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O1. Introduction

Elastic instabilities
Reusable energy dissipation structures

Objective and scope
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1-1. Elastic instabilities

Computational Mechanics and Structural Systems L R——

» Elastic instabilities
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1-2. Demands for maintenance-free system Scmss  KAIST

» Conventional energy dissipation strategy » Needs for reusable energy dissipation structures
=  Plastic deformation, Fracture, e.g. metals, plastics "/ = Unmanned structural system
= Large energy absorption relative to mass and volume = Structures in extreme environment

. 1-time use

BA VINT AW B VLIRS BE

amazon
~——"PrimeAir =

Autonomous robot

Plastic deformation in a vehicle bumper Fractures of a helmet

Subsea

Limitation : Maintenance 1s necessary after each use. Reusable energy absorption demands are increasing.
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1-2. Snap instabilities for reusable energy absorption SCcvss  KAIST

»  Principle

Shan et al (2015) |

Energy trapping

=  Snap instabilities of inclined or curved slender beam

\
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1-2. Buckling transition for reusable energy dissipation

»  Principle
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[ Zang et al. (2020) ]
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1-2. Vertical columns using buckling mode transition "@CMSS

KAIST

» Heo and Shim (2021)

—> Self-restoring energy dissipation via Flange-added column was proposed

R R
The first buckling mode of
R a fixed-fixed column
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Section A-A
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. Snap-in Scaled displacement &
(1) Undeformed shape (2) Shape right after —  (3) Shape after snap
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1-3. Objective and scope

Type Reusable Restoring Buckling mode
Conventional Non-reusable Residual deformation -
Snapping based incline beam Reusable Non-restoring First
Buckling mode transition column Reusable Self-restoring First
Proposed structure Reusable Self-restoring Second
251
2nd fixed-fixed
o o 20
= Mechanism Design Concept 3 Proposed
~_ | R ——-
~ Nl:‘ [

v" High buckling mode
v" Passive control
v" Reusable

v Restoring
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1-3. Objective and scope SCcvss  KAIST

»  Objective

= Develop a self-restoring energy dissipation mechanism via contact-driven buckling mode transition

- A small displacement can dissipate a large amount of energy.

»  Scope and Process

1. Working mechanism 2. Validation 3. Parametric studies 4.Conceptual design
nnnnnnnn ing Non-contact buckling Contactbuckiing @ d<dt,
Longitudinal rail
o | ®
Base plate
Crash box \
O d>df,
Bumper beam
@ ER @
I l’mcoﬂ\‘acrburkil;g One-point contact buckling f C
ng (xx?)
3 Unl 36 [ooremees e 1 Dashpot damper
R — d=0.05
7 —— d=0.10
7 ® ® — d=0.15
ial configuration = = - Non-contact
cccccccccccccc ing 'E
R
Snap-through 3
E
Front side member
4
1 =0.75
‘-\ e e 0 0.1 0.2 0.3 /r"
Scaled displacement & ///

AN
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02. Mechanism

*  Working mechanism
* Analytical solution
* Experimental & numerical validation

* Extension to pinned-pinned boundary

Computational Mechanics and Structural Systems,




2-1. Working mechanism
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Parameters Notation
Length L
Thickness t
Width B
Elastic modulus E
Column-wall spacing d
Displacement 6




2-1. Working mechanism

Computational Mechanics and Structural Systems.
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- Wall

Initial
configuration

@

Pre-contact

One-point contact

—
—
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Line contact

Two-point contact

| Fixed boundary

| o Pinned boundary can
also applied to the
system

Post-snap buckling

Post-snap buckling Post-snap buckling Post-snap buckling Post-snap buckling



2-2. Elastica approach

» Assumption

14/68

Material is linearly elastic, homogenous, and isotropic
. . - T Wall 4
Large deflection and rotation are allowed (within elastic limit) L2
§/2
Total length change is negligible.
Friction, shear deformation, and inertia are ignored.
hy = h/2

Small initial imperfection triggers buckling toward the wall B
Column is axisymmetric about the Axis B-B.

h/4

AR

One-point contact buckling mode Half-model configuration

Configuration



2-2. Elastica approach

» Analytical procedures

1. Formalize G.E. based on the Elastica theory

l

2. Introducing scaled variables and new variables

l

3. Translate G.E. to elliptic integral form

l

4. Determine unknown variable (¢(0), ¢ (L), k, \/E, L)

based on boundary and knowledges

l

5. Get the solutions (R, 6, 6, %, y)
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—

. d de .
Bernoulli-Euler eqn. : = (EI E) = —Psin(® —yY)

Introducing non-dimensional variable

= _ S _ x _ 'y = PL* = RI?
¥, L L y L’ EI’ EI’

Introducing new variable for conversion to elliptic integral

v ksin¢=sin§.

