeaNTIU N Nasf AN TAATUNA LB MINverTaugULUY 2 U
T52uen9TenInee 2 Tutoy 8d111300ATUNS WU TTUNSEUNNbAUINNIYvioNE
IPYEUNTENINTI 2 FULINNI
2.9.2  UIRENAYIVBINUNITAATIZANITYUATUNTN

Kerthikeyan et al. (2019) nw1N139UNTEUNNATUNTNVBIAUIUT DL UATUIA
ién AUNINIFIN FMVSS eulUsunsuaaeasizat Explicit Dynamic ANSYS® Workbench
lnedannldiinseidieiu 3 Jag laun ABS, Glass-Fiber waz Polymer 30% Glass-Fiber
LazuuIdnwan1syueendu 2 JULUU As N15TUAURTILUULALTURUY way N1STU
AUNTIRUUASINLYY WUINTZEENTE UMV UIUAUNTLUULANFULUU8INYININ ABS
= v al a P Y | ' ) .
f5v8en15gUMNUINTIan AN1TT8ELgURIBEN 77.4 mm WaAINITEURIYD Glass-Fiber
WAz Polymer 30% Glass-Fiber df10¢#1 75.68 kag 75.23 mm AIUAIRU WALAITEEENIS

U d! U lﬂl o = U lﬂl lﬂl | U al

JUAIVBINITYURUUATITUTUNIYINGIN ABS Uszaznisgudnunnfigawuiu lnedinsssey
gusiiegl 108.02 mm karAINISEUFIUBY Glass-Fiber wag Polymer 30% Glass-Fiber i1
g7l 104.83 Uay 104.75 mm AUawY

Fripin et al. (2019) An®IAITTUATEUNAAIUNTLIVD950LABANT LUUTZIN A
VAl elaunggIu ECE-R29 uaz NCAP lulUsknsudiedasiest ABAQUS 1nsgIums
2 1A5FIUANIAMUABUATLANAIAY Aa Tonivun ECE-R29 Mmualilasiasnevesse
lpgansgnuunsEunNmEaNANNvLIA 1,000 mm x 800 mm uaziltminginnil 1,500 kg
Ui iulassaeiuninvessalagas @wnnnsgiu NCAP duimualvsalagansiafoud

LY % 13 2 o 13 U cav v 1 [ v o
PYUNUNUILYINTINAIINLIT 56 km/h IG‘IEJE\Iﬂa‘Wﬁ‘ﬂl(ﬂ‘W‘U’NWﬁN']HGLUﬂ’]TU‘usU@ﬂ‘U@ﬂ’]Wuﬂ
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ECE-R29 Wusnindenvun NCAP lngdlAnndsanuagi 55 kJ way 142 kJ auasu aealsh
My lnssasanmegeunudeiivun ECE-R29 In1sidesuvedlasaiamuntiiuinniinig

Nagau NCAP



uni 3
A5N19A L UNSIVY

(%
[ o

n1sAneidedinausnisiasziauudusuazmiulasndevadlaseadiese
TngaslunsdifisainguAmgnsvunseunnsnuniihvessauszam low floor eenuuulag
uTE Bade rofuasisdu 91dn S19dsnnssnilunsmeasunuderivun ECE-R29 niay
e fulgdlilassadnedonuudausaiutu snwideiiFenldss Touisiwludiodumdlums

a5z Imenulusunsy Explicit Dynamic ANSYS® Workbench

3.1 YUABUNITANLEUIIUIAY

Tutumaunisafiuaidelasdunsaudisusalud

3.1.1  Anwuddeingl9eg

v
a =

IMUATYU AN®ILA YINUNITTUA TUNU1VDISOLABAITAIUT BAIAUA

[y

AzNIsIBMsATgRaglsUuisaUszrmAtei 29 FadunsAnvmginssunuunatn 39
vmsAnmaAdefifsafunmssuiiaudi msmeaeuingandasy udddnwaAded
Aerteafunmssunszunnguvessolasanssely
3.1.2  asRdauANgndevadlusunsulnludiadiaua
ATIVABUAIUYNABINITAATIENLUUTIRDI0IWUTUNTY Explicit Dynamic
ANSYS® Workbench anunsnutsmsnsivaeuidu 2 funeu fio nssraesiunuegiaite
Ay N1391aedlATIas 10199 WaSaUIINNINaN S LAy WITERY q iieades
3.1.3  AATIRILUUTIRINTTUNSEUNNAUnTvaslassasnesalaeans
\denreaeuanugniosveslusunsutisiinsesiiouiesuds Jeins
Anszinssunszunnduntivesuuusaedasadasnlasansussiniiusi (low floor)
eldsumnuewaigiann UTIn dede aeslaistu rin felusunsuragiiaet Explicit
Dynarnic ANSYS® Workbench wagziinuaii sulvvesveuwnlunissiassniudamnun
ANENITINBMTIATUgRRElsULsanUsE N ATeT 29
3.1.4  Uiuunlaseadresalagansuazseilouisdnuds

Y

L1 9v1n137tAs1evilaseas 1esnlukuuTiaeusnudd J9in1sususe

Y

lassasuuiassiulidanuuduswindu dianudemeunfiyanaddudlidesas
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a1unsnansuulumskdn war viin1susulnnsTieseilasaieiniauaiunsalunis
AnszAlvianuuug uaz samEnndy
3.1.5 AAeiuazasunanisidey

thransvadeunmunfinaaeudelsunsainseilnludioduns Explicit

Dynamic ANSYS® Workbench 113iasie# LiteFeuifisuminssadnediafian andy

[y

pAUIELAzATUNANNYINIRY

a P a o
3.2 amuﬂumiﬂnmaaa
= a o a > = a a L2 o a o
ANw3dy a1 A Inendemalulagasund 111 auuuvIINgIdy AIUagIuNT 8108
o 39InUATII9ELT way USTM Baty AasUastu 9119 1075 auUlnsA N 8bnoLilad

FINIAUATI VAL

a4 & d o

3.3 p3eslanltlun1side

e gilassasesalagansneleanienisrunssunnIurnLInTg YLy
Y o - | A o« = au Yy | o &
Forvuad 29 ansanviasesliauaraunsallunisfinuidula 2 dau dedl

3.3.1 LATDINATAULIING

lun1snsiaaugndesvedlusunsuylednsieridnisnsiaaeulng

WIguiguaINMsnegeuduIuegauaslassasieding ludiudagnanifinisaasy
Fuaueg1edng Inen1INAaeUNTRUIIUAgaUYedde RST 4003 Aa8LATeY Universal
Tensile Testing Machine (UTM) uaziUSauiigua1aaau dinNnavesdunuieniadg

3

9NAB3YIlUTUNTUY I IATIZY
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E‘Uﬁ 3.1 Universal Tensile Testing Machine (UTM)

3.3.2 1UsunsumauniLaes
TUSUNTUYIBTLATIEIN W IUNITILASIEY NSTUNTL WA UL Vanrane
TUsWASH 819 ABAQUS, ANSYS LS-DYNA uag Explicit Dynamic ANSYS® Workbench WJu
Tsunsuilenldlunsieszvinginssuiuunadn WWsunsudannandludnefunnluswnsud
a v Ql'd LY £ ] o a L4 a o ::qu A Ql'
NuITeNduduaunsaanugndeiuiug1vensiasiey uideidideniiazldlusunsy

Explicit Dynamic ANSYS® Workbench Tun153tasng i

3.4 A399EIUANNYNARNLUBINUYRILUSINTUYILAATIZARUNTNAGRY

TumAdeifinsannismadeuussiafieuunanissnesvesdunaaeuiiviiaintan
Stainless Steel RST 4003 Fafunddluianiliiiulasiairswesalagasidnuiluanuise
2NBIUINTFIUNTNAABULTIAIEMTUNgulane ASTM E8: Standard Test Methods for
Tension of Metallic Materials (Nguyen et al., 2018) fnundulag ASTM (American

[

Society for Testing and Materials) I%Lﬁammaavauﬁ’“m@ laeds1eazidunn1snngau
Ferelud
341 WwlguTunuNadaULsIRe
Funuiildlumsvagounssfiainiaintan Stainless Steel RST 4003 fifiAa
WU 2.5 mm Ima%’mm'%sm?gmmmaaumummgmmimaau ASTM E8 Bsrimunsuuuy

YoUNAaeULIRITUN 3.2
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- 200 mm -

I-— 57 mm 4—{

N - 7 [}
125 + 0.2 mm 20mm 2.5 mm
' ' ‘ L

o 7\
L - 50.0 + 0.1 mm - -‘ R 12.5 mm

JUN 3.2 SULUUIUNUNAADULI IR IUNIRTEIU ASTM E8

3.4.2 MSNAEDULTIA
mimaauLmﬁqLﬂumimmaauqmamﬂ’&%qﬂamaﬁa@ﬁaamsﬁﬁmwuﬁ
anuiliEaeenlutwinnuauismnuds mssiinsyiretununegeuiudondunisy
userainty uAstIneaeuTuILuTILA 5 Tuay ﬁ’QLLamﬂugﬂﬁ 3.3 MNSNAROULIIAT
F8LA309 INSTRON 5582 Tensile Test 100 kN a 81156p304ile 5 uninedawmelulad

g5u13 ANUSIluNISATUSBININLIRSEIUNNTIAEDU ASTM E8 iAasd 0.9 mm/s

JU1 3.3 FUUABULIPNAILIIATTIL ASTM E8

3.4.3  ATINADNNTNAGDULIIAG
LLUU'«i’waaq%yumumaauLLsﬂﬁﬁugﬂimsﬂﬂmﬂiu SOLIDWORKS m1siguiuy
WINTFILVBININAFRY ASTM E8 waztimuudnaeatalusingy Explicit Dynamic ANSYS®
Workbench wuuinasegnimualigngan3s 1 au (Fixed Support) Wagdnaugnimual
ﬁmsmﬁlauﬁﬁmmﬁa (Velocity) 0.9 mm/s é’ummﬂugﬂﬁ 34 muwmauaﬁmuﬁgﬂﬁmum
15fvum 0.1 mm &3 5 mm Lﬁamaaaaummgﬂéfawaqmmaa"’wﬁ INNFIAIAITIV8T

