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Abstract: Press formed products have recently been applied widely in various structures. Press forming is a mass production method
that is used to manufacture many machine components such as automobiles, industrial machinery, and various plants. However, there
is a limit to the degree of shape freedom that can be applied, so measures against cracks, wrinkles, spring-back, etc., must be taken in
the development process. It is well known that it is difficult to apply it economically in the case of small-lot production because of its
high capital investment. The previous report shows that the folding line processing by press method / bending has a high degree of
shape freedom, requires little capital investment, and can be expected to be applied for experiments and prototypes, and for commercial
products from small to mass production. This paper shows that press folding line processing using V-shaped punch can be applied as
deformation induction based on impact crushing experiments using square steel tubes/ aluminum thin wall cylinders and FEM results.
To improve the impact energy absorption performance in the event of a collision, notches and uneven surfaces called beads have been
formed in the crush boxes and front side members as automobile parts manufactured by press forming. The bead has the role of
inducing deformation so as to improve the impact energy absorption performance during the axial crushing process. However, beads as
deformation induction by the press forming, in addition to the difficulty of die design/manufacturing, needs to correct the bead design
after impact experiments using prototypes. This paper shows press folding line processing as deformation induction is very convenient
and effective to adjust impact energy absorption only by setting folding lines arrangement, not for bending along folding lines. Press
folding line processing can be applied for the high performance crush box development.
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investment, and is expected to be applied for experiments and
prototypes, and for commercial products from small to mass
production. In this paper, the following two items are proposed.
The item 1): Press folding line processing for inducing
deformation: Until now, in order to improve the impact energy
absorption performance at the time of collision, the crash
boxes and front side members of automobile parts have
notches/uneven surfaces called beads are formed by press
forming [3, 6]. This bead has the role of inducing deformation
so as to improve the impact energy absorption performance
during the axial crushing process at the time of collision. In
addition to beads, other methods for improving the impact
energy absorption performance during axial crushing include
inverted spiral origami structures [4, 5, 7, 8] / Polygonal
surface [11, 12] / Cylindrical tube [13-15] / Partial heat
twisting [9], and many other research and development are
being carried out. However, in addition to the difficulty of die

1. Introduction

Press forming is a mass production method that is used to
manufacture many machine components such as automobiles,
industrial machinery, and various plants. However, there is a
limit to the degree of freedom that can be applied to the
shape, so countermeasures against cracks, wrinkles,
springback, etc., must be taken in the part development
process. It is well known that it is difficult to apply it
economically in the case of small-lot production because it is
expensive. On the other hand, sheet metal processing by
factory workers has a high degree of freedom in shape and
requires a small amount of capital investment, but there are
conditions that limit it to small-lot production.

In the previous report [1], the authors expected that the
method of forming by press folding line processing / bending
has a high degree of freedom in shape and a small capital
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design/manufacture, the bead setting and other methods and
structures for deformation induction by press forming are not
easy to modify after impact experiments using prototypes. If
the press folding line processing could be used as deformation
induction, it would be a very convenient method. This is an
expectation trial that stress concentration area at folding lines
when an impact crushing load is applied may induce
deformation, not the aim of bending along the folding lines.

The item 2): Press folding line processing with suppressing
sheet thickness reduction: As described in the previous report [1],
folding lines are formed by inserting a V-shaped punch into the
folding lines by pressing to a depth of about half the thickness of
the sheet. However, this method is inconvenient for thin
members as a thickness of 0.4 mm or less, depending on the
application where it is desirable to avoid reducing the thickness
at the folding line (for pressure measures, etc.). Therefore, this
paper reports on a method of suppressing thickness reduction as
press folding line processing applied for thin thickness members.

Experiments and FEM (Finite Element Method) analysis
are performed on the above two items, and the knowledge
obtained based on the experimental results and FEM analysis
results is reported.

2. Impact Crushing Experiment Method
2.1. Impact Crushing Experiment Conditions

First, the impact crushing test facility (Figure 1, Tokyo
Koki TPLz100XQ400 hydraulic impact machine) has a
maximum die movement speed of 10 m/sec, a maximum
impact load of 400 kN, and a test material size range of about
100 mm x 100 mm x 250 mm. Aluminum thin wall cylinders
(Figure 2, length / = 120 mm, plate thickness ¢ = 0.13 mm,
outer diameter d = 66 mm) by cutting the top and bottom lids
of a beverage can 500 ml with no dents/scratches were
selected as the impact crushing experiment material, a
commercially representative thin wall cylinder with a
thickness of 0.4 mm or less. As a result, as the experimental
material for item 1), a commercially available square steel
tube STKR400 (length /= 120 mm, square 50 mm, thickness ¢
= 1.6 mm, corner R = 5 mm), which has the same length and
circumference as the experimental material for item 2).

