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A Interval ratio of reinforcement
E"i(])'kl Modulus of elasticity of the given materials
e Element
F The force vector
f body force
Hf Rotation operator
K stiffness matrix
ke Element of stiffness matrix
k Permeability of the reinforcement
l Flow Length
m positive move-limit
P’ Pressure difference
p penalty
Tmin The radius of the filter
Tmin The radius of the filter
U The displacement vector
t surface force
U The actual displacement
U; Component of the displacement vector
U, Displacement vector elements
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€;j (u) The actual Strain
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€r1 (5u) Virtual strain

n damping coefficient
p(az) Density design function
A Lagrange multiplier

! The viscosity of the resin

mat )
nmne Space materials

HIC Head Injury Criterion Requirement
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ABSTRACT

Study on Structural Optimization of an Automobile Hood

using Natural Fiber Composite

Lee, Ha-Seaung
Advisor : Prof. Kong, Changduk, Ph. D.

Department of Aerospace Engineering,

Graduate School of Chosun University

Recently due to Increasing interest in eco-friendly materials,
studies on fiber obtained from nature have been actively performed
to the area of composite. Although the natural flax fiber has less
strength than the high strength fiber such as the carbon fiber, it has
similar strength to glass fiber. Accordingly, it can be applied as very
advantageous composite when an appropriate resin has been selected.
In this study, the design of eco-friendly structure using flax fiber
was performed after investigation on mechanical properties of natural
composite. The selected target structure is a hood of a small
compact automobile.

The optimization of structural design using the FEM can be
divided largely into size optimization, shape optimization, topology
optimization. The size optimization was performed to obtain design
parameters including thickness through performing repeatedly the
finite element analysis in a given shape. Therefore it has a
disadvantage of the degree of freedom falling. The topology
optimization was applied to find an optimal model within given

constraints by changing the topology.
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In order to evaluate the structural design results of the hood, the
structural analysis was performed by the finite element method. The
element used for the analysis was the composite shell element
PCOMP. Through this analysis, stress, deformation, safety factor, etc.
at various load cases with constraints were investigated, and the
structural safety was confirmed.

The impact analysis was carried out by modeling the adult head to
confirm the head impact safety. In the impact analysis of the hood,
stress, displacement and safety were found when an adult male head
hits on the hood central region at car velocity of 40km/h.

For manufacturing of the hood wusing flax fabric/vinyl-ester
composites, the RIM(Resin Injection Method) was adopted. In order
to finding the proper RIM conditions of the food, the resin flow
analysis was performed. The flow analysis is to predict of resin flow
filling time and to confirm no dry-patch. The resin flow analysis was
performed using the Polyworx FEM flow simulation solver. The
permeability coefficient that i1s an important factor for resin flow
analysis was obtained by experimental test. Through performing
repeatedly the analysis by changing the location of resin inlet and
outlet and vacuum pressure and by adding the runner, the proper
resin filling time and pattern were found within the vinyl-ester resin
gelling time of 3000 seconds.

The prototype hood was manufactured by applying the RIM based
on the resin flow analysis results, it was confirmed that the
measured resin infusion time agreed well with the analyzed resin
infusion time.

The manufactured prototype was tested in accordance with the
structural loading condition, it was confirmed that the structural test
results meet similarly with the analysis results.

Through this study, it shows that the automobile hood using the
flax fabric/ vinyl ester composite can be used as an alternative

structure instead of the currently used metal hood.
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Table 1. Properties of natural fibers

Fiber type | Densityl[g/cm3] | Stiffness[GPal] | Strength[MPa]
Hemp 1.5-1.6 30-60 300-800
Flax 1.5-1.6 50-70 500-900
Jute 1.3-1.5 20-55 200-500
Sisal 1.2-1.4 9-22 100-800
Cotton 1.5-1.6 6-10 300-600
Soft wood 1.2-1.4 10-50 100-170
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Fig. 3 Competitive analysis : Natural fiber composites and glass

fiber composites|[6]
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Fig. 5 Specimen production process

Fig. 6 C-Scan of the manufactured specimen
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71 18ke] SbAl AJA]
S o]&3) ofrp/mld o 2EHZ9 UD AlA¥ Fabric[45/-45]
2 EAXE Hrtegith. Table 33 Table 4 o A]#H9] 7] 74
= ]