NaaNs (Convergence Result)
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Fixed Support Velocity = 0.9

JUT 3.4 WUUTIADITUNUNARDULTIAS

¥ 4 v ' a ¢ av A
3.5 ﬁi?ﬂﬂ@Uﬂ?qﬂlgﬂﬁa\‘]LUE]\W]‘H‘UENIU?LLﬂSN‘U'JEJ'JLﬂi'\&"i/iﬂ‘l]\‘i']ﬂ'ﬁ]ﬂau
° A a ¢ a % ~ aal ¢ a ¢ o @& v °
nsinaeiedTzidymmaimnssumeseiouisivludedmud Tndudnsi
N13MTIADUAINUYNABIVDINAT NS A bAaInlusunsudeTiasied nuideidlaviinis
=l a b4 1 a 6 1 = a % o
WIguiguAnugnaesuedlsinsugigiinsginumMsiuseufigun1snaaauiuiuuInaed
Tud usegdlsfimuiienugniesuaziiumnuii@eiiovesnisdnassuindu eladny,
a a ° o Av A A a ~ Aawv A o d a o &
LaZLUSHULNBUNANITINAIAUNUITEDU ¢ LAY TasdisndenyinsiuSeuisunsil
3.5.1 UNRwsLleusann (Static Method)
Agarwal uag Mthembu (2021) Anwn155uLsILUUADRYRlATIASI9T0%0
Tagansuulusunsy ABAQUS taglilasedsn99nsunssaunn 128,511 N US1auauvad
laseasne uavdanuanena 2 Auvedlasaasng (Fixed Support) Aauanslugui 3.5 Tuanide

fael¥lusunsy Static Structural ANSYS® Workbench Tunsiinsnes

Fixed Support

Force 128,511 N
Fixed Support

U 3.5 Tnssadasnlasanslunuidoues Agarwal wag Mthembu (2021)

3.6  HaNTRHIUANNNABIVASIUITUATUYINTATIENAUNIINAGDY
Umﬁlﬂumiﬁwmuawamimmaaummgﬂé}’aaLLazwasuaqmiai’waaMN 9 Tuanuide

lsinanluiitod 3.4 uaz 3.5 felusunsu Static Structural ANSYS® Workbench a@11150

WUAHANTI5I1a0sld 2 d9u Ao N19MTIAABUAUGNABIVBILUTHNTUYILTLATIERAUNIS

VAFOU LAY NIATIFBUANUYNABIVRIIUTUNTUYIUATINAVIITEDY
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3.6.1 HanIIERUANYNABIYRIUTUNTNYIAATIEENUNINAGRU
AINNITNAFDULSIAIVDIVUINUNAFDUTINUA 5 TU wazSouisuiunadns
Algann1sanans e muateulursuwafety Tun1sa1aeiianus it udeIIvuInves

AuANNaARANaaNETIAIT (Convergence Result) LitoguEUANUGNADIVDIAMNATHE

Pea1nlUsunsUINa99 T8I T EINNILANYINITINADILTIFIVDITUINUNAFDU NHVU

' '
<~ 1l

LOALUUARILA 5 mm 99 0.1 mm AIASUDINAANSLS UAIT L1 oI TIUIUVD DA LUURDYN

Y

15,000 LOALUUA é’fﬂLLaﬂﬂugﬂﬁ 3.6 hay 3.7

20.5

N
(@)

19.5

Deformation (mm)
o

18.5

18
0 5000 10000 15000 20000 25000 30000

Number of Element

a v v 6 A o a e 1 v 6 PN
E‘U‘Vl 3.6 NINANUAUNUTTZULTALAZ ANUIULDALNUANATNAANTAIN
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590

570

550

530

510

Stress (MPa)

490

470

450 |
0 5000 10000 15000 20000 25000 30000

Number of Element

ei v w61 ¥ o a cal i v 6 ~
E‘IJ‘VI 3.7 ﬂi']Wﬂ'J'uJﬁiquﬁﬂqﬂ’ﬂllLﬂuq\ii’iﬂLLﬁ%ﬁ]'TL!'J‘L!LEJaLNU{?W]F’ﬂNaaWﬁF’NW

wanANT FanudnuarnsideFUveITUNUIINVAFEUITHATNTIIRBIaN YUY
= a A v A a o < a a0 a v v
nsdeguimilounu Ae danvasidunoAeAUINANTUIUAANITVIALENDBNIINNY A

wanslugun 3.8 uar JUN 3.9 wanednuaziduTUVTUNUAMATUAITUIIU FUNTENS

FUIULARNITVA

3.8 é’ﬂwmmsLﬁagﬂmaa%umumaau

=p

U

€N
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= ° =~ &
JUN 3.9 M3dnaeen1sidesuvestunumagey
i = = Y ' Y i o a =~ LA
WalUTeuiisuradnsvasrAMLAugeanLazAsreNgnauinnsdugy wudillen
ANUARIALARBUVBIAIAINAUEIEABET 0.34% uay Aszuzdadinaaniiau 0.4% Lo

a U U d‘
WIBUAUNANISNAZOU AILERILUAISI9N 3.1

M15NN 3.1 NAANSAIANUAUEIEALAZANTEELIAYRINTNAABULATNITTNRRY

AIANALALESEA (MPa) A192EZEARA7 (mm)
snedoy 474.18 18.28
3@ 472.57 18.2
Wesidurupaniadon 0.34% 0.4%

dmsunuiteiainunasuiianunsosousuld desiiianunainndeutiesnin
vidaiiu 5% Mnmsluiisunansadeunarn1snass AruAaniAaudilausiaf
tiounin 5% aguliinnsdrassnveaeunssisinugnieatazusiugl Weilsuainuanis
Nadau YRy IUIluskATuY83LATIER Explicit Dynamic ANSYS® Workbench &
ANugnAadlunITnaes
3.6.2 wamsqaaaumﬂugné’awadﬂmmmﬁﬁLﬂsﬁzﬁﬁ’umu?ﬁa%‘u
PMNNANITANILaET1a09lATIAasT19Talara Tl uITeUDY Agarwal uay
Mthembu (2021) Taglgszideudsinlusediuudlunisinassiislusunsy ABAQUS anelu
ATeilaAnuulusunsutiediasIed Static Structural ANSYS® Workbench titafy

mMInTRdeUANUgnABdlunIIaadusingi ANSYS® Workbench WuI1AMUARIALARBUYEN
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AAALAUGERTLANA1RET 0.02% Wil duAInUARIAAR DUYEITEEEEAGIBET 0.006%
= & J dl A [ v ! dl d’ [
Fadumeaueaaeiouamnsasensula uanrlunswn 3.2 (U 3.10 wanwmanisdnaes
NNUITBVDY Agarwal kag Mthembu way n1531aene ANSYS® Workbench)

M58 3.2 HAFNSAIAULAUGIAARAEA1TEEEN1TIA8TUV09UTTY Agarwal ax

Mthembu LaznN1591884

AIANLAUEIGA AszEzEingn
(MPa) (mm)
1133 Agarwal uar Mtherbu 347.45 3280.49
(2021)
N1531889 ANSYS® Workbench 347.54 3280.7
Wesumnunaaiadeu 0.02% 0.006%

(m) ()

JUT 3.10 HAN"59180991N91U378 Agarwal kaz N1531a9998 ANSYS® Workbench

(n) S2uzIARINANITINABIIINIIUITY Agarwal
(2) Sr8LPARINANITINaRIRIY ANSYS® Workbench
() ANMULAUNANITINABIINNWITY Agarwal uag

() ANULAUKNANITIIABINE ANSYS® Workbench



uni 4

o 1 C% ¥ d ad [3 a 3
N13371834N1IYUNISLNNUVBIND wuemmqaszwauqs‘tﬂ'lumLaamum

Mnnsveluuni 3 Wunsiseudfisunissiassuuuainvestununazinseadig
9614418 ATIRARUANHLIUGuAzgNABIYadlUTUNTU ANSYS® Workbench Kadnsldann
nsdraesdanuwivguazindedio mﬂﬁ?uﬁaﬁwgimﬁmezﬁmﬁf&’wammiﬁaumzLmﬂim
sufudsdauds (Explicit Dynamic) Tngluuniidunsinszinssunssunnlasadreves
VIONTINUNY ‘vT’]ﬂﬁﬁﬂm{]f\ﬁfaﬁﬁmaGiaﬂizﬁm%mwma@@%’uwéﬁmum@wiamﬁww Wi otun
YFultlunsusaugalassasnavessalagans

Tassaisvoseumvuzdndusesinnuudusuazenubangugs iilernuasnde
vouuinagilasanslunsdilfngAmgnisvunszunn (Abdulgadir, 2018) Msfilaseaing

< v Yo Ao < = o A < <
GUENEJ']U‘W']VUZ'%%LL“UQLL?QI@UUW@\‘&%??{@WNﬂ'ﬂ']@JLLSUQLlﬁQQQ sﬁﬂjﬁﬂﬂigLﬂWWNﬂ'ﬂ’]ﬂJLﬁNLLﬁQQ\‘m

q
o

Hutagiifihminandetuiu femetionvdmalioummusiiminfgafuanus iy
wazldimnzautunsldeulusunmusuistssam fegradu sefduinstuawndou
(s00udiBla) wazsnousilianssauzas (snavesn) Jsfinmstwentsursnusuldiulassang
YoseuNILE tiellassad serummusiinnuudsussuasivhwinfmnzausenisidau