N
Sy

(a) Test material setting (b) Crushing (c) Finished

Figure 1. Impact crushing test facility.

By selecting such experimental materials, the aim of each

item is set so as to be suitable for the experimental materials.

Aim of item 1): Increase impact energy absorption by
inducing deformation by impact crushing at the maximum
speed of 10 m/sec in the hydraulic impact machine.

Aim of item 2): Make it easier to crush by inducing
deformation by crushing at a low speed of 3 m/sec in the
hydraulic impact machine (assuming the speed of human
movement).

120 mm

/

Figure 2. Aluminum thin wall cylinders made by cutting the top and bottom
lids of 500 ml beverage can.

Figure 3. V-shaped punches with various length.

2.2. Press Folding Line Processing

V-shaped punches (Figure 3) used for press folding line
processing are mass-produced in various lengths from quenched
high-speed steel using a surface grinder. The V-shaped punch
bed (Figure 4) is an experimental type that can change various
arrangement conditions such as its length/number/pitch. The load
condition for press folding line processing is set using the
following equations between the V-shaped punch penetration
depth # mm and the load per unit length of folding line P N/mm
described in the previous report [1].

For mild steel

P=1282.87+132.0 (1
For aluminum

P=400.937+42.0 ©)
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V-shaped punch as
cross folding line 30 mm
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V-shaped punch as
cross folding line 20 mm
W \

Figure 4. V-shaped punch beds.

A soft resin sheet is inserted between the experiment material
and the core die in order to suppress the reduction of plate
thickness when press folding line processing is performed on
aluminum thin wall cylinders. PP (Polypropylene) as the resin
sheet, which is sufficiently thick compared to the thickness ¢ of
the experiment material aluminum plate. The Young's modulus
of the PP sheet is about 1/70 that of aluminum sheet [2], so it
can be said to be sufficiently soft. The experimental verification
(Figure 5) of press line folding processing on aluminum plate
material is shown. When the plate is received directly by the die
without PP sheets (Figure 6 (a)), as described in the previous
report [1], when the V-shaped punch penetrates the plate to a
depth half the plate thickness ¢, the back surface imprint length
can be estimated by a relationship of 2(#+0.14). On the other

Surface imprint length 0.6 mm
IEHSNRA & ST

(a) Surface imprint

(b) Back surface imprint

hand, when receiving with PP sheets (Figure 6 (b)), when the
V-shaped punch penetrates into the plate to a depth half the
plate thickness, the surface imprint length on the upper side and
the back surface imprint length on the back surface are almost
equal. The side view photograph of the plate (Figure 5 (c))
shows that the plate enters the PP sheet and deforms the back
side of the plate into a convex shape, which prevents the plate
thickness reduction.

Next, the load P N/mm required to insert a V-shaped punch
into aluminum thin wall cylinder is approximately 42 N/mm
when # is smaller than 0.1 mm, according to the equation (2).
Using a universal testing machine (Figure 7), the back surface
imprint length of the sheet material (Figure 8) is
approximately equal to the sheet thickness of 0.13mm.

Back surface imprint length 0.6 mm

Back surface imprint length 0.6 mm

(c) Side view

Figure 5. Pressed a folding line on aluminum test piece t=0.4 mm, P=120 N/mm with PP sheets setting at the back side.

\D. /O\F / [)/ .0.I4mm

Surface imprint length

V shaped punch

PP sheet

2(t+0.14) mm

(a)

o Back surface imprint length

(b)

Figure 6. Comparison of back surface imprint length/surface imprint length between using PP sheets and no using.

(a) No using PP sheet at the back side, back surface imprint length is larger than surface imprint length. The distance HI (back surface imprint length) is 2(#+0.14)
mm. Triangle CBF and the triangle OA'O' are congruent. V-shaped punch DAD' with tip R = 0.2 mm in half the thickness of plate. HI length (Back surface
imprint length) is not changed by the position of V shaped punch without PP sheets at the back side of plate.