2 = JPy1=kZsin2 ¢, VP -5 = Fi($(3)) — Fe(¢(0)).

Fy.: incomplete elliptic integral of the first kind

%(5) = 7 [2(Ex(S) — E(0)} = Fi($(9) = Fi((0))] cosyp — = (cos $(5) — cos p(0)) siny
V(5) = 7 [2(Ex(® — Ex (0} = Fi(#(9) = Fi($(0))] sins + 2= (cos ¢(5) — cos ¢(0)) cos

E}.: incomplete elliptic integral of the first kind



2-2. Elastica approach Scvss  KAIST

»  Configurations and boundary conditions

v" Pre-contact v One-point contact v' Line-contact v Two-point contact

w=d

Configuration

condition W= 0IW/D <d 7(1/2) =a 5u() = d 7100 = d
¢(0) € (-/2,0), L, € (I°,1/2) Ri=R;,M; +M, =0

$(1/2) € (m,3m/2),
S2CMSS  KAIST
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2-2. Elastica approach Scvss  KAIST

» Example of analytical solution (d = 0.05) No-buckling  Non-contactbuckling Contact buckiing

»  The area enclosed by the hysteresis loop = energy dissipation @ @

=  The structure returns to its original configuration (R > 0)

2 T 1 T T
(x 2) P45\
36 F — Non-contact (loading) -
6 :
—>¢—  1-point contact ® SR @
Line contact
—@— 2-point contact _ .
|g — — Non-contact (unloading) Pre-contact buckling One-point contact buckling
S
B
S
g @ Snap-through
Loadi
= oading
g P 34 Unl g
= \
= 16 | i
2] =
= \ g
3 ® P56 ® ®
Initial configuration
) Line confact buckling
p12 Loading path
4 \ ® —
L p— e——— -
@ @ <4—— Unloading path - Snap-through
L1 1 1 ‘ )
0 523534  §45 556 LS ibernany
Pinned boundary can
. _ also applied to the
Scaled displacement & oo
Post-snap buckling Two-point contact buckling
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2-3. Experimental set up Scvss  KAIST

Displacement control » Equipment
A , _
Universal Test Machine, Salt ST-1000
Upper fixture —* - JD i N
Column = 1 i Bump i »  Experimental Condition
[ | ! cripper : = Displacement : 2.1 mm (6 = 0.008)
— : » Loading rate : 0.5 mm/min
Wall . L 10mm| : .
— ! = Sampling rate : 250 Hz
20 mm E : = Column-wall spacing : 6.5 mm (d = 0.025)
T ///_‘[D » Material information
Lower fixture —— -/ = Al2024-T3
= E:71.3GPa

= gy:345 MPa
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2-3. Experimental results Scmss  KAIST

(x %)
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Scaled load

15

10F

0 A L A L L L A
0 1 2 3 4 5 6 7 8
Scaled displacement /L .10
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2-3. Experimental results SCcvss  KAIST

@ @ ® @ ® ®

= = ==

Loading i Pyt
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2-3. Finite element analysis set up

21/68

Prescribed
displacement, &

;

Column

Shell elements

Imperfection : 0.5mm

«—

Fixed BC
Fixed/Pinned BC

»  FE Information
=  ANSYS Transient simulation (Quasi-static time integration)
*  Minimum/Maximum time step : 1e-9/1e-3 s

=  Same compression speed with exp

»  Element information
= The column is modeled by a 5 X 65 mesh of quadratic shell
elements (Shell281)
= The wall is modeled by a 3 X3 X 30 mesh of solid elements

(Solid186)

» Material information
= E:71.3GPa
= v =0.28
= oy: 345 MPa




2-2. FEM results S2cmss  KAIST
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5