Tagtuvientsunsgnihunldlugnamnssuinesdunassagununnau Wesanvionts

a

vslufidminiuiuasiiuseansammIaadundsnuiiinainnissunssunnlad (Baroutaji,

¥
=

Sajjia & Olabi, 2017) lun1sAugurisntisunaianlslunstuguivanvaieusenn el Jan

Uszinnlave lavsnay viowlnszisiannau (naulndn) Agnunuildlunisadnvieniauns

LY |

sawuiy (Balakrishnan et al., 2017) 91l galaAnwaideisdunelnuiaandeuiun

q

FugUrionau1e 1NNTANINEITEVEI Hsu uag Jones LaviN1sMAaBINIsTUNTELNNYTD
o PR % < Y Y a . a a L.
HilsUaNTugUMEwmanna1lTaliu (stainless steel) wagazgiifiaunay (aluminium alloy)

WuIMsgRUNSIULANseiuegeliteddny (Hsu & Jones, 2004) UagINatiTedu 9

(% P a a

nuITannleudnanduguvientieuns Ae axqilieunas (aluminium- alloy) 1H999na0)

Y

YlalTdnIIANNLTITIROUMINGY (high strength to weight ratio) AMNWTEINAIUNTT

a a

uANIANge (high fracture toughness) wazdintiniiun (light weight) exgiilounauiadu

Y

'
o =

anminglunmshunlilaseaiisundaunissunsezunn
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Haduiidnasouszansmnlunisgasundssnunmsvunszunnyesionsaunalaled
LﬁmﬂﬁlﬁaL%‘IaﬁaQLﬁENaﬁiNLaEJ’J Yu and Lu (Lu & Yu, 2003) Seitzberger et al. (Seitzberger
et al., 2000) way Rajendran et al. (Rajendran et al., 2000) lafnwvientaUIUUNTINAN
LAZLUUNTIALMA Wudﬂﬁamﬁwmwumﬁm?{aufuﬁﬂszﬁm%mmWi@meﬁuwé’muﬁqq
NIVIONTNUNULUUNTINGN Song et al. (Song et al,, 2013) way Najafi et al. (Najafi et al,,
2011) 91NN5ANYIUTEANEAINNITYATUNSINUNTVUNTEUNNVBIVBHTAIUNUUUNTING Y
WU UAUNBNTINIUNUUUNSINSEUNNUNAN1NaN 1AEVaNTSUIILUUNSINTEUBNULNGAR
'Nﬂauﬁuﬁﬂizﬁw%mwmmw%wé’mumﬂmﬁmmzLmﬂﬁai"fm’jwiawﬂ’wwLLU‘U‘vmmsJ
Vinayagar and Kumar yn1syagdeuyse@nsninnisgadunaiauyevisutdeusiuy 2 Fu
Ffnidauansnety (enay @umasy 3umden waznnnas) (Vinayagar and Kumar,
2017) uaz Shakeri et al. ¥n1sAnwdaduiSosmumunvewiontauns auuvesviontls
UNﬁfjuﬁmaGiaﬂizaw%mwmiam%’uwé’wu%ummﬂ%ﬁuimamﬁamqLLuuaaQ%uLLagmm
nnvewialinaranisgadundanuegiitudfisy (Shakeri et al., 2019)

TunsnedouNsTUNSEUInYe R IU L sseznalunsaaouLasiiAda e
a9 WlanszozauazAldglunisnaaey Wang et al. Anvinisidesuresviontsunsdign
usenanszveeselouisinludiedwud nadnsfilaannsldsudeuisinludiodiuud
JiAsEuTiANLAAALARUINNINNABY LLazﬂ'ﬂL'Ua%l,%uﬁsuaammﬂm@m?{aua&ﬂuszﬁu
fousuld (Toendn 3%) (Wang et al,, 2018) Gairola and Jayaganthan An®IN155UUSIAR
Ya971anuIUNe Aesyiteuddivludiediuunniglusunsudleiasiest ANSYS (Gairola &
Jayaganthan, 2021) wenainiisdilsunsugaeinszsioun 7ildldnanadudredusnge
WU SimScale, OpenFoam Wag LS-DYNA 1Judu

TuunilsdnmildviinadoUsyavinnnnnedundsnumesioniiaus netladed
Anwlusudded Ao arunuinagsUsraniadndwansstureaviontauns duduns
ATIYVNTTUNTTUNN VDM BNV 852 TaudT I lusdedinudn1ulUsunsuY I8 LA 181

Explicit Dynamic ANSYS® Workbench

4.1  @9NUUUYIBHTIUNY
TuunilAnwdadeiiinadeussansnnmagadundsnuvesviondsuns Jademdni

Anw Ao ANuVUIkaEFUSIARveviantiuns Tngauvuvevisntdsusgnimunll

v 3 58U 18uA 2 mm 3 mm Lag 4 mm viertiuneinugs 150 mm uaggUami

AnvaienaunlvumduEuaudnaransluvedwsiazninfnegn 60 mm US9veIMIN
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ANy lunwdded 4 U loun enay anuwmien @mden wag nnwdey daaaslugui

4.1 wennilakariuimidavesudazsukuugninAuasduiinnanuanslunsan 4.1

A9 4.1 ﬂ"]maLLazﬁuﬁﬁﬁwﬁmaqﬁamﬁfqLLm'angLLUU

T AIURUN 178 HNudinthda
N (mm) (g9) (mm?)
2 157.77 389.56
PNQAGEY 3 240.47 593.76
4 325.72 804.25
2 134.68 332.55
anmA 3 208.34 514.42
4 286.20 706.68
2 143.94 355.41
A 3 220.77 545.12
4 300.84 742.84
2 151.41 373.86
WnAde 3 231.33 571.18
4 314.05 775.43

Pl
QU

(n)

060

UM 4.1 SULUUTDINTSAVIBNUEIUNY (N) N1FA9naL (V) ALGAANULAASY (A) ALHA

Avdey way (9) uaunay
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<

4.2  A1537889N15ATE
nsnadeud ueuasliduruiigauasidszernalunismeaoy iloanduuLas
srpzhantunsnagaeuszidsuidinludieduudIgniunlilunsdiassnmsvunseunnyie
wtfauns Tnesioavidenlunissiasinisinsesiiisseluil
421 YagiliuAnviantdauns

MNUITLVDI Hsu wag Jones NAViInNIsANEINISTUNTLUNNYDIVBNTIU

¥
I [

ndagiuandeiy Ingluauddetiiagnausagadundsnulaanaafie aluminium alloy

9
¥ '

luunilFudenfiagAnyinisvunszunnvioniaunesidusuaindan aluminium alloy 6061

(Hsu & Jones, 2004) uagAAnaIUAvas aluminium alloy 6061 LARARIRS9T 4.2

51971 6.2 AMANURYDY aluminium alloy 6061

AMENUR AAENUR
Aumwdy (kg/m3) 2,700
venaaveada (GPa) 68.9
Auudanss (MPa) 276
RIZERGMTRLION, 0.33

4.2.2  sudeudslnludiefiud
anvarvateduuignimuaidusuuuvanumndsy aunaediuudveio
o [ a =i o v < a sal 1
WisuIaringivunszunny 2.5 mm uag 60 mm auaiy Jaduuinvesefiuusien
v ¢ o ° A v oo oA =i S a I3

HadnssrezlniiveIn1sdnaetasiina dneuanslugun 4.2 uenaindiefiuuduuy
refinement gnianusuldivuuudnaes Geganlenanisiadourduvesediuud dwaln
\ian1sdalen (distortion) anas N15UszaIadoyadadlnnullug iU T1uIueaUA
VBIUUTARIVINUATILOFLUUA 69,955 LOFIIUA Lagd1UIUIATBUAD 21,822 9n JUT 4.3

Lansan vzl dudvaianlauIsag IngIUNSEUNN
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80
70
A X X
60 X X X X
£ x - 249nay
Dg X X X y
=z 50 | GRS BN
EETS | L
2 X - ARy
2 a0
X ANALY
30
2 3 q 5
YUIALDALUA (Mmm)

QII 7 v a [ %
E‘U‘Vl 4.2 mMUFURUSTUIALAINUALAESTE LN

4.2.3 Raulvuazvauln
Vonau199glaTUNa s uIINNIsTUNSTIINIAENTS Anuslilaesinguu
-'-Nld 96’ £Y rd' ¥ o dy J % Y [
nszwnndudmn 253 kg NA11489 2 m nteimuadviontdiunsaslasundanunisoy
NSEUNN 5 kK LagN15U880MAI984ANULIINILANINANTTUNSEUNN TN UAITHALDENIN 15 ¢
2 ] P P o o 1 Y] =1 ) Yo
%30 15 wiwewsddualan eanuvasnievesdlagasuiniwisniiaunaiiunuiulyiv
1AS9a5195UUSINTTUNNUBITAUA (Gairola & Jayaganthan, 2021)
t:l' o o o Yo Y [
SUN 4.3 LAAINISAIMUATOULIATBILUUTIaDY Lasdvun livionidsuradu

