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Energy Absorption Characteristics of Z-shape Fabric under High 
Velocity Impact

Chunghyeon Choi*, Yurim Park*, YunHo Kim*, Jae-young Noh*, Chun-Gon Kim**

ABSTRACT: In this study, the Z-shape fabric design is proposed as the way to enhance the ballistic performance of
fabrics which are used as the intermediate layer of stuffed Whipple shield configurations. The Z-shape fabric employs
a different boundary condition from those of conventional configurations of fabrics which include 4 edge fixed.
Impact analysis on Z-shape aramid yarns and fabrics using LS-DYNA software was performed and the results were
compared with 2 edge fixed and 4 edge fixed fabrics to identify the high velocity impact energy absorption
characteristics of the Z-shape fabric. It was revealed that the Z-shape showed different impact behavior and higher
energy absorption performance than 2 and 4 edge fixed fabrics. 
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Whipple shield[1]X bC. � �< ��` 2�c( Whipple
shieldO ��; LM= ���< @� 2� @�7X debris
cloud` VWNq ��; LM= ��O {�^ �� @A

n �K� K bC. 2�= Whipple shieldO = �_` 2�

c( �� v��; {Nq >'? ��;T< @A ��

6y2 {g^_` aXNZ[ Whipple shield[_`O �
� 6y< =�X b\ }~;  � !" ¡¢�(ISS);O

£¤¥(Kevlar), ¦�§(Nextel)̈  ©& '6y ª%` 2�

c( «¬�n ­XNq �® 6yn �¯= stuffed Whipple
shield[2]X "` °2' bC(Fig. 1). NZ[ aXNO >'

? @A< Le¨ ±1«²< ³´ B< µ^_` �� 6
y2 ¶· ¸SI �� v��2 ¹#�' bC. 
º »#;TO stuffed Whipple shield< ª% «¬�< 6
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Ç È51(yarn)� ª%; �= @A ÉÊn KËNq ;Ì
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º »#;TO stuffed Whipple shield< ª% «¬�< �
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& Fig. 2(a)� ©2 Ï ª%n Z+ ÁÐ` ÑÒ ÁSn Ó'
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X �® 6y;R Ø¸n Ù Ú_` ÛSIC. 
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Æ¥4Ç ª%& q� È5XÜ(fiber)_` 2�c( Æ
¥4Ç È51X T` ÝÞÆ �Ö�O ßª(plain weave)
#$` �c bC. 2�= Æ¥4Ç ª%n È5 ¾L` à
áâ NO Ú;O c�ã2 b\ }~; È5�C SL ¾
Ll È51� àáâNO «¬ ¾L(meso-scale) àáâ \
¼2 äå^2C[3,4]. º »#;TR Fig. 3¨ ©2 shelln
pNq àáân KËNÂC. æ� È51< ¾ç& è*

ÁÐ� N' bZ[ shell̀ O è* ÁSn éê� K Y\

}~; jä= ¾ç^n ©Rë È51< ì¨ í2� Î
¡NÂC(Fig. 4).
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1�NÂC. ì¨ Ì{O 1 mm, ò2O 6 mm2C. LS-
DYNA< îï ðÇ « *MAT_RIGID� 1�NÂC. ó¥T

±1%< VÁ& '��Z ôõC.

Fig. 1. Stuffed Whipple shield [2]

Fig. 2. Z-shape and simply layered fabric configurations

Fig. 3. Mesh and modeling result of yarn

Fig. 4. Schematic diagram of yarn profile [3] 
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3.3 1- .'/0 ()*

ª%; �= @A ÉÊ; 1�� ±1%& àáâ< æ
en p= öan LNq æe;T� jäNRë Fig. 5(b)
� ©2 5.56 mm< ªFn ÓO #Á ±1%` àáâ2

�÷C. Wedge-tip ±1%¨ zøXZ` LS-DYNA< îï

ðÇ « *MAT_RIGID� 1�NÂC. 
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º »#;TO �® ª% »#;T X� ìù� ú��

O £¤¥ KM2(Kevlar KM2, Dupont, USA)� 2�NÂC.
'? @A;TO í& VÁû ?R` VÁ2 ±×N\ }
~;, 2; ÉüNO VÁû ?R;T< %6MX ý¹N