FEM

25 <

Scaled load
ke
I —

15F
10p -
5F g
0 1 1 L Il L 1 1
0 1 2 3 4 5 6 7 8
Egi Scaled displacement d/L x1073
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2-2. FEM results

S2cMmss  KAIST

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Loading L
® @ ® @
N One-point Line

Initial  Pre-contact contact contact
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2-3. Validation S2cmss  KAIST

» Scaled force — scaled displacement curve »  Scaled energy dissipation indicators:

— 556 _ _
(x w?) T T T T =  External work : W = fo Pioadingdd
— Analytical sol.
Experimental o _ 556 _ _ _
— FE simulation = Dissipated energy: Eq = J523 Pioading — Puntoading@9
30 -
E
=  Loss factorn = =
Snap-through w
8-
g
S 20 -
=
~ — —
3]
@ Loading path Method Eq w n
0 L hysteresis | Analytical 0.7363 0.9820 0.7509
Loading path
Experimental 0.7086 0.9376 0.7551
__—TJ—___' '''''''' FE simulation 0.7392 1.0087 0.7327
nloading path
0 [ [ [ [
0 0.002 0.004 0.006 0.008
Scaled displacement §
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2-3. Validation

KAIST
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» Principle of energy dissipation

—> Strain energy is released as kinetic energy and gradually dissipated via structural vibration

Energy [N-mm)]

60

40

20

—— W: External work
—— E,: Strain energy
—— E}: Kinetic energy

E 4: Dissipated energy

Snap-through

+—

\

(=)

0.002

0.004

0.006

0.008

Energy [N-mm]

) Snap-through transient
region

60 - <
40 + .

—— W: External work

—— E,: Strain energy

—— E}: Kinetic energy

E ;: Dissipated energy

20 L 4
0 j\~
0.00615 0.00635

Scaled displacement &



2-4. Pinned-pinned end column Scvmss  KAIST

»  Configurations and boundary conditions

v" Pre-contact v One-point contact v" Line-contact v' Two-point contact
B 77777 (i}} B 4 A P2 6/2 4 A
M AR
0 B . B
L,
Segment 2
Configuration
L
/2
S\ x
- y A v ) v
i
Boundary y1/2)<d y(1/2)=d ) =d
condition M(0) =0 M(0) =0 Ry =R, My +M; =0
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2-4. Pinned-pinned column Scmss  KAIST

» Example of analytical solution (d = 0.05) > Validation result

The area enclosed by the hysteresis loop = scaled dissipated energy

Method E4 w n
=  The structure returns to its original configuration (R > 0)
Analytical 1.1064 1.2446 0.8885
FE simulation 1.1498 1.2979 0.8862

P4-5 i
16L \ —— Non-contact (loading) | |
—>»— 1-point contact
Line contact
—@— 2-point contact
— — Non-contact (unloading)
[~ Snap-through
l
< 9L ® i
=
2 @ /
3 P56
75
f Loading path 1
p23 Unloading path
/ ______
————————————— —= .
0 323534 §45 556
Scaled displacement &
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(X TCZ) T T T T
16 | Analytical sol. -
—— FE simulation
| Snap-through J
e 12 l
-5}
2
8]
<
= 8r !
[P}
n
Hysteresis
4 F 7 .
Loading path Unloading path
_______________ S—=_ _
[ [ [ !
0 0.004 0.008 0.012 0.015
Scaled displacement §



2-4. Summary Scmss  KAIST

» Mechanism
= Self-restoring energy dissipation mechanism via contact-driven buckling mode transition is proposed.
=  Two types of column are suggested (fixed-fixed & pinned-pinned).

= A governing equation based on Elastica approach and an analytical solution procedure are proposed.
» Validation

= The energy dissipation is validated using both experiments and FE simulations.

= The comparison between analytical solution, experiments, and FE results show good agreements

28/68



03. Parametric studies

Operating conditions
Effect of column-wall spacing
Parametric studies

Comparatives studies

Computational Mechanics and Structural Systems,




3-1. Operating condition

» Operating limit of column-wall spacing d//
* The column—wall spacing governs whether the mechanism works.

= The operating condition is determined by the transition to two-point contact occurs.