Y

Tagiiaunsadesula (flexible) Aadruansvesviontsuindugiudaidunas (fiked support)
o Yo = [ I3 @ . € 1 [

wazArualiingvunssunniluinguianis (igid) 3nnAugslunisuaeeinguunsewnn

anunsalaswduanuiusuduresinguunszunnlansaunisn 4.1 (Quadfasel et. al,

2019)
v =,/2gh (4.1)

lagdauUs v Ao Ausiu g Ae Awseltuns was h Ao AINEIT095TEYTY

NITUVIN 1NAUNTST 4.1 ansamAnusaIsuduesinguunssunnle 6.3 m/s
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TWNVUNTTUNA l 253 kg, 6.3 m/s

JUN 4.3 SNuleAUALAZUUNTRIYBNTRUNS

4.3  WNANISIVHATNITIATIZH

HANITIIR0INUTT SNwzN13deI UV onlauenlaTunIsTUNsEUNNILTUIN

nsiiseenaudeeie MntunlviedunlnwieanIziTuinnsdeULUUNITHUR
a9 sanuanslugun 4.4

111t

JUT 4.4 Msideguresieniaumtdnienay

NABWSVDINITIABILI 9LUS s UL gUN UL 8UD9 Quadfasel hasAUEyiILie

Wiguiiguanugnaed iay Anuuiug1veIniIsinass nulwadnsvesnsinaedunuidel
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fAnsgadundinuresiontiunsiiiiniiauideves Quadfasel (Quadfasel et al., 2017)

dinter udlirulndifeaiuauideves Quadfasel dananslugui 4.5

80

o W e Our Research
- —— A. Quadfasel
X
Z 50
s}
=
2 40
@
3
2 30
c
°s
B 20
[
U
V% 10

0

. 50 100 150 200

szezlneda (mm)

JUT 4.5 nmiSguiisunsnadunasnusenineuddel wazaideves Quadfasel oz

L1 91152 82N15LA9RIVIVBRNTIUIT AIUTUY 2 mm UIEF19NFINAUEUNUS

s

! d‘ o U 1 v U o 14 U U dl
sEninausafinTeyiuvienlsuIkaE seeEn1sinei alansanuduiussun 4.6
AATILINNTNFINAINUTMIBNTIV N INNARgUS 1anvdeudAIn1 s A uNd suge
a A = = o D= | o o ] @ 1% & g v
fian Wailssuiisuiunmindndu o lneaA1nsgadunasauuevianiiuamlaaniuils
N3 1AINIIYATUNE I UN AN TAIELIAVWIBNTIIUNG HTEVIAINITAATUNAIUT N

LAEUIATUTEANTNNVDIUTITUNTEUNN NaSNSUARIIUAITN 4.3
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g 25000

o

z

& 20000

=

<

.g RUEN

o7 .

Z 15000 LN

A 7 . _..._\.; /.' \

EC;: e 7 N Prese e,

v VAR C— e -

Pexd R / hd C am.oA

@ 10000 ra -« = 908U 2 mm
-= /57

.= PR 4

= S el ANULNAYL 2 mm
#5000 /- - 4 4
S e - = @@ 2 mm
7 7 s

2 0 laz= WALABY 2 mm

0 20 40 60
szezlneda (mm)

JUN 4.6 AnuduiusTsniauninnssiagsren1sineiivesianiiutavn 2 mm

5000

4950 4 £ B |
3 "N
g a0 | BE - -~ m | m2mm
Py '
= - | 3 mm
2 4850 ‘ 4 o R |
& J 4 mm
& ' ‘ ¢
© 4800 |- 4l N

"7 |
4750 ] 4 A
29na AuwvaeY TG VRAIVGIE

dl 1 U U 1 U
E‘U‘VI 4.7 AMNIIAAYUNAIITUTDINIBNUIUTY

WoTLATIENRITNN 4.3 Lar3ui 4.7 WudnAINITRATUNS 1 UveYiaN Ul
ANuFNRusiveg1litedfny MNANUNUITEIVIBHTIUISLAATY N1SRATUNS I WTLAY
AU WAINISATUNS 1N UYBIVBHTIUILANTUIINNTHALYBIAIUNUIVEIND Lo

9 IATIERAINTRATUNGINUT NN NUILIaTRWBNTIUNLNATY HalNAIUNUIYeS
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vorauns uazAINIaAduNGIUTRIBNTiIUATANLYIL 3 mm uag 4 mm TAINI9A

FUNFIULANANINVDNTIUNNTUY 2 mm LieLan oLy éqmaiﬁﬁiﬁﬂﬂsam%’uwé’quu

Fumzanaseguiuledn dauandlugui 4.8

NANUTEANTAINVBIUTITUNTEUNN JUSIMTNARLUUNNIABLLaz A gAY

U3e@NSAINUBIUTIVUNTEUNNTE YT D9ANUAINNTOIUNISTULTIVDIV BN UIUN93NE

Usedngamlunisuusalege

AN5197 4.3 @i’]ﬂizﬁw%ﬂmﬂ'ﬁ@m%’uwﬁmu

sUsqmthdia | A213mu (mm) EA (kJ) SEA (kJ/kg) CFE (%)

2 4.86 30.804 70.94

nnau 3 4.92 20.46 65.74
4 4.95 15.20 67.52

2 4.84 35.94 65.84

anvas 3 4.90 23.52 62.93
4 4.93 17.23 63.94

2 4.88 33.90 74.32

Avidey 3 4.95 22.42 73.32
4 4.97 16.52 76.67

2 4.90 32.36 79.51

ARG 3 4.96 21.44 76.95
4 4.98 15.86 78.43




SEA (kJ/kg)
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a0
30
2 mm
20
M 3mm
10 B4 mm
0
29nay anuLviaey fdwineu wnvaY

JUT 4.8 Nan1IAdUNENILYeWiBNTIuLsaETINGR

A58 BRTIUNNNUSUTE A UTAS 985195 U SITUNT ENNUBITOUA LB NN TIBANANS

AATIVAINTYATUNS I UAUTEANSA MBI TN TEUNN SarasAtlatiannulasnidy

Yo lAea138nale IaeAIN15vEaefvesauslliin 15 ¢ Anisyzasdiilaainnig

Fraesinihodu m/s? 1An13TEaadImIseeAIANLIITNa (9.81 m/s2)

‘NI ! v ‘N‘ 4 o ! v ‘NI
ﬁ]']ﬂ’g‘U‘Vl 4.9 NBNUIUNNAIIUNUT 4 mm (“Vlﬂ'VT‘L!'W]ﬂ) LAZNBDNUIUNNAIIUNUI 3

mm (MIFRNNALLAZENIYALY) WTT19EdAINTAATUNS U auAllAIN1TvERRAYeN

1 d‘ ! = ! L o o U U
ATTULIINEINIT 15¢ Je193gldimnzaununisiiunusulalunissuusesunssunniu

TAS9As19TnEUs

(9)

ANSVYLADAIVDIAINLSY

21

19

17

15

13

11

_m @ NNaY

N
GIEUYBEY

- m - AndgY

—m— VALNAYY

AMUAUIVDINBHTIUI (Mmm)

JUT 4.9 N3 MANUENTUSTENINNITVEa0MYBIAULT A ANUNUNTD IR AU
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4.4  @3Unan1TIVLLAZUBLEUDLUE
NuATgluunididuiensivaeuaugnaewedusunsugieTiasient Explicit

Dynamic ANSYS® Workbench gt autlsudua1uideues Quadfasel wazAnEnuI

(%
[y

nadnsAilgannssanslunuisedficmulndlfesiuvesisees Quadfasel uazAnzdina
Wwaé’wéﬁllé’mﬂmiﬁwaamfuﬁmmgﬂéfaaLLasz%ﬁa way Anwdedeii dnane
UsgdnSnmnisgadundenuvesianiauns Tnefnundeiuianun 2 J93s Jadousnie
ANURUIVDIVBNTIUNT WU AU FURUSTENINAURUIB VBN T U ez UsEaNS AN
n1sgadunasuiinnuduiusivegeildedidy nanfe domumuvewionifaunady

VLU Uszﬁw%mi@mﬁuwé’qmuﬁLﬂwﬁuﬁwtﬁiuﬁ’u LALdNUABADTUI1VDINLNAAVIDNI

Y

& 1 o a U

U9 WalATIERAINISRAdUNdsUTuNIEnUdgUsenlusEaniamnisgadundeau
° < dl ' N o = o A N
FUNIEUINNAAAD JUTNWUUNNWMABY TANADFULUUA WA 8 19naY kaganiey
BRI

aglsfinulunisinunusulddulaseasiesuusinszunnvessasud uanainay
AATIBVAUTEANTAINN1IAATUNS N URIA DA TS0 9N 159 ABAIVBIAIUL AL YUY
Wesnvindnisteasiivesaniseiigaiunit 15 ¢ envdwmaliiindunseserlagansla

v & o 1 o [y Y=t o & £ % a d‘ [y |
WQUUIUﬂWTU'WIE]Nu@U'NiJ']‘UiUIGU"\N"\]’]L‘UUGIEN'W"UWﬁmqﬁLULiaﬂﬂJ@\‘iﬂ’JWNUa@@ﬂﬁG]E]l}:ﬂ@EJﬁ’]i
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N13M39EUANNYNABIYRIATIET a8 w8 lne Ao TALDe

=) I 1 [y L=l o 14 '
N1SNAABUNIIANNTEUNN %130 Drop Test LJuMsUaseinguselassasislinnagg
asz Wneviluazldlunisnsvaauanund iwsawesussgiasilunsnunusousInszun
\Wesannussadaeivssnniiazgniunlddmiunisouds uag iveliliulainduengnindeay

Jasads luiinmnutderie 39999015 NAEUNITRNNTELNN

¥
5.1 1a3sa19 Crash Frame

a o qy Y o o 1% = a [y a v .
A illavinisdasnsannssunnvedlasELUss Ui uAuNuITeves Anjikar