3 2
el 7]

L
A B2

Table 3. Mechanical properties of UD flax/vinyl ester specimen

Test type Strength (MPa) Modulus (GPa) v

Tension 2272 22.3

Flexure 252.1 14.3 0.42
In Plane Shear 27.6 -

Table 4. Mechanical properties of 2-D fabric flax/vinyl ester

specimen
Test type Strength (MPa) Modulus (GPa) v
Tension 76.74 9.14
Flexure 108.72 6.75 0.18
In Plane Shear 36.19 1.66
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Fig. 7 Structural conFiguration of automobile hood
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A(Hinge) B(Hinge)

C(Latch)

(a)Bending stiffness condition

A(Hinge) B(Hinge)

D E

(b)Torsional stiffness condition
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A(Hinge)

(¢c) Skin stiffness condition

Fig. 8 Various load cases
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min 1(u) such that a(u,v) = C(v), for all admissible v.

olA4] o] EAle 3= 137 $15e] Lagrange Multiplier A, A7, \~
= =% H3lg = v 4 (1D)¥ 2 (Bendsoe,2004)

+/Q>\+( Yp(z)—1) d!2+/ A () (pyi— p(x))dR (11)
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o] 27 thA] 2d 2

(13)3 2t}

(13)

AS FHastele A o] F
AR HAZF X WP oR Qg dUAY Fdor AFojd = 9
=

N
min : ¢(z) = U'KU= Y] (p, ) u kyu, (14)

bject t Vix) _ (15)
subject to v,

: KU=F

:O<pmin§p§1

o] 7]4,U :The displacement vector, F :The force vector
K :stiffness matrix, 4, :Displacement vector elements

ke :Element of stiffness matrix, x :The design variable

vector
HAEstrE ddolEsty] ¢3te] OC(Optimality Criteria) methodE
AFEst)E OC Wlol AFS S & 22

= 212 (16)¥% Zt}.(Bendsoe,1995)
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maX(pmin’ Pe ™ m)
if p.B) < max(py;, p.—m),
B’

Z W pe e

I = . . 16
P 1fmax(pmin,pe—m)<peB€’<m1n(1,pe+m),( )

min (1, p, +m)
if min(1,p,+m) < p, B’

e’

o] 714, m(move) : positive move-limit

n : damping coefficient

B, o 2 (171AE &3 de=th

B, = (17)

o714, A\ ZFa"gA FFola, 249 HAHmesh-independency
filter)?] WA EE 54455 A4 2 {Hn R Aol Q4o witk
3t}

E(sensitivity) & AT ZA IS (Bendsoe,1995)

ac 1 N oc
Pe f=1 pf
peleHf

Hp= 3 AAMAGA 8. a2)0 L Ty 4 (19)9F o] -3t}
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H; =1y, —dist(e, f), (19)
fEN|distle.f) < rpipe=1,....,N,

o] 714, dist(e,f) : Center distance of the elements e and f

T . The radius of the filter

min

A48} A% A

(1) Pre-processing of geometry and loading

@ 71e] He= 9G2S Bt
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Fig. 10 Mesh generation of hood for topology optimization
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Fig. 13 Updated topology optimization model
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Fig. 15 Results of size optimization
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Fig. 16 Deformation distribution at bending stiffness condition
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Fig. 17 Loading point deformation at bending stiffness condition
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Fig. 18 Stress distribution at bending stiffness condition
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Fig. 19 Safety factor distribution at bending stiffness condition
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Fig. 20 Loading point deformation at torsional stiffness condition
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Fig. 21 Deformation distribution at torsional stiffness condition
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Fig. 22 Safety factor distribution at torsional stiffness condition
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Fig. 23 Stress distribution at different skin stiffness conditions

g .
0.00 500.00 (rmir)
[ |
H

250.00

Fig. 24 Low load normal displacement distribution at skin

stiffness condition (a)
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Fig. 25 Low load normal displacement distribution at skin

stiffness condition (b)
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Fig. 26 Low load normal displacement distribution at skin

stiffness condition (c)
- 44 -

{“/Collection @ chosun



-0.47065

-0.56524
0.65982

0.754

W
0.00 400.00 ()
S
¥

200.00

Fig. 27 Low load normal displacement distribution at skin

stiffness condition (d)
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Fig. 28 High load normal displacement distribution at skin

stiffness condition (a)
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Fig. 29 High load normal displacement distribution at skin

stiffness condition (b)