(@ J< ar_ /

®)  g>dff

lim

N
~
—

30/68

Buckling transition occurs when the
reaction force reach r = 2=

(L—2L%5)"2

Pf 5/2
B B
L,
Segment 2

L/2




3-1. Operating condition

KAIST

»  Operating limit calculation procedure

» The relationship between scaled transition length Z‘{S and scaled column-wall spacing d

31/68

(a)

Scaled column-wall spacing d

2
Select certain segment length and calculate P, cr = %
2
D 2
Find v, k(), VP (, k) satisfying Py = P, = ="
2

Calculate d = y(L,)

Find the maximum column-wall spacing d

0.20F

0.15F

0.10

Scaled column-wall spacing d

0.05

- jbp  _
dfl =0.197260 Ay, = 0.143177
025 03 B 3 0.35 (1/6) 0.18 0.20 0.22 0.24 (1/4)
Scaled length L3° Scaled length L5

Py, cr =

Y1

AT2El
(2L,)?

S1

X1

AR



3-2. Effect of column-wall spacing Scmss  KAIST

» Effect of column-wall spacing on energy dissipation performance (fixed-fixed)

= The scaled column-wall spacing values were varied as: d// € [0.01,0.15]

= The loss factor remains nearly constant regardless of the scaled column-wall spacing d

(x 2) I I
36 Fr—___ . . _
----------- = 5 |
— i 0.75
d=0.10
d=0.15 )
- — - Non-contact

55 gﬁ |
8 2 0.5 £
5 : :
: ------------------------------- Q m
................................................ E m
i.c; 16 |- | : S

(] S 2

’ N
I 0.25
1
4 =075 __ _ _______"1Z%" |
n = 0.75
0 0.1 0.2 0.3 0.01 0.05 0.1 0.15

Scaled displacement & Column-wall spacing d
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3-2. Effect of column-wall spacing Scvmss  KAIST

» Effect of column-wall spacing on energy dissipation performance (pinned-pinned)

= The scaled column-wall spacing values were varied as: dPP € [0.01,0.10]

= The loss factor remains nearly constant regardless of the scaled column-wall spacing d

(x m?)
T 3 i |
) — d=0.04 . )
— d=10.07
— d=0.10
- — - Non-contact _ Ny
=1)]
5 2
5
|m ------------------------------------- c h
S 9 | % |
e § 05 &
3 g
| =
m 1
4 | 0.25
n = 0.87
T n=oess|  ______m=08 |
0.2 0.3 0.05 o1

0.01

Scaled displacement & Column-wall spacing d
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3-3. Parametric studies

Fixed
Scaled parameters Notation Parameters Notation Notation
Parameters
Length L Length L Width B = 24 [mm]
Thickness t :
Thickness t Young’s
) E = 200 [GPa]
Column-wall spacing d Column-wall spacing d modulus
(X 7.[2) T 1 P45 \I T
36 F — Non-contact (loading) -
—>— 1-point contact
Line contact
—@— 2-point contact
1R — — Non-contact (unloading)
2 =N
: @ Snap-through I~
B I
§ P34 X
g \ 9
3 16 | x i s
(::} @ P56 =
pt2 p?3 f Loading path .
4 \ N\ ® —
N S S e
D @ <4—— Unloading path «—
0 353534 545 556

34/68 Scaled displacement &

Displacement § = & - L



3-3. Parametric studies

Scaled parameters Notation
Length L =500
Thickness t =0.50.75,1 mm

Column-wall spacing

d =0.05

(x 7?) |

I P45 \I
36 F — Non-contact (loading)
—>— 1-point contact
Line contact
—@— 2-point contact
1R — — Non-contact (unloading)
S
s
: @ Snap-through
S
.;
= p3t
)
P
= 16 | \
: \
<
(})) @ P56
pt2 p?3 f Loading path
4 X \‘ ® — >
L eeee—— e ———— ————
D @ <4—— Unloading path D
1 [] 1 [
0 323334 345 356
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Scaled displacement &

Parameters t=0.5 t=20.75 t=1
W [J] 0.3991 1.3469 3.1925
E4 0.2997 1.0114 2.3941
bending
O max 399.3 598.9 798.6
—— L(t) =500 (1)
500 | —— L(t) = 500 (0.75) | 4
> L(t) = 500 (0.5)
=R Fixed Length
:T: 400 | 1xed Leng .
I
=
g 300
:é = -
g
S 200 |
2 i
&
100 | i