= v ° Y g v <
Wag Panchagade Lil8n573a0UANNARIUEIN1TINARMUY tassaiildnisvaaeudu
lAs9as1eiSundn Crash Frame loevillaglddmsuussquudiuanavnssy vaen1sviinig
Yuas0RlANUEE M eNinINg URANTaAlAsUTIFaNFuUA1ME LN %38 N1TANNTEWNN
dntovaizinsuinnisslasasunantl anudsmeldwaliindnsanuessawazainy
WWugauulaseaie aedulaseasna Crash Frame Asanunsasessusanssuwnn iiedasiu
ANUFIINEVULNVUEY AITUUITEYRY Anjikar Lay Panchagade Ainwn1smageaun1Isnn
wuudasevedlasedsny Crash Frame 1ag891989u105§711 DNV U8 2.7-1 (Anjikar &
Panchagade, 2013) U7 5.1 wansf10819lA5Ias 19N [091805lua1uiId8999 Anjikar way

Y

Panchagade
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‘Isometric

JUT 5.1 lassadsdmiunsdiaesnsannszunnyes Crash Frame

= = -4 ¢

5.2 sulsudsinludiofuud
U884 Anjikar way Panchagade lan nunanwazvosoduudnldlunisaing
o < aa a o [ a & @ YY) d[ 9
wuUIT1aauduluy 2 05 Taedlaunisinuaaneue I auaduaunIssusunts wag 19

1 a I3 1 = el' el' d‘ 1 1 a I3 el' 3

JUTMVRNRANLA 2 JUTN Ao anuvdsulazdmde wi3UTeAuRamAsNTIYgN
ANUA AT lUUS U S NwuseAwudawmasulla111509 o 1 vidY kay dau1sodediuun

anavdenlaliiiy 5% Yeuefuudnvun dNYEUoLRILALEAIAIFUN 5.2



a0

JUN 5.2 anwagvededmudlunisinasdlasiasng

(3 o

YAV NORLUUAQNATVUATIRIWINANEAT 5 mm way A1LRE8TDIVUIAAIUG
9g91 10 mm wenani damnuadmisfiwesdmiunisinnunmuesanvazedud 1oy
IS o ! a g 1 &
finmsimuedimsiimesaasaluil

521  mnuavuiayuvesedmudaumaslvggauaziananil 120 a3 uay 10

o w a sa ::l' 1 < -

BIA1 MUY LazunLNvRLeAURAmALlnajgauaziangaT 135 8af uag 35 8A7
ANAAY

1w !

522 A199518UAUNI18 (Aspect Ratio) fftaanii 5
5.2.3  A19M31d3U Jacobian (Jacobian Ratio) df1unn31 0.5
5.2.4  AANwUrANNE1IT NI (Characteristic Length) 8g5¥1319 5 g 20
A ad s a s = a N ady Y D a
seuleuTslnludedwuaililunmsiieseilagssidouistaudasiesinuaziden
FUNBAUYNADIVDINATNS LoduuANIAUazBungeIzdnarasrazia1miilun1sdass
%38 NsAWIntuRaunal (Time Step) lngAingnuestunsunaizduegiuamauifives

LY

ANUAUUINVBADTUUA AIUITOAIUINAITUNBULIATLAIINAUNITH 5.1

At =— (5.1)



log At Ao Jupeunal Lg fis anuemifidniigauesediuug c anusaideswes

p3AUTENOUTAR FeAlanunsanlaanaunisn 5.2
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(5.2)

1o E Av Young's Modulus p @D AURUILUUUDIIE (Mass Density) Wag v A9

Positions Ratio lne¥anildias1alaseasns Crash Frame via1nmanndfifanumuunnsing

Ay wusoaniu 3 mnunud dawalirinuanifvesianuienuautfla1n1aiy waze

wado & v a y A o v v v va o =
AantanInludedlilunsimneilassaiiminseyilagusawuunadnneddnuaudfan

Luduwdadu Usenouludisnuand@inenisned 5.1 uas lassasefiuuadianuansly

gﬂﬁ 53

A va o [ 1%
139N 5.1 ASFNUAIFRALANNEA

o/

AMANTAER s1 52 S3
E-modulus (GPa) 210 210 210
Poisson ratio 0.3 0.3 0.3
Density (kg/m?) 7120 7120 7120
Yield strength (MPa) 260 240 220
Ultimate strength (MPa) a8t a17 360
Strain at rupture (%) 21 21 25




a2

U7 5.3 Tanvedlasaain Crash Frame

o 4
5.3 nsAvuaeuluLazvaun
o dl' o o ¥
N5 MUAR o UlYLAEYRUAYBINITINRBIYNAIMUANUAMIELINTFIY DNV 2.7-1
lngdin1sivunveulundisil
v v & = = & <
53.1 1A33983 Crash Frame A04ANAIUUNLABUATA %130 WUULDS
53.2  4uvdlATIaiefaudueluanadne wasvinyguiuiusuiInndn 5 a9a1 e
wanalugui 5.4
533 svpzingauazasanvedlasaiadeinaniudesseiulaiiiy 400 mm
53.4  szeyingavedlassainuieinainiiuiediszegriie 50 mm
535 lassaeagdediiiansideguuuunns
-V £ o A a A a d Y @ A (% a
wenani Savualinszuseansgyihmusnanuiangnusaalidudueg dagui 5.5
lngnszussinsgyiiiiusnadignimunlasdminvedasiasnweuniedng lngdmuali
1A11uL59ltu09 9.81 m/s?fegnas A uag Tausensevini 20,000 N fagnes B 310wy

a

AMNUARIAUUTLANTHIUAYANIUTENINGLATIAS 1AL NUNAY 0.45
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5.5 99UATBINISLNNTEYINGBLATIA519 Crash Frame
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aa

54 Han1531a09uazn1sUSeuiguUNan15I1aaq
N13MTIIABUANIUYNABIVDINAANENT TN TN TIERULAANAIvBINT 1Y
Wevue (Total Energy) TngAmdsnusiutanunazdosnsiildifnauudsusiu Tunis
Uuansldseideuisivludieduudlianunsaldamadniveandsauiiaile 100% i
anunsaineunUsusuldldiiu 109% Wetaainmounth ﬁmzmmaaﬁaﬁammgﬂé’aa

99N159180410

JUT 5.6 uanensmanuduiusseninamdinuwazat azmuladnamdanu

' v
a = [l

TRRUALANTUDE19A97 T ARNITLUSUTINYDIAMNEIIUNINLA 91NT NEJUARAILEaNTIDE

vV 11 -dl 1 d‘ v d‘ ) 1 % d‘ ¥ U ¥
LLﬁ%LGU']q“U'J\‘]ﬁQVl IHGZJ’NVIWGNWUQQVIL‘LJ“L!ﬂ’]‘l/\la\'1QWUVIIﬂiQﬂTNﬁ’]ﬂJ’]iO%@%UI@

1.00E+07

8.00E+06

AN

6.00E+06
Kinetic Energy-O

4.00E+06 Internal Energy-O

Energy (Nmm)

Total Energy-O
2.00E+06

0.00E+00

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s)

JUT 5.6 NI MANAINATIY

= = = Y 1% o a v ..
WiawTgumeudny YN TINANana Ui U809 Anjikar Uaz Panchagade
wiFnsUasusUasvesrInasuazgenInaniesluyiessesnafediu wianvuzued

= v ) = [y 1 v = v eal Y a [y 1Y
ﬂi’]WiJLLu’]I‘L!iJL‘U‘L!E‘ULLUUL@EJ’Jﬂ‘L!’E]EJ’NsU@LEJ‘L! LaLdA1vINAa NG LNaLALIAY Aelanaly

a

U 5.7
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1.00E+07
8.00E+06
Internal Energy-Anjikar

g 6.00E+06 Kinetic Energy-Anjikar
=
2 Total Energy-Anjikar
5 4.00E+06
S Kinetic Energy-O

2.00E+06 Internal Energy-O

0.00E+00 Total Energy-O

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s)

JUN 5.7 nsmiSguiiiguaunana s uiuaudde Anjikar wag Panchagade

U 5.8 uanINMUBIBY099ATEl Maximum Plastic Stain lngdanninus s
AULATEAINNAARNGIITOE USAILNTLlATIEs 19 LazuTnalaTas undnnaou3nn
n3anans TaeAngeanuesnuiAienaAnatanegl 18.2% LileiUsulfisuiuniideves
Anjikar uag Panchagade 711A10¢71 18% aznuinddrauaainadoust 1.11% 1Hueh
AunanaAdeuTlanunsaseniuls (gonsuldlaiAu 5%)

gﬂﬁ 5.8 USaufisl Maximum Plastic Stain
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'
=

JUM 5.9 UanIA1EIgAY8e von-Mises stress 8gUSHaLuA U 1v8lATIATS

Crash Frame flA18g#1 369.34 MPa (lalileuiuA1gIgnves von-Mises stress Tuauise
Anjikar wag Panchagade 7fiA10¢71 356 MPa agnwudAmANUARIARGEUOEN 3.75% LTu

AANUAaIALAdaUNaLNTaeausUle (Bausulaluiiu 5%)

C: validate

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 0.14 5

Cycle Number: 1543591
2/22/2023 12:59 PM

369.34 Max
32836
] 28737
L] 246.38
L 054

3000.00(mm)
]

1500.00

750.00 2250.00

(n)