C. º »#;TO '? @A ÉÊ;T ý¹= È51< %
6n #N\ LNq Cheng B[5]; <Nq #É( £¤¥

KM2< %6M� 2�NÂC. È51< þRO È51<

¾ç^2 *Ál È5` Xÿ !" F! #� 0.91< ç^

{� Ó� �$` Rao B[6]< »#;T� ©2 È5X Ó
O þR 1.44 g/cm3;T 0.91< {� ^�= 1.31 g/cm3� ^
�NÂC. f= M.P. Rao B< »#;T %®6�K E22, E33
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- « N02C. z-�KO À (1)̀  éê�O 12 z-À

(equation of coulomb friction); 26ê[7]; <Nq æe^

_` 3c( z-�K µs, µd� ^�NÂC. �¾�K G12, G13,
G23O È51< Í6S æ�`O 0; X4Z[ 0_` ÉÊ

; ^�� F! ¹-X %�¸_` 56N� 7c0O {
¡S^l êS2 ±×N\ }~; ÉÊ;O 02 Æ8 9n

^�=C[4,8,9]. �¾¯6< aXO ;ÌZ �K.n aX

v:� �O;, º »#;TO È5 ¬< z- B; ÉÊ

;T #êN\ c�< ;ÌZ �K =>!!n �"N\

LNq �¾¯6� 10 GPa` S¸Nq ^�NÂC[#]. É
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Fig. 5. Mesh and modeling of wedge-tipped projectile 

Table 1. Properties of Kevlar KM2 yarn

Properties Values
Longitudinal modulus (E11) [5] 84.62 GPa
Transverse modulus (E22, E33) 846.2 MPa
Shear modulus (G13, G23, G12) [#] 10.0 GPa
Poisson’s ratio (ν12) 0.01
Longitudinal strength of fiber (σ1) [5] 3.5 GPa
Density (ρ) [6] 1.31 g/cm3

Static coefficient of friction (µs) [7] 0.4 (layer-to-layer)
0.26 (yarn-to-yarn)

Dynamic coefficient of friction (µd) [7] 0.2 (layer-to-layer)
0.18 (yarn-to-yarn)

Exponential decay coefficient (c) 1.23

Table 2. Mechanical Properties of Al 2017-T4

Properties Values
Density (ρ) 2.79 g/cm3

Young’s modulus (E) 72.4 GPa
Poisson’s ratio (ν) 0.33
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5.2 !"#$ 9/ :; 34 56 78

æ� ZÁ ª%< @A �K Í6n ÃlN\; 'T Æ
¥4Ç ª% ¾�; �= @A ÉÊn pNq àá öan

KËNÂC. 100 mm × 100 mm ,\< ¡1-Á_` ³¾

I Æ¥4Ç ª%; spherical ÁÐ< ��4% ±1%n ±
1NÂn } ±1%`s. ª%2 �K= ;ÌZ(Eabsorbed)
< ve9¨ ÉÊ9n {�NÂC. @A ve& 2¾À F
X� Õ(2 stage light gas gun)n 2�Nq KË�÷', ;Ì

Z �K²& À (2)� pNq �,NÂC. 2/� #É( v
e9¨ ÉÊ9n Table 3; ¡#NÂC. ;ÌZ �K²<

ve9& ±1%< >\?RX 260 m/s;T 320 m/s �L

;T 3c( ;ÌZ �K²2', ÉÊ 9& >\?RX v
e;T< >\?R< ß0 ?Rl 289.57 m/s;T @A2

±×1n }< ;ÌZ �K²2C. ve¨ ÉÊn pÉ #
É( ;ÌZ �K²& 0.34 J< Ö2� �Â', f= Fig. 7
< @A ÉÊ< Von mises 2/ Î¨;T � K b32 2
/2 È51� ó¥ �4�O Ún � à1= Ún pÉ º
àá2 @A «; ±×NO Æ¥4Ç ª%< ¢jn ^³

N� #êN' bC' � K bC.