(b) Using PP sheets at the back side, back surface imprint length is approximately equal to surface imprint length
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Aluminum thin wall cylinder

d66 %1120

S

Positioning
magnet

Figure 7. Aluminum thin wall cylinder in press folding line processing using
V shaped punches.

V shaped punch bed

Scale

Figure 8. Back surface imprint of grooved aluminum piece t=0.13 mm, P=42
N/mm with PP sheets setting.

2.3. Folding Line Shape Dimension Conditions and
Arrangement

(1) In the case of item 1): As the experiment material, square
steel tube 50 mm x50 mm with a thickness of 1.6 mm and a
length of 120 mm, the pitch of the cross folding lines is 30mm,
which allows concave deformation from the tube surface to the
center of cross section, it has four locations in the longitudinal
direction. The length of cross folding line is 20 mm, which is
about half of the flat part tube excluding the corner R, and the
shape of cross folding line has a double line rather than a single
line because two-dimensional deformation (longitudinal
direction and circumferential direction) occurs on the tube
surface when crushed. So, it can be estimated that the cross
folding line is more effective. Regarding this, the following
FEM analysis is carried out to perform a relative comparative
evaluation between the case with cross folding lines and that
without. It is ideal to predict the output values of load transition,
stress distribution and impact energy absorption by FEM
analysis with no divergence from experiment data. But, here
relative comparative evaluations are planned because the
impact crushing phenomenon is very complexed.

i. FEM models (Figure 9) are created. The dies, which
bear the crushing load, are modeled as rigid bodies with
shell elements. The square steel tubes are modeled as
elastoplastic bodies with shell elements, which material
constants are the same as in the previous report [1]. The
following Cowper-Symonds equation (3) is used to
consider the strain rate dependence of the material in

the impact crushing experiment with a die moving
speed of 10 m/sec.

%=%p+@ﬁ (3)

oy: dynamic yield stress, oy: static yield stress, &: strain
rate,

c and p are the material specific constants, ¢c=8000, p=8
based on [9].

ii. Use the FEM analysis software LS-DYNA [10] and use

the dynamic explicit method.

iii. The folding line model for square steel tubes (Figure 10)
is represented by using shell elements at the relevant
position with a width of 0.8 mm and a thickness of 0.8
mm. Its cross section area is the same as the area of
triangle DAD' in Figure 6.

FEM analysis for square steel tube impact crushing was
performed in three types (no folding line, single folding line,
cross folding line) under the condition for compressive
deformation of a length of 120 mm to 30 mm. FEM analysis
reveals differences in the crushing deformation behavior as
the three types (Figure 11). In the case of the cross folding line,
the shock energy absorption is improved because the crushing
progresses so as to be folded most uniformly and finely among
the three types due to deformation induction. The initial peak
load, average load and impact energy absorption are compared
based on the load-displacement transition by FEM analysis
results (Figure 12). From this comparison (Table 1), the single
folding line type is about 5% more effective in improving
impact energy absorption than no folding line type, but the
cross folding line type has an effect of about 10%, which is the
most effective. Therefore, the cross folding line type is
selected as the manufactured experiment materials by press
folding line processing (Figure 13) using a universal testing
machine as in the previous report [1]. The load conditions are
as follows: P = 1200 N/mm by inserting #=0.8 mm to the
equation (1), total folding line length 160 mm=40 mmx4,
indentation load 190 kN (= 1200 N/mm x 160 mm).

Upper die (Rigid body)

Square tube
(Elastoplastic body)

Lower die (Rigid body)

Figure 9. FEM model for square tube crushing simulation STKR400, 050
mm>120 mmxtl.6 mm.
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Cross folding line type
Width 0.8 mm, Length 20 mm

Yellow lines,
Single foldin
line type

(a) Single folding line type (b) Cross folding line type

Figure 10. Folding line models.

Effective plastic strain color level
0 02 04 06 l0.8 I1.0 1.2
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Figure 11. FEM crushing simulations for 3 types as square steel tube.
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Figure 12. FEM analysis results of crushing deformation performance of 3 types at die moving speed 10 m/sec.

Table 1. Comparison of crushing performance between 3types of FEM analysis results.