Contour Plot
Stress(vonMises, Max)
Analysis system
Simple Average

5599
E3|5 e
276 68
=273

| M

11866
foo
P55

=-000
Y

Max ¢ 35599

(@)

a v

JUN 5.9 AgIgAvad von-Mises stress (1) 11u3T8tl uag (v) 9MUIT8v09 Anjikar uaz

Panchagade



ar

55  ajunan1sdnascuazvalauaug

miAdeunillSeudisunantssiasinisudeslasadne Crash Frame limneghsdass
1MY81989UNANVDY Anjikar Lag Panchagade Lﬁaﬁué’ummgﬂé’fawmiﬂiLmimhafﬁ"]aaa
Explicit Dynamic ANSYS® Workbench wag Anwidiwlsniunueig o ﬁﬁwasiammgﬂéfaq
YDINITINADY

nadnsvesaun andanuvosnisdassluuniiuualiudlndidssfuanuidenes
Anjikar Wway Panchagade ﬁﬁhwé’mu%qqm'flLﬁmLﬁﬂﬁamﬁam%uLﬁauiusziQQizazLaaw
ety qagaanvesainuaisnegluuInuienduuazdiniiunainiad suveean
ANuLASEReYTl 1.11% FsiliAunainiadeugeninesasiazanunsagonsuls usigsnin
Feadntiosuiiiu way Angeanves von-Mises stress frmunanadoustd 3.75% 1u
AAnueaIanduTiansasensuld (Bexsuldliiin 5%) dwalinadnsainnissanidieg

TUsunsugeins1ea Explicit Dynamic ANSYS® Workbench duilanugnasuwazuiideie
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s v v v v
ANSAASIENIASIE51950 1088715018 TAEN1IZAITVUNTEUNNATUALIAIY

Wnsgrueglsudenivuai 29

MsmseinsTunstunndunveslasasesalaeaslulssndlneiugnes
UIATFIUNITUAUn AN Tefivun ECE-R29 4 sgnavualilassasiasalaganssu
wdsuiinszvindelassainennnit 55 kJ anmsvunseunnvesgnduiililunismaaeuiid
Ymtfannnin 1,500 kg (mazBunnanliluund 2) wazrhnsinszdnswunssunngy
niveslassadieinulusunsueIiaszi Explicit Dynamic ANSYS® Workbench danau

(%
[ o

JUNDUNTIaRIRIRD UL

o 14
6.1  wUUIaaslAsIaTeIalagans
lassassvassalaeansildlunisdrassnisiasziilulassadesalasansussian
dy ° Al Yo 6 a o a v 3 & o w gj
e (Low Floor Bus) Nl@SUANNBIATIENAN USEW ATy AasUalstu 911n wenaintiu
e lAviNS U TUT FUTIaeITUTONBINUINTIIUYNIIARIYRITRNA N UA
ECE-R29 wag gnauillddmsumsvunseunnawandlusui 6.1 anauildsivunawindu 2,500

x 800 x 100 mm? flauanslugudi 6.2
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JUT 6.1 lassasssalagansuszianiium (Low Floor Bus)

L 2,500 mm >|

800 mm

JUT 6.2 vuagnauildvunszunn

6.2 szUsuBdIWludleduddmsulaseaiesalavans
PMNNTANIUITEVDS Anjikar ey Panchagade WUISNWMEIOALUATILALNE
Aumsiaswinuudauds (Explicit) Wuledumdiiauniseyiusadu 1 uaz Us1auuy

Audey J9uUsulEiuadded FainnsAuunrUInve el NuA USnalAsIas19nlasu
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n13vunsEunnlaensaIngnduduuinegf 4 mm usnafiAInIlasuNaNIENUIINNIT

NSTUNNTVUINLOALNUADYT 10 mm LAz USABU 9 30 mm anwazUoauALandly

Y
'
=

Un 6.3

JUN 6.3 dnwnizvadafiuug

wan Nt LAvN139599InAMAINYBLOA LU UALALD19B NN NI VB INUITEUDS

'
=

Anjikar Wag Panchagade LitelinadnsveINsTaesillaianugniewnniign Fuiderivun

6

YDUDALUUNAIL

6.2.1 A18931EIAINNIN (Aspect Ratio) HA1tiaendn 5
6.2.2 A19R3187U Jacobian (Jacobian Ratio) fim111nn11 0.5

6.2.3 AENWMEANE1IT LI (Characteristic Length) 8gj5g1ndng 5 &ia 20

6.3 Raulvuazvauiwn
lassasavessalavasgnasneluainian 2 sllandn laun mdnndn (Steel) waz

Stainless Steel-RST4003 msmmuaiangniuunmedveiagmawandlusui 6.4 uenainil

o

sWuunefnuantRvesiagiuandneiu il Tunsiwssiuuvatstunuaudindndu
dmSumsiiesgntuiiiieerianuvuity 9nsidudiwes (Poisson Ratio) way wonda

294849 (Young's modulus) WAlUNISIATIEAAIETBTALIS Y38 NTIATIERlATsasanuUly

=

Judedu duluazdedldrmnuaud® o 9aasin (Yield Strength) Tunisiasiesisng a

q

TdasalasiasnuazmnuaUs i 99ATIN WEAIANTINN 6.1
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/
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/4

—

U7 6.4 nsduunlassasemuiaguazadnuauds o 9ansn

d‘ wva o ¥
#1979 6.1 @mﬂmUﬁ]ﬂﬂﬂﬂJ@ﬂIﬂiﬂﬁi’N'ﬁﬂI@83’13
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Yield strength

GUEN GENGER el
i (MPa)
! RST4003 Stainless Steel 80x80x4 mm 539
RST4003 Stainless Steel 80x40x3 mm 539
; Profile Steel 100x50x1.8 mm 402
Profile Steel 50x50x2.3 mm 421
Profile Steel 50x25x2.3 mm 419
Profile Steel 25x25x2 mm 450
Steel SS400 Thickness 2 mm 313
Steel SS400 Thickness 4 mm 360
Steel SS400 Thickness 6 mm 294
Steel SS400 Thickness 8 mm 341
C Profile 37 311
Angle Bar 2”x2”x4 mm 323
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s simueRaudRvesTaninulasiasne nasantuihmsimuneuly
vouwaliiulasaasng Ineyinisivuaaganuun3euy (Fixed) Tuusnauaudunidanans

Tugu 6.5 Faduuinailasadevessalaeans

U

Porvun ECE-R29 lamnualilassasisgnuunseunnmegnauiilangsauiiiu

q

[ o

55 kJ Ae3avegnAufiuInndt 1,500 kg nsimuadeuluveuwadeildndudesimue

anuSsuiUliiugney Feanunsamanusildainaunisi 6.1

E=-mv (6.1)

P

[

Ifﬂfj E AD ATNAINIUNIIVYUNIZLNA
& =
m AD IANYUNILELNAN

vV A9 AUEISUAUY0IIATUNTEMNN

' & a v g v A o val [ & ]
mﬁmmmLimmumaauaawiwuunszmemmmlmmmmm‘u 8.565 m/s 31NUU U

Y v U
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Static and Modal Analysis of UAV Composite-
Based Structures

Veena Phunpeng, Sireegorn Sumklang and Thongchart Kerdphol

Abstract: An unmanned aerial vehicle (UAV) wing must be strong to support heavy
take-off weight and high impact load on landing. Hence, the wing is considered as a
crucial structure to deal with lift force. Conventionally, the UAV wings were made
from heavy metals. Nowadays, the wing structure should be lightweight to fly a
longer distance, improving flight operations. To fill in this research gap, this paper
proposes a sustainable utilization of composite materials for constructing UAV
wings. The static and model structures of the wing are analyzed. The finite element
method is used to analyze the UAV wing structure. The wing structure deformations,
stresses, and strains are investigated through the ANSYS® Workbench software.
Finally, to avoid the relative UAV component failure, the natural frequency analysis
is demonstrated.

Keywords: Wing structure, Composite materials, Static structure, Natural frequency

Nomenclature
AL-2024 : Aluminium-2024
CFRP : Carbon-fiber-reinforced polymers
GFRP : Glass-fiber-reinforced polymers
FEM : Carbon dioxide
UAV : Unmanned Aerial Vehicle
1. Introduction

The main UAV component is the wing structure which, generates lift force,
maintaining UAV stability in the air. The wing structure is connected to the fuselage
and is subjected to repeat external force or continuous force. The wings must be
strong to withstand the mentioned force. However, when the wing is too heavy, it
affects the lift of a UAV. There are several materials to construct UAV wings. The
majority of the material used in most aircraft types is aluminum alloy due to its
strength and low density (compared with steel). Nowadays, the enhanced materials
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called composite materials have played an essential role in the aviation industry
including UAV structures.

A composite material is a combination of two materials with different physical
and chemical properties. When there is a combination, it provides a novel material
that improves the performances and properties (i.e., stronger, lighter, more resistant
to electricity and so on) (Boransan et al., 2021, Saensuriwong et al., 2021). Therefore,
composite materials are used to build UAV wings due to the weightless and strength.
For analyzing the UAV structure, the finite element method (FEM) is commonly
used. The FEM is a method based on mathematical principles to solve engineering
problems. It has been used to analyze various engineering topics (e.g., material
behavior, strength in structures and fluid flow). Most of the engineering problems
can be expressed in terms of partial differential equations. To solve system of
equations, the numerical method is applied to determine an approximated solution
(Serkan et al.,2020).

This research work studies a UAV wing structure based on well-known
composite materials (i.e., carbon-reinforced plastic (CFRP) and glass-fiber-reinforced
plastic (GFRP)). To investigate the strength of the wing structure (i.e., stress, stain
and deformation), the static structural module based on ANSYS software is used to
simulate the strength of various types of material. To determine the natural mode
shape and frequency of the wing structure during free vibration, the natural
frequency is examined by the modal analysis. Finally, the obtained results are
compared with the results of conventionally used material (i.e., aluminum alloy (Al)).