20
Displacement § = § - L [mm|]



3-3. Parametric studies

Scaled parameters Notation
Length L =500,750,1000 mm
Thickness t=1
Column-wall spacing d=0.05
(X T[Z) T 1 P45 \I T
36 F — Non-contact (loading)
—>— 1-point contact
Line contact
—@— 2-point contact
1R — — Non-contact (unloading)
g
S
= @ Snap-through
S
S 34
c P
= \
= 16 |
z \
((23 @ P56
pt2 p?3 f Loading path
\ \ ® —
i o——o
D @ <4—— Unloading path D
0 353534 3I4-5 356

36/68

Scaled displacement &

[N]

Parameters L =500 L =750 L=1000
W [J] 3.1925 2.1284 1.5963
Eq 2.3974 1.5983 1.1987
bending
oo 798.7 532.4 399.3

500

EI
L2

R

Reaction force R

400

300

200

100

— L(£) =500 (1)
: —— L(£) =750 (1) -
L() = 1000 (1)

Fixed thickness

10 20 30 40 50
Displacement § = § - L [mm]



3-3. Parametric studies S2cmss  KAIST

Scaled parameters Notation Parameters L =500 L =750 L=1000
Length L =500,750,1000 mm W [J] 0.3991 0.8979 1.5963
Thickness t =0.001 Ey 0.2997 0.6743 1.1987
Column-wall spacing d=0.05 ghending 399.3 399.3 399.3
(X T[Z) T 1 P45 \I T
36 F — Non-contact (loading) - — L(t) = 1000 (1)
—%— i—ill)l(;ilcl(t) l::):cttact —— L(t) =750 (0.75)
—@— 2-point contact Z L(t) =500 (0.5)
IQ;)) — — Non-contact (unloading) Elml“.‘q 100 k Fixed slenderness ratio |
:§ Il
= @ Snap-through [
= 3
3] p34 =
\ <
T 16 | \ . £
= 9
(})) @ P56 E
pt2 p?3 f Loading path
4 \ \ ® — I I e S S
I Y —m —— I - - - --C------Z=
D @ <4—— Unloading path D
0 3533'34 3I45 SIS6 10 20 30 40 50

i E Displacement § = § - L [mm|]
37/68 Scaled displacement &



3-3. Parametric studies

@CMSS KAIST

tructural System:

Independent variables

* L =500~950 mm,

Control variables
e 0=700MPa
e B=24t=1mm,I =2mm* E =200 GPa

External work

38/68

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0
4

50 500 550 600 650 700 750 800 850 900 950 1000
Length

Independent variables

* t=0.5~2mm,

Control variables

External work

e o0=700MPa
e L =500mm,B =24mm,E = 200 GPa

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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3-3. Parametric studies S2cmss  KAIST

Independent variables Independent variables
* L =500~950 mm, * t=0.5~2mm,
Control variables Control variables
* 0=700MPa * 0=700MPa
e B=24t=1mm,I =2mm* E =200 GPa e L =500mm,B=24mm,E = 200 GPa
27" | These results indicate that the energy dissipation capacity of the mechanism can be determined by the
1.8
sl design stress and structural volume (length, width, and thickness).
. A Even when the length varies, the dissipated energy remains nearly constant as long as the volume and
g 1.2
% Tr design stress are maintained.
Zost =
0.6
04
0.2

0
450 500 550 600 650 700 750 800 850 900 950 1000

Length thickness
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3-4. System variation Scvss  KAIST

» Spring-end column :

*  An alternative method to induce imperfection that promotes wall-directional

buckling P 5/2 |L/2

* Spring-based imperfection is easier to implement than geometric imperfection
hy = h/2

* Challenge : Selecting the appropriate spring stiffness

—>Solution : Introduce an analytical solution procedure

*  Analytical solution procedure :

1. Apply rotational spring moment at the ends
|Ads|<:|A40|

2. Numerically determine the set of variable satisfy the modified boundary

M(0) = K0(0) at bottom end
0(5 = 0) = 0 : fixed-fixed boundary,
M(0) = 0: pinned-pinned boundary
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: ati =
3-4. System variation 2LCMSS JE_;__EE

» FEresultofx = 10 » Validation results : FE result of K = 10, d = 0.052

[

(xm?)