0.00 500.00 {mm} }‘ v
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Fig. 30 High load normal displacement distribution at skin

stiffness condition (c)
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Fig. 31 High load normal displacement distribution at skin

stiffness condition (d)

0.0 400.00 (mrm) J,\
— ¥
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Fig. 32 High load normal displacement distribution at skin

stiffness condition (c)
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Fig. 33 Safety factor distribution at skin stiffness condition (c)
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Table 6. Natural Frequency of flax hood

Mode

Frequency[Hz]

1

162.47

194.52

226.07

275.44

411.76

2
3
4
5
6

414.96

b
0.00 400.00 (mirm)
O %

200.00

Fig. 34 1st Mode shape
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[ e X
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Fig. 35 2nd Mode shape

L-He
0.00 400,00 {mim)
[ eeee— *

200.00

Fig. 36 3rd Mode shape
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b
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I ¥
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Fig. 37 4th Mode shape

b
0.00 400.00 ()
O %
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Fig. 38 5th Mode shape
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Fig. 39 6th Mode shape

stexl 1~45 W5ohs % A7 A3 Table 79 2ok Aot
A& ok AATNE 600 gsm biaxial fabric oFrFAl <} vd o 24|
271 A8 HAoem, AlE HEEE 53 EAAE ALt A% HA
s 5 A4 HAs Ay 2212 3ply, BAAE 16plyoltt. ojwe] 2371
=

A= 3mm, BAAY FAE 16mmelw A7 2 wnzje] AL
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Table 7. Design results of hood

Skin Stiffener
Fiber 600 gsm Flax biaxial fabric
Matrix Vinylester resin
No. of Plies 3 16
Thickness (mm) 3 16
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Fig. 40 Final design configuration of hood skin and stiffener
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IV. =34

9 AAH 7 A = (European New Car Assessment Program:
EuroNCAP)= 9 S/M=(d= 232 5d vdads, 29 ) g 7o 2
A 3ol o8] dEEAeH 1996 ENE AgFe] TE AFS AlZ)
sttt ofdolel Al B FES HAFsH] e 9 AbsAk b
AA 73t 999Y93](European Enhanced Vehicle-safety Committee:
EEVO)9] A3& BEdl& Hastar Utk [57]

& AJdolA gsAtel e BARE full dummyE AR&SkaL QAAIT
Bz FEol theh BAl: AA d5-5 293 #ele v 2y
& gth Full dummyE ARESHA] & ol Eaizte] thefel Ry
igtz= A" Ao = AR, W ef xp=F Aol digh & AA
& A7} goletA g7 wiitolnt. AA ®Hegate] bEAL BHaA
¢ 3= (Head Injury Criterion @ HIC)E %3] 3wsty, Euro
NPCAP B|2=E 2712 Table 8 3 2t}

B3z W] A x](Head Injury Criterion: HIC)E= W] Ao A9
3% 34 7} (Resultantaccelerationg) & o] w5} by, by
0 <t <ty,7F = AlZbell A HICgke] Hui7l &= Algto]aL, 248 Azt
(t,— 1)) 15us ©18t= a4 vk olwje] HICE ofefo] Aoz
1

5 2= 0]
%T»A

. 2.5
2 dt
/ aR

tl
HIC=max|| ——— (t2 — tl) (20)
t2 _tl

a R : Acceleration head model
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Table 8. EuroNCAP Test Condition of HIC

Test Condition

Test Speed 40(km/h)
Adult Headform Mass 4.8(kg)
HIC [Head Injury Criterion] HIC <1000 [Good]
Requirement 1000 < HIC < 1350 [Adequate]
HIC > 1350 [Marginal]