2. Method

In the design of the UAV structure, stability is taken into account. It is
necessary to analyze the strength and aerodynamic of the UAV specially the main
structures. This research focuses on the finite element method for strength and
natural frequency analysis of UAV wings.

2.1. Materials

This research studies the strength of wing structures based on composite
materials. The materials used to construct a wing are described as follows: carbon-
fiber-reinforced plastic (CFRP), glass-fiber-reinforced plastic (GFRP), and aluminum-
2024 (AL-2024). The properties of materials are shown in Table 1(Nielsen L.F., 2005).

Table 1: o Young's modulus Densitgf PSS At
: : (GPa) (kg /m”)
Material Properties. AL-2024 738 2770 0.34
CFRP 121 1490 0.27
GERP 45 2000 0.3
2.2. Wing Design

Previously, several research works have studied wing construction, while
the cross-section area of the wing is an airfoil shape. The airfoil commonly used for
UAYV wing is NACA-4412 (Sharma et al., 2013). Thus, the airfoil of NACA-4412 is
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examined in this study. Fig. 1 shows the shape and dimensions of a rib with 3 mm of
thickness. The ribs, spars and skin are structured together as described in Fig. 2.

Fig.1. An airfoil shape (NACA-4412) for a rip. _am
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Fig.2. A CAD model of UAV wing without \.“'\\
surface. DD
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The material for the studied model is applied while the structure’s overall
weight is calculated. The total weight of the structure shows in Table 2. The CFRP
represents the lightest material, while aluminum-2024 is the heaviest material.

Table 2: Weight of the structure. Material Total weight (kg)
AL-2024 1.826
CFRP 0.982
GFRP 1.220

2.3. Numerical

The numerical method has been used to determine an approximated solution
of engineering principles. The model validation must be performed to verity
idealization. By applying a smaller mesh, a more accurate result can be obtained
while it requires a longer running/simulation time. Following the previous research
(Ting et al.), the proper mesh size has been verified. Thus, this study has mainly
evaluated the mesh in three criteria; that is skewness, aspect ratio and orthogonal
quality (Ting et al.,2019). The hexahedral mesh is shown in Fig. 3.

In addition to evaluated meshes, results were also validated by comparing the
results with the number of elements (V. Phunpeng and P.M. Baiz, Mixed, 2015). It
was found that with the element number higher than 150,000 the result became
invariable and when the number of elements increased, the result remained the same
as shown in Fig. 4.

Fig.3. Hexahedral mesh.
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Fig.4. Validation number of elements.
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Considering a wing structure, the lift force is induced by the aerodynamic
based on an airfoil shape. The velocity of the UAV is defined at 20 m/s, which is an
average (standard) velocity of small UAVs during a flight operation (Theys and
Schutte, 2020). The lift coefficient can be obtained from airfoil data (Anderson, 2010)
and formulation shown,

L= ZpVAG, (o))
L= %(1.225)(20)2(0.4-1636431)(0.4741) 2
L =483626 ~ 50 N 3)

The wing structure is connected to the fuselage, which acts as a cantilever
beam. The external force, body force, and boundary are applied in the simulation
model (see Fig.5), while the one-end at area C is fixed. The body force acts on the
center gravity of the wing structure and the top surface is subjected to the distributed
load of 50 N (Ramesh, 2013).

A:A2024
Fig.5. External and body force St sructuni
Tiere: 1.5
with boundary. 10/12/2021 10:38 prn
W cGi1798N
. Lift: SO.N

[ Fixed Support

S . A

o
—— e

Next, the modal analysis is used to determine natural mode shapes and
frequencies of the structure during free vibration. The modal analysis of wing
structure is analyzed without a permanent stress condition. The configuration setting
of modal analysis is similar to static structural analysis. To determine the natural
frequency and displacement at the free-end, the ANSYS Workbench® software is
used.

3. Results and Discussion

In static structure analysis, the total deformation, maximum equivalent stress,
and maximum equivalent strain with various types of materials are observed, as
shown in Table 3. The CFRP provides the highest deformation, equivalent stress, and
equivalent strain, while the AL-2024 exhibits the lowest deformation, equivalent
stress, and equivalent strain.




Table 3: The results

of static structural Total Maximum Maximum
analysis. Material Deformation  Equivalent Stress Equivalent Strain
(mm) (MPa) (mm/mm)
AL-2024 1.4004 7.374 1.00E-04
CFRP 15.104 15.196 1.85E-03
GFRP 13.373 12116 1.52E-03

Figs. 6 and 7 show the simulation results of an AL-2024 wing structure, where
the gradient color displays the variation of deformation, equivalent stress, and
equivalent strain. Fig. 6 demonstrates the total deformation of the wing structure
under static structural analysis. At the one-end, it yields the maximum deformation
highlighted in red color, while the blue color signifies the minimum deformation.
Similarly, the red color and blue color in Fig. 7 indicate the maximum and minimum
equivalent stress of AL-2024 wing structures. Based on the static structure analysis,
it is confirmed that the maximum equivalent stress and strain occur at the wing root.
The CFRP has the advantage of a high strength-to-weight ratio for use in lightweight.

Fig.6. Total deformation of 3%

Total Deformation
Type: Toral Defarmation

AL-2024 wing under static uimm

Time: 1
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Due to the resonance factor affecting the failure of UAV wing structures, the
maximum deformation is determined without pre-stress conditions using the modal
analysis. Table 4. examines the natural frequency and maximum deformation of the
wing structure. By obtaining the natural frequency of the aircraft wing, it would be
useful to calculate the resonance of the wing structure used to prevent the failure of
the wing structure.

Table 4: The results of

S Material Natural frequency  Total weight
modal analysis. (H7) (kg)
CFRP with skin 10.163 0.982
GFRP with skin 9.455 1.220
CFRP without skin 4748 0.373
GFRP without skin 4266 0.463

4. Conclusion

Conventionally, UAV-wing structures are made of heavy metal or high-
density materials, which could significantly affect the lift force and durability of
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UAVs. This paper proposes a sustainable utilization of composite materials for
constructing UAV wings. The typical wing model is analyzed using the ANSYS
Workbench® to determine the high performance and light-weight structure.
Compared with the glass-fiber-reinforced plastic and aluminum, the carbon-fiber-
reinforced plastic (CFRP) provides superior performances in terms of light-weight,
flexibility, and external load. In modal analysis, the lowest frequency mode is
considered. The natural frequency of the CFRP wing structure is higher than those of
GFRP, resulting in the delay of resonance. Consequently, the CFRP can be utilized
and extended to apply in other aviation structures i.e., fuselage, empennage, nacelle,
cowling structures, and other structures such as automotive parts, motorcycle
frames, sports equipment.
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Crashworthiness Analysis of Thin-Walled Tubes Using Finite Element Method
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Abstract

Nowadays, thin-walled tubes are increasingly used in automotive and aerospace industries due to their
being lightweight and effective in absorbing energy from collisions. This research aims to study the effect of
energy-absorbing and absorption efficiency of thin-walled tubes at different thicknesses (i.e., 2 mm, 3 mm, and
4 mm) and cross-sections (i.e., circle, triangle, square, and hexagon). The analysis of thin-walled structure
deformations, energy absorption, and acceleration was accomplished using Explicit Dynamic ANSYS®
Workbench'software. The simulation results found that hexagonal cross-section thin-walled tubes had the most
outstanding absorption efficiency in-absorbing collision energy compared to.the others. The energy absorption
efficiency increases when the structure thickness is increased. However, when the thin-walled tubes are used
as a bumper structure in automobiles or aircraft, the capability of crash force should be reduced and provide
a deceleration of less than 15g to ensure passenger safety.

Keywords: crashworthiness; energy absorption; thin-walled tube; finite element
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Abstract. The bus is the type of vehicle that causes the most damage in the event of an accident.
The first type of an accident is frontal crashworthiness which causes damage to life and assets.
Damage to life and assets occurs due to a bus structure that may not satisfy a frontal
crashworthiness regulation. However, designing and constructing bus structures in Thailand is
only an overturned test. The front crash standard is not yet considered a structural requirement
for buses made in Thailand. This paper analyses passenger-bus structure under the frontal crash
based United Nations Economic Commission of Europe (UNECE) Regulation no. 29. A
computer simulation model is performed to determine the structural strength to withstand the
load produced by the full-frontal impact. Finite element simulation is used to perform a frontal
impact analysis on a passenger-bus structure. According to the simulation results, the energy
absorption based on the ECE-R29 regulation is 55 kJ, the model structure can absorb 52.4 kJ.
The total deformation observed from the ECE-R29 simulation shows severe deformation in the
frontal structures, which causes damage to the driver's dummy. Reinforced thin-walled tubular
construction has been to improve the bus's structural strength. The driver's dummy is unaffected
by the structure's distortion. As aresult, the safety and reliability standards of buses are elevated.

Keywords: Crashworthiness, Explicit dynamics, Frontal impact, ECE R-29.

1. Introduction

The number of traffic accidents on the road tends to rise annually. The vehicles that cause the most
damage during an accident are trucks and buses. According to the classification of accidents based on
the type of accident, this was observed that frontal collision was the most frequent cause of the accident,
which can include colliding stuff such as trees, traffic islands, persons, and barriers [1]. Front collision
accidents cause damage to life and assets. However, the damage to life and assets incurred is partly due
to the structure of the bus having strength and safety that do not satisfy the standards of a frontal
collision. The standard for bus construction in Thailand is based on the overturning standard in the bus
structure test, which is the ECE-R66, but the frontal crashworthiness standard was not considered. Trial
and error testing of the bus structure is one of the factors that increase the cost of the bus. Analyzing and
simulating testing before structural testing, can help reduce costs and trial and error.