Eabsrobed = Einitial − Eresidual

  (2)

Where 
Eabsrobed: absorbed kinetic energy of projectile by fabric

Einitial: initial kinetic energy of projectile
Eresidual: residual energy of projectile after impact
Vinitial: Initial velocity of projectile
Vresidual: residual velocity of projectile after impact

5.3 !"#$ 9/ 3; 34 56 78

º ³;TO 30 mm × 30 mm ,\< ¡1-Á_` ³¾

I Æ¥4Ç ª% 3�n È51 «6¬< ¢#� 0.055 mm
`Nq 'MNÂ', ª% «6; spherical ÁÐ< ��4%

±1%< >\ ?R� 200 m/s;T 420 m/s5Z 20 m/s6
aXv7Xk @A ÉÊn KËNq ZÁ ª%¨, 2 edge fixed,
4 edge fixed ª%< @A ;ÌZ �K Í6n ÃlNÂC. ±
1%< >\ ;ÌZ(Einitial)� Æ¥4Ç ª%; <Nq �K

I ;ÌZ(Eabsorbed)< {� {�= Î¨� Fig. 8; ¡#N

ÂC. @A ÉÊ Î¨ �s+< ?R ��;T ZÁ ª%, 2
edge fixed ª%, 4 edge fixed ª% ¿_` ;ÌZ �K.2

0è0O Ún Ãl� K b÷C. Í8 ±1%< >\?R

X 320 m/sä } ZÁ ª%& 11.6 J, 2 edge fixed ª%&

6.11 J, 4 edge fixed ª%& 5.47 Jn �KNq, ZÁ ª%2 2
edge fixed �CO 1.9', 4 edge fixed ª% �CO 2.1' ¶
J& ;ÌZ� �KNÂC. ¶ í& +5R� Z9Kë Fig.
9;T� ©2 op ¨¡;T ª%2 ±1%¨ (: ±1%

(Ë �¸_` 2jNO F¸2 aXNO Ú_` �lC.
2�= êS_` lÉ ±1%¨ ª%¬< Ñ; v¬& 7
c0� �c ±×NO Ú_` �lC. NZ[ ?RX 380
m/s 2S;TO --< ;ÌZ �K.2 U Ö2� �2Z

ô' Í¡ 9; K<NO Ún � K bC. 2O @A; <
Nq ±×= VL, 2/ B2 F�ç; R4Nq Cv ±1

%5Z �Æ� @A �K Í6; Ø¸n 4M\ �; h=

� op2 ±×NÂ\ }~_` �lC. f= ±1% >\

?R 220 m/s 2N;TO ZÁ ª%2 g¬ >& ;ÌZ �

 1
2
--m vinitial

2 vresidual
2

–( )=

Fig. 6. Time history of Impact analysis for 3-layer aramid yarn
analysis 

Table 3. Absorbed energy of 1-layer Kevlar fabric

Experiment results Analysis results
Vinitial  (m/s) 267.3 315.2 286.2 289.6

Vresidual  (m/s) 164.9 234 189.9 190.32

Eabsorbed (J)
5.53 5.57 5.73

5.95
Mean: 5.61

Fig. 7. Von Mises stress result of 1-layer aramid fabric impact
analysis (Vinitial = 289.57 m/s, t = 30 µs).
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K.n �ÂC. 2�= êS& ±1%< >& >\ ?R`

lNq ZÁ ª%2 ^& ?_`R @#O êS2 ±×N

� �' 2 ¨¡;T ±1%; XÉZO ?2 Ùctc ;
ÌZ �K.2 ÙcA Ú_` �lC.

6. : "

º »#;TO Æ¥4Ç È51� Æ¥4Ç ª%; �
= '?@A ÉÊn pNq ZÁ *+l< @A ¢j¨ @
A ;ÌZ �K Í6n ÃlNÂC. Æ¥4Ç È51; �
= @A ÉÊn pNq ZÁ *+l2 \½< both ends fixed
I È51�O Ci @A ¢jn �2O Ún ÃlN', Æ
¥4Ç ª%; �= @A ÉÊn pNq ±1% >\ ?R

Ø� 240 m/s~340 m/s;T �Ç�( @A ;ÌZ �K. a
XX 0è0O Ún ÃlNÂC. 
º »#< Î¨O \½< F�$Õ \B_` 3�; �=

Î¨`, æ� �®; 1��O ª%¨ {�Nq Ô! ^&

K2$`, æ� �® 6yn �2\ L= KC � 2Sä F
!; �= @AÉÊn KË� ý¹X bC. f= º »#;

T KË= '? @A ÉÊ& !";T ±×NO >'? @
A; {Nq >& ?R ��; Éü=C. ó¥T >'? @
A;T< &¨� ÃlN\ L= ­X^l »#X ý¹�

Ú_` �lC.

< =

º »#O = »#î¾n pÉ �D¨E\Fs< !"

\>*G\F)± 1H(NSL, National Space Lab)_`s.

Z*IÆ KË�÷J!C(NRF-2014M1A3A3A02034828).
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