30

Analytical sol.
—— FE simulation

25

20

Scaled force R

15

10

0 1 | 1 | 1 | 1 |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Scaled displacement_6 = (Zs

L: Transient Structural
Reactl

Force Reaction
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3-4. System variation SCcmss  KAIST

» Laterally multi-column :

*  Method to increase energy dissipation Wall

*  Higher energy dissipation than single column

*  System complexity

* Lower energy dissipation than one column having same volume

Pinned boundary
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3-4. System variation
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»  FE resultl »  FE result2
L=500, B=24, t=1 L=500, B=24, t=1
d,=25, d,=27 J d,=25, d,=30

Copy of Transient Structural
5-04-17 2% 822
Reaction 2
2025-04-21 23 4:39

Force Reaction

G: pin-pin
i

2o
8

43/bo

%

=l

Scaled force R

Scaled force — scaled displacement curve of FE result2

(x m?)
40 | i
30 | 7
20 | -
Contact point of
10 ¢ / outside wall i
0
0 0.04 0.08

Scaled displacement?? = %



3-4. Comparative studies
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»  Comparative studies:

Three structures experience same design maximum bending stress

The characteristic length (L, d’7, dPP) are adjusted to achieve the

target design stress.

The column thicknesses are determined using the following three

approaches:
v Approach 1 : Same column

v" Approach 2 : Same peak force level

v' Approach 3 : Same force level at just before snap-through

\4

1 afr dpp

Flange-added Fixed-fixed Pinned-pinned
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v' Approach 1: Same column

- arr
L —>

Ly =853 '’ =217
tf =1 tff =1
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drp

dPP = 19.4
tpp = 1
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60 T T T
L3 L3 Ll L3 _>
v Approach 2: Equal peak force level at just before snap-instability ' |
—— Flange-added
= — Fixed-fixed
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L
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120 T T T
] . oy — Flan e'added
v' Approach 3: Equal force level at just before snap-instability Fixeg_ﬁxe 4
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» Effect of column-wall spacing
= The operating limit governed by the scaled column-wall spacing
= The scaled displacement at which hysteresis appear 1s determined by scaled column-wall spacing

= The loss factor is insensitive to this parameter

» Parametric studies and system variations
= The energy dissipation is primarily governed by column volume and maximum stress.

= Spring-end column and multi-column system are proposed .
» Comparative studies

= For identical specimens, the external work required was similar, although the regions of the force—displacement curves varied.

= The pinned—pinned boundary condition resulted in the greatest amount of energy dissipation.
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04. Conceptual design of reusable
bumper

e (Crash box alternatives
* Design procedure

* Conceptual design

Computational Mechanics and Structural Systems.
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»  Crash box?
= A component that prevents deformation of the front side member under low-speed collision conditions
= Energy absorption order : Energy absorbing foam = Crash box = Bumper beam = Front side member
Low-speed impact absorption High-speed impact absorption

Front Side Member

Crash Box

Fig. 1 Construction of aluminum front body

T oldE, O E, & YU 2012). HESS=A0

x
ot
1=l
)l
re
oft
fiin
=2
i
Rl
ot
4
i
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» Conceptual design
= RCAR (Research Council for Automotive Repair) low-speed crash test
= Insurance premiums are determined based on vehicle damage evaluation and repair cost calculation

= Test conditions are evolving from 5 km/h — 15 km/h

bl

1

=
=

hA
[

EE HIZEMM= 1) X120| Y fUE 2R £ £F2 UEHs 441 2) &4 xHe 57 7s4E UER
A

2|4, O] F7HXI1E FEELICE

2t
- &5 £k 115~ 16km/h

3% RCAR(Research Council for Automobile Repaires) - x}2f 2|H| JHME 23t EEAISS| =H| 7|7

HeHn
221418
K5 1,408 549 1,957 100
8%
New SM5 2,709 949 3,658 187

HSEE 8 +=2|H|8 E|0|=2

X
% Index : 20118 18 7|E22 S5 A[20IM 718 {2 +2[H|8
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’ Front Side Member