Type Initial peak load [KN] Average load [kN] Impact energy absorption [J]
No folding line 129.2 89.9 8091
Single folding line 125.6 95.6 8604

Cross folding line 123.9 98.3 8847
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: Cross head

-

ma%ilcl shaped punch bed

Lower die

Square tube(STKR400)
[150mm, /=120mm, =1.6mm

(a) Press folding line processing in progress

L——__  Load die

Core die

Square tube(STKR400)
[J50mm, /=120mm, r=1.6mm

Folding line length 20mm,
depth 0.8mm, width 1.6mm
Total number 16(=4 % 4)

(b) Finished

Figure 13. Press folding line processing for square steel tube (STKR400).

(2) In the case of item 2): As the experiment material, the
aluminum thin wall cylinder with a thickness of # = 0.13 mm
and a length of / = 120 mm, was devised as follows to
facilitate axial crushing of the cross folding line. Since the
load is transmitted from two directions, the axial center line
is set in two stages, and the folding lines are arranged in a
zigzag pattern to facilitate bending. From the viewpoint of
press workability, they are arranged at a pitch of 90° in the
circumferential direction, and a total of eight locations (4 in
the circumferential direction X 2 in the axial direction, Figure
14). 30 mm per one piece.

FEM analysis is performed in the same way as for square
steel tube FEM analysis, and the effects of cross folding lines
are compared relatively. The material constants of the
aluminum material were the same as the previous report [1],
and the die moving speed was set as 3 m/sec. In the folding
line modeling, deformation is induced at half the thickness # of
the original plate thickness at the folding lines of square steel
tubes, but for the folding lines of aluminum thin wall cylinder,
the target is a curved surface with a different curvature in a
minute area of about 0.1 mm. Therefore, it should be easier to
induce deformation and cause bending deformation than when
the plate thickness is reduced on the same surface, and bending
deformation is more likely to occur when an axial compressive
load is applied. But, the curved narrow surface shape around
cross folding lines processed into aluminum thin wall cylinder
changes in a complicated way. This real complexed geometry
in a fine area cannot be expressed exactly as FEM model.
There is no choice but to model by virtual reducing the plate
thickness. In the FEM analysis for item 2), there is also the
purpose of examining a modeling method based on virtual
plate thickness reduction that can express the aim of item 2)
above in simulation. Since the shell element size representing
aluminum thin wall cylinders is generally set to be several

times larger than the plate thickness, the actual shell element
size for a cylinder with a plate thickness of # = 0.13 mm is
approximately 2 mm. FEM models were created with a folding
line width of 0.5 mm and thickness # = 0.01/0.02/0.05 mm,
and FEM analysis was performed for a total of four models,
including no folding line. In the FEM analysis of cylinder
impact crushing, a length of 120 mm is compressed to 30 mm.
Based on the load-displacement transition by FEM
analysis results (Figure 15), the initial peak load, average
load and impact energy absorption are compared. From the
comparison (Table 2), the model #=0.01 mm shows the
highest initial peak load among the four models, and then the
lowest leveling load, which is not a favorable behavior. Next,
the behavior of model #=0.05 mm is similar to no folding
line, and the folding line effect is not clear. On the other hand,
the model #; = 0.02 mm does not have a very high initial peak
load, and is likely to be crushed with about 30% less
deformation energy due to deformation induction than no
folding line, so it seems to be a good alternative modeling
method. In addition, from the crushing deformation behavior
by FEM analysis (Figure 16), it can be seen that the bending
moment increases due to deformation induction, making it
easier to crush. However, the purpose of the FEM analysis
here is to examine the arrangement of the cross-folding lines,
and instead of actually setting the folding line thickness to
0.02 mm. Suppressing the sheet thickness reduction with PP
sheets, press folding line processing was performed as
described above. PP sheets were set between the experiment
material and the core die. Experiment materials for crushing
are manufactured by using a universal testing machine
(Figures 7 and 17). From the equation (2), P =42 N/mm at 5
nearly zero, one cross folding line length 60 mm=30 mmx2,
calculated indentation load 3 kN (= 42 N/mm % 60 mm).

Table 2. Comparison of crushing performance between 4 Models of FEM analysis results.

Average load [N] Impact energy absorption [J]

Type Initial peak load [N]
No folding line 680.3
Model #=0.01mm 809.1
Model #=0.02mm 729.3
Model #=0.05mm 776.5

287.1 25.8
203.4 18.3
2183 19.6
287.5 25.9
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=0.13mm__ d=66 mn  gojding line length 30 mm, depth 0.02 mm, width 0.5 mm

Cross folding lines total number 8=4 X 2
4 Models No folding line, #=0.01/0.02/0.05 mm

gy

Figure 14. Layout of 8 cross folding lines in aluminum thin wall cylinder t=0.13mm in FEM model.