= Zlo] & : e Aol YA M7k 40km/he SRR @
d T B FESUS w side] WYt €S EASIGITE A
Wy RS FH Ak bdAd A 9143 g wet F RYPo R
A= dFvmeR PAsta AudS THAE IAFE EeRolof
ot} Mg 2] AEE 1656mm, FA= 4.8Kgo 2 Fig. 419 #o] +
Aol k. dodve 2y FAA I vF= Fig 429 Zo] B
A= ek [57]
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Fig. 41 Model of adult head configuration
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Aoz 7HdEo] wE Asfx] 2 R o] dojd 4 QY= A
oujstty, Ay o=z gide] FHueE WHygo] 120mmE ZHSHA| &
ko QA Aoz FRAEAr), ojuf H P[] o &= &
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Fig. 43 Deformation distribution of hood at head impact on hood
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CHOSUM UNIVERSITY

o
300.00 {mm)
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Fig. 44 Stress distribution of head model at head impact on hood
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RIM 44 54 39 A mesofof & Age 549

A s

Viscosity), A H%5<E%Z(resin flow velocity), TATYYL
/\ j =

s

injection pressure), A M&%1¥ 4= (resin vent pressure)
53] A9 wuke A HPd G5

BT Se7t FomE AAY 2AL %

4
2
o N
o
°

43k @Al 72t

RIM®] Aol A 7hd Fa3 d2 f% Ao o]Fs d=ste= A
olt}, &, % Ao AAJF AP FTAHA AHAHA GFE VA= FL
@ 34 WEE A89nE, A% AAE A% detss Ao 7o
Boh Fedlth AE F4o] R EqrHsla BEstEE, RIM 39S
o] &gt HIAE FxE AL A 5F AAld adE FYF(Injection
port) % HiET(vent port) A7 B HAHe] APz AAHS g5t
A 5 A (resin flow analysis)= HFZ ot} 4 F&55 A3t
= HE FHAAA] We]l At oz ALg Ha ], ¥ AT
AE RIM Al AY F4dAY 74 feS 5T + e 8=
213 Poly-Worx® &3l #AHsat $= Fx2ES RIM 4334 BAF o

e,

Poly-Worx:= ZFdZEFHe 7]

Aol Darcyd WA (Darcy's
[e)

Law)& 27bo.2 @tk Darcye] WHE F8H] Atolo] B2 A4A

o 542 Aod WHow A go] Y. [58

_ AulQ
2k"

~

A : Interval ratio of reinforcement
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k : Permeability of the reinforcement
i The viscosity of the resin

[ : Flow length

T . .
P’ : Pressure difference

B4 249 O9% KE54 24, A4 2o Pgol g g wd
9w AR A, FANN TR TS BH FX4 AN del

A2+ BEARR Um0 Utk Fig 46 A4 1 @A AAS BolFa

Fabric Properties
Vi, Permeabilities, Orientation

Flow

Characteristics
Resin Properties
‘ Viscosity wrt Temperature
\ Part Geometry
Modeling & Surface & Thickness

Meshing

Port Positions
Injection, Vent & Chan

(Pre-processing)

o L nels
l —[ Flow Front Progression J
R & ].?OSt —[ Velocity Profile }
- Processing

—{ Pressure Profile ]

Fig. 45 Procedure of resin flow analysis
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Perspex (clear

acrylic)e

Aluminiume — 5 g}

Fig. 46 Drawing of permeability test zig
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Fig. 47 Permeability test showing measurement target and HD

webcam

Ade & 3¥el A4 i o, Al A3 AFe & Wkl
% A Yelgth ol AA
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Table 9 Permeability test results of the 40% fiber volume

fraction
Test No. P inlet P cav k1l k2 Ref angle
40% bar Bar m2 m2 degree
1 1.672 -0.03 4.440E-11 | 4.040E-11 | 45
2 1.682 -0.03 7.770E-11 | 5.680E-11
3 1.672 -0.03 3.020E-11 | 2.720E-11 | 45
AVRG 5.077E-11 | 4.147E-11

A8 T2 poly worx®] A AlFPE 24 a17] 98 FIE
S

A A= 445 22 FAFES 89 F19l oW, Fig. 48% o]
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Fig. 48 Resin flow comparison between permeability test and resin

flow analysis
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Fig. 49 Fundamental resin infusion strategies using vacuum

pressure
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Fig. 50 Hood modeling for resin flow analysis and location of

resin injection/vent port (1st condition)
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Table 10 Resin flow analysis parameter at the first resin infusion

condition
Injection Fiber
OBAR . 4.6e-11m"2
Pressure Permeability
Vacuum . ) )
1bar Resin viscosity 150cP
Pressure
Runner . . -
) Omm Resin gel time 3000=%
Diameter
Channel Volume
) 15mm”™2 ) 40%
Diameter Fraction
ANEYold A= Fig 513 o] & FHAZHE 17200909, &
oS o