‘
Dashpot damper
Fig. 1 Construction of aluminum front body
Design parameters Maximum values
Length L < 1000 mm
BTS
Width B < 150 mm
Front side member Displacement & <70 mm
Elastic modulus E E
Thickness t t
Column-wall spacing d d
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» Design procedure flow chart

1
Ekzz-m-vzzs_Zk] m=600kg v=416m/s

1. Define the requirement of energy absorption or

dissipation

l

> 2. Select material and define designed stress
|, 3. Choose design parameters(d, L, t B)

satisfying requirement

4. Check the maximum stress

l

5. Design development
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» Design procedure flow chart

1
Ekzz-m-vzzs_Zk] m=600kg v=416m/s

1. Define the requirement of energy absorption or

dissipation

l

oy = 2.5 [GPa] Odaesign = 2[GPal  E =200 [GPa]

> 2. Select material and define designed stress
l Typical values of available materials
| 3. Choose design parameters(d, L, t B) Material Young’s modulus (GPa) Yield strength (MPa)
satisfying requirement
Maraging steel 200 2,500
Titanum alloy
| 4. Check the maximum stress (Ti-6Al1-4V) 14 L170
l BeCu (25 alloy) 131 1,100
5. Design development Kevlar
(82 vol%) in epoxy 86 1517
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» Design procedure flow chart

1
Ekzz-m-vzzs_Zk] m=600kg v=416m/s

1. Define the requirement of energy absorption or

dissipation

l

> 2. Select material and define designed stress

l 3 .- |
0 0 0 0O N A B N NN R R Ry N 0‘9

3. Choose design parameters(d, L, t B) _ _ EI
L W:W(d)_ 10.75

satisfying requirement L

oy = 2.5 [GPa] Odaesign = 2[GPal  E =200 [GPa]

Scaled energy
)
2o

1 0.5

Loss factor

—] 4. Check the maximum stress max < Odesign h 1 023

l

5. Design development

0.1
0.01 0.05

Column-wall spacing d
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»  FE information

LS-DYNA 1/3 model

58/68

Parameters Notation Value
Length L 1000 mm
Thickness t 8 mm
Width B 50 mm
Elastic modulus E 200 mm
disgn stress P 2 GPa
Column-wall spacing d 41.4 mm
Input Kinetic energy Ey 1.8kJ
Designed energy E, |51
absorption
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»  FE result video

LS-DYNA keyword deck by LS-PrtTPost : . .
Time = 0 . Effective Plastic Strain

Contours of Effective Plastic Strain { 0.000e+00 _
max IP. value

min=0, at elem# 1 DAER0E
max=0, at elem# 1 0.000e+00

0.000e+00 ]

0.000e+00 _
0.000e+00 _
0.000e+00 _
0.000e+00 _
0.000e+00 _
0.000e+00 _
0.000e+00 _
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»  FE result »  FE result

: =  Force-displacement curve
=  Force-displacement curve

—— LS-DYNA 1.8 =
—— Analytical
92 I - 1.5 f ]
% — —— Strain energy
s g —— Kinetic energy
g 60 - . 3 1.0 | —— Input energy
= S Dissipated energy
= =
b5 =
9
<
)
2 30 - 05 f -
|
L 1l . _

Ti
Displacement § [mm] ime [ms]
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»  Summary
* Areusable structure cans eves as an alternative to conventional crash box.
* The proposed mechanism is expected to be more advantageous in maintance-free environments.

* Potential application include: Military vehicles, Space systems, Deep-sea platform
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»  Working mechanism & validation
= A self-restoring energy dissipation mechanism was proposed.

*  The mechanism was validated by Experiments and FEA.

»  Parametric studies
= QOperating limit was investigated

*  The maximum stress and volume of column is key parameters.

»  Conceptual design
=  (Crash box alternative based on proposed mechanism was developed.
=  Systematic design procedure has been proposed.

= The proposed mechanism is expected to be more advantageous in maintenance-free environments.
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»  Future works

= Development of practical application = Investigation of various types of connected column

Frontal side member

BTS(Buckling Transition
Structure)

= Expansion to metastructures

Q28282

Multi cell metastructure

Connected column Sandwich column Sandwich column
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