Analysis of engineering problems with some large structures is unable to create actual structures for
testing or analysis due to the high cost of building. The most of analytical method is the Finite Element
Method (FEM) because of its ability to deal with the complexity of both differential equations. FEM
operates on the principle of dividing the problem domain into smaller pieces called elements and
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connecting with a mesh [2, 3]. The accuracy of the answers obtained by this finite element method
depends on the deformation pattern of the element. Constant Strain Triangular Element is more flexible
to the mesh of complex geometry problems, although its accuracy is less than Bilinear Quadrilateral
element [4].

In addition, were studied related research, research by Cerit et al. [S] compared the original cone
bumper model and the bumper model that improved the corrugated shape of the front structure to have
the ability to absorb energy while carrying the load of the front impact driver to analyze the strength of
the front passenger compartment structure under the European standard ECE R-29 front impact
conditions. It was discovered that both models could absorb energy by deflecting the bumper model
itself with kinetic energy. Dede et al. [6] studied the design of a compact car body with 6061 T6
aluminum as a reference to Federal Motor Vehicle Safety Standard (FMVSS) No. 208, which defines
the speed of the structure with LS-DYNA, dynamic collisions are simulated at 30 mph. Additionally,
Afripin et al. [7] a compression test were carried out at a speed of 2 m/s and the findings were compared
with the simulation of this test piece. A T-joint weld test specimen was built to accomplish bending at
the weld location. Two front collision standards, ECE R-29 and NCAP, were examined. The frontal
crash test, according to NCAP, with a speed of 56 kim/h, and the test, according to ECE-R29 used a
pendulum weighing 1,500 kg. Compared to the ECE R-29, the bus structure in the NCAP was subjected
to higher energy.

In this study, the ECE R-29 regulation is used to evaluate the strength and safety of bus structures in
the event of an accident frontal crashworthiness. The finite element method is the norm for engineering
analysis. The Finite Element Method was utilized as a guideline to enhance the design and preliminary
analysis of the bus structure before actual fabrication and testing. It also lowers the costs and limits
associated with testing. The computer program used to analyze the explicit finite element method is
called Explicit Dynamic ANSYS® Workbench.

2. Methodology
The research process is divided into 2 parts: First, find information on the requirements of ECE-R29
regulations then set the boundary through the Explicit Dynamic ANSYS® Workbench.

2.1.  Frontal collision standard
The assessments used in the frontal impact studies were ECE-R29, which cover frontal collisions of the
bus. For ECE-R29, a pendulum is utilized with a specific angular velocity.

211 ECER-29

ECE-R29 is a frontal crash test standard recommended by the United Nations (UN). There are three
impact tests: Tests A, B, and C. Test A aims to assess a cab's resilience in a frontal impact accident. Test
B is an impact test to the cab's pillar, while Test C is a strength test of the cab's roof [8]. This research
examines driver protection in frontal collision accidents. As a result, Test A is used to examine the bus
structurel.

According to the ECE-R29 Test A frontal impact test, a pendulum with an impact energy of 55 kJ
strikes the bus. The pendulum plate has a surface area of 2,500 mm by 800 mm, weighing at least 1,500
kg equally distributed. The beams connected to the pendulum have a distance between the beams of
1000 mm and 3500 mm from the support point to the geometric center of the impact surface, as shown
in Figure 1. The impact surface must come into contact with the bus's front portion 55 mm below the C-
point of the driver's seat [9]. After the impact, there shouldn't be any contact between the driver manikin
and non-resilient bus structure components to comply with the requirement.
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Figure 1. Front impact test according to ECE-R29 Test A.

2.2.  Boundary conditions
This research used the Finite Element Method to simulate the frontal crashworthiness of a passenger bus
structure and applied the requirement of the ECE-R29 regulations to define the boundaries of the
structure. The bus structure is made of two materials: steel with a density of 7830 kg/m? and a young's
modulus 0f 210 GPa ; and stainless steel RST 4003 with a density of 7740 kg/m® and a young's modulus
of 200 GPa. The structure of the bus has a total weight of 11 tons. The front parts of the bus structure
mesh with 231,972 nodes and 678,452 elements. The mesh size is set to 2 to 15 mm in areas with large
deformations and 60 mm in others. A rigid driver dummy is fixed to the floor plate at the driver position.
The pendulum and front parts of the bus structure have surface-to-surface contact interaction. The
angular velocity of the pendulum can be specified from Equation 1.

E=lo 2 (1)

Where E is the impact energy and I is the moment of inertia of the pendulum at the point of rotation
calculated as 20,717 kg/m’. The initial angular velocity (w) of the pendulum is 2.306 rad/s [10] to
achieve an impact of 55 kJ as shown in Figure 2.
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Figure 2. Configuring boundaries according to ECE-R29 Test A.
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3; Results
The bus structure was simulated for frontal crashworthiness following the requirements of the ECE-R29
regulations through the Explicit Dynamic ANSYS® Workbench, which considers the following results:

3.1. Deformation result

The deformations in each phase simulated are shown in Figure 3, divided into four stages: 1) before the
collision, 2) at the start of the collision, 3) during the collision, and 4) after the collision. The deformation
results have shown the structure of the bus encroach on the driver's dummy, according to the ECE-R29
regulations, parts of the structure disallow encroach on the driver's dummy.

L4 L4 14 4

t=0ms t=40 ms t=80ms t=120 ms
Figure 3. Deformation characteristics at different times of Test A.

3.2.  Impact energy result

The ECE-R29 specification states that the total energy generated by a collision acting on a structure
must be greater than 55 kJ. The energy received by the structure is in the form of kinetic energy, which
is converted into internal energy. The internal energy curve shows the maximum energy absorption of
the structure is 52.4 kJ. The energy absorbed by the structure is not equivalent to the total energy
produced by the collision. These energies are the frictional energy between the pendulum structure and
the bus during a frontal collision.
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Figure 4. Energy absorption plot of ECE-R29.
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3.3.  Improve structure

The ECE-R29-tested bus construction did not satisfy the requirements due to the structure of the steering
wheel touching the driver's dummy. The structure was necessary to improve by inserting a thin-walled
hexagonal structure made of aluminum alloy 6061 into the front of the dummy to prevent the driver's
dummy from striking the steering wheel. As shown in Figure 5, four thin-walled structures were inserted
into the front structure of the driver's dummy to prevent the structure from encroaching on the driver's
dummy.

Figure 5. Inserting thin-walled structure.

The distance between the driver's dummy and the steering wheel was measured in order to identify
structural encroachments on the driver's dummy based on Jongpradist et al's research distance
determination [11]. The distance C; is the distance between the steering wheel and the knee of the driver
dummy. The distance C: is the distance between the steering wheel and the chest of the driver dummy.
The distance C; is the distance between the steering wheel and point c.

e

Figure 6. Clearance between the steering wheel and the driver’s dummy.

Bus structure failed ECE-R29 requirements, and structural improvements were required to prevent
the structure from encroaching on the driver's dummy. The C; spacing is the distance between the
steering wheel and point c. The distance C; is the most encroached by the steering wheel, with the
driver's dummy being encroached by 86mm. The distances C; and C> have the driver's dummy
encroachment at 67 and 23, respectively. The improved construction reduces the structural
encroachment on the driver dummy, as a result, the bus structure does not encroach on the driver's
dummy. The improved construction can pass the ECE-R29 without encroaching on the driver's dummy.
The invasion values for the structure are shown in Table 2.




Table 1. Minimum clearance between the steering wheel and the driver’s dummy.

Clearance (mm) ECE-R29 ECE-R29 with thin-walled
C1 -67 13
G -23 6
Cs -86 11

The results of dummy injuries were described in Table 2. The injury value of the driver's dummy
was examined in this research concerning the NCAP regulation [12]. NCAP requirements are based on
driver injuries, detailed as follows:

e The simulated head assessment parameter relates to the head injury criteria (HIC,s5). A HIC15
score of 700 (impact interval greater than 15 ms) indicates a 5% chance of risk.

e The neck area has the shear force and the tension force doesn't exceed 3.5 kN at 0 ms, 1.5 kN
at 25-35 ms, and 1.1 kN at 45 ms. Extension bending moment less than 57 Nm.

e The upper leg has a compression force that doesn't exceed 7.56 kN, and the knee displacement
doesn't exceed 15 mm.

e The lower leg has a compression force that doesn't exceed 8 kN

The before and after improvement structures were successful in satisfying the NCAP requirement's
injury value.

Table 2. Injury value of driver's dummy.

Injury ECE-R29  ECE-R29 with thin-walled ~ Limit

HIC;s 61.8 57.4 700

Neck area

Shear force (kN) 18] 0.96 35

Tension force (KN) 0.91 0.85 35

Bending moment (Nm) 18.3 17.9 57

Upper leg

Compression force (kN) 7 292 7.56

Knee displacement (mm) 12.9 10.1 15

Lower leg

Compression force (kN) 29 2.9 8
Conclusion

This research used the nonlinear explicit finite element method to evaluate the frontal crashworthiness
of the bus structure under ECE-R29 regulations with Explicit Dynamic ANSYS® Workbench. The
simulation result demonstrates that the total energy generated by the collision must be greater than 55
kJ, but the structure can absorb only 52.4kJ of energy. The rest of the energy is converted to frictional
energy. Moreover, the bus structure doesn't satisfy the ECE-R29 due to the driver's dummy being struck
by the steering wheel. Therefore, the structure has been improved by inserting the thin-walled hexagonal
structure so that the structure of the steering wheel doesn't strike the driver's dummy. The improved
structure satisfies ECE-R29 requirements. In addition to that driver's dummy injury costs were
determined concerning NCAP requirements. The structure of the bus analyzed complies with NCAP
requirements.
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