Ao A te AetetH 2% FRENE W Ad3tE EWE AL
2 o= A

Help

v/ @ siuEcmsfa] w0i%e| 1% e o/=/eN os]

\Users\Chosun\ Documents\wor\projectd.wnx

Fig. 51 Resin flow analysis results at the first resin infusion

condition
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ol B A FdT FA Y A3t o] FolHAER FA FYe &
2 @ 7F vk o= s A T Abe 22 7 s Weke] &
f3&tH, RIMoA 4] 529 A3he & 4 e Udozs e A
4, FAFAT N, A MET g sol e AlFte] HeE Ay
slo] FA] F]4T 2A el dUE AA Skelth

A WAZ FYTE IEHAEE IDE wiX AL, FAFYTF
Aol 16mme dYE F7F elth. A A Wes A dA =24

3} gow o= Table 11 YERAAT
Table 11 Resin flow analysis parameter at 2Z2nd resin infusion
condition
Injection Fiber
OBAR . 4.6e-11m"2
Pressure Permeability
Vacuum ) ) )
1bar Resin viscosity 150cP
Pressure
Runner . . -
) 15mm Resin gel time 3000=%
Diameter
Channel Volume
) 15mm”™2 ) 40%
Diameter Fraction
Alg#leld A Fig. 52 3 #Zo] & TS 2460%%120H, o]
A A B ol 4¥e] $RE A T+ Ak
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unner

Injection gate

Vent gate

(a) Resin flow progress at 3 seconds

(b) Resin flow progress at 290 seconds
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9e+003 5 (71.0% fillec)

(c) Resin flow progress at 1390 seconds

Filling Time (x1000 5]

24

(d) Resin flow progress at 2460 seconds
Fig. 52 Resin flow analysis results using the runner (2nd resin

infusion condition)
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Fig.53~613 o] AlAEFE A2 319t RIMESZ 48 5=+
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s, 449 Asel WEe 100302 488 E 44 79
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Mae W 10%015e] oS Fshsict
Fig. 62 &= #4 79 a8 dse 44 44 9 #49 F9% &
15000 41¢] WAtz AYAnst WA 2 £ AT

FAREHS B
HZF AFE NAFEY A= 104kge® SAHA o, 7|E
el wE5A Fro FATE 15kgelth wekA 3 ofwl EH3HA)
43 49 30%9 FA AR 2yt dE Aew EAEY
W

A, 2 AA dF FA #E|A] Table 129 H]uL 3}

N

Table 12 Comparison between analysis results and measured

results of the manufactured hood

Analysis Prototype Error
Infusion time(s) 2460 2700 10
Weight(kg) 10 10.4 4
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Fig. 53 Preforming of flax fabric on the inner hard mold

Fig. 54 Peel ply settings
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Fig. 55 Setting the runner with injection port on upper side

Fig. 56 Vacuum operation
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wnner

f[r_jj gction gate

E.

Fig. 57 Setting the runner position

_78_

{“/Collection @ chosun



Fig. 58 Resin injection

Fig. 59 completion of resin injection
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Fig. 60 Curing at room temperature after resin injection
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(a) Inner face (stiffener side)

(b) outer skin face

Fig. 61 Finally manufactured protype hood
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Fig. 62 Comparison of resin infusion pattern between resin flow
analysis result and manufacturing process at 20% filling (150

seconds)
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Fig. 63 Fixed points(A, C, strain gage) and loading point(C) for

structural test
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Fig. 64 Structural test rig, strain measuring system and hydraulic

loading system

Fig. 65 Structural test of the prototype hood
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(a)

N |

Fig. 66 Location of strain gages

()

a) Strain gage attached on lower surface,

b) Strain gage attached on upper surface
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[ —
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Fig. 67 Strain analysis results on upper and lower surface

Table 13 Comparison of deformations between the stress analysis

results and the structural test results

Analysis Test error
Displ t
°p acemén 2.87mm 2.65mm 9%
at load point
Upper surface strain (ue) 134 131 2%
Lower surface strain (ue) -166 -156 9%
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