120 mm

/
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—— | No folding line
800 —— | Model #=0.0lmm
= 700 } | | | —— | Model #=0.02mm
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E |
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Figure 15. Comparison of FEM analysis results of crushing deformation performance between 4 Models at die moving speed 3 m/sec.

Effective plastic strain color level

0 005 0.1 0.15 0.2 0.250.3~~

-

Iid | |

Die displacement 30 mm Die displacement 60 mm Die displacement 90 mm

It is folded at a fine pitch from the end line.

(a) No folding line type

Some dents occur around 8 cross folding lines.

Centrally recessed inside the cylinder.

Die displacement 30 mm Die displacement 60 mm Die displacement 90 mm

(b) Model #=0.02 mm type (8 cross folding lines)

Figure 16. FEM crushing simulations for 2 types as aluminum thin wall cylinder.

Effective Press Folding Line Processing as Deformation Induction for Adjusting Impact Energy Absorption
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(a) Setting a PP sheet (thickness 0.5mm, width 35mm, length 120mm)
between aluminum thin wall cylinder and the core die.

(b) Formed grooves at cross folding lines on the PP sheet after pressing.

Figure 17. Preventing aluminum plate thickness reduction by entering the PP
sheet at the pressing.

1 L

3. Impact Crushing Experiment Results
and Discussion

3.1. Square Steel Tube

(1) Impact crushing deformation behavior: The deformation
behavior of square steel tube impact crushing at a die moving
speed of 10 m/sec was photographed with a high-speed
camera (MEMRECAM HX-7S). In the case of no folding line
(Figure 18(a)), the upper and lower parts of the square steel
tube are dented, and the crushing deformation progresses in a
distorted shape. On the other hand, in the case with 16 cross
folding lines (Figure 18 (b), a dent occurs due to deformation
induced near the center of the first cross folding line on the
upper part of the square steel tube. When the dent develops on
the underside, another dent is formed by the deformation
induced near the center of the second cross folding line. More
the dent developing, a dent is formed due to the deformation
induced near the center of the third cross folding line, and
crushing deformation progresses sequentially. As the FEM
analysis (Figure 11), it can be seen that the impact energy
absorption is improved in the case with 16 cross folding lines,
because the folding occurs regularly while overlapping finely
while being crushed, and the impact energy absorption is
better than the case with no folding line. Photographs taken
with a high-speed camera show that 16 cross folding lines
have the effect of deformation induction.

Some dent deformation occurs in upper and lower.
Crushing deformation progresses in a distorted shape.

(a) Crushing deformation behavior of square steel tube with no folding line

Second deformation induction occurs at the second cross folding line.

Second dent is formed clearly.

¥ - Third deformation induction occurs at the third cross folding line.
Crushing deformation progresses sequentially.
First deformation induction occurs at the first cross folding line.

First dent is formed sharply.

(b) Crushing deformation behavior of square steel tube with 16 cross folding lines

Figure 18. High-speed camera captures of crushed square steel tube at die moving speed about 10 m/sec.

(2) Measured data of load-displacement transition and die

moving speed: This impact machine outputs load and die
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displacement every 1/10000 sec. The load-displacement
transition graph (Figure 19) is difficult to grasp because of the
undulations caused by impact vibration and turbulence.
Therefore, the average load data for every 10 mm of die
displacement are calculated and compared between the result
with no folding line and that with 16 cross folding lines
(Figure 20). Since it is a hydraulic impact crushing machine,
there is some variation between the two in the average speed
transition for each 10 mm die displacement (Figure 21), but
the average die moving speed up to a die displacement of 60
mm is about 10.7 m/sec for both. After the die displacement of
60 mm, the speed decelerates rapidly and stops at a die

Effective Press Folding Line Processing as Deformation Induction for Adjusting Impact Energy Absorption

displacement of 90 mm.

As shown in Table 3, the maximum load was reduced by
about 10% due to the deformation induced by 16 cross folding
lines, and the average load and impact energy absorption were
about 10% up. Although the initial peak load, average load of
measured data and the FEM analysis results do not match, the
characteristics of deformation induced by 16 cross folding
lines, the initial peak load decreased, and the impact energy
absorption increased by about 10% are almost the same. Here,
the purpose of the FEM analysis is to make a relative
comparison of the effects of 16 cross folding lines, so the
purpose has been achieved.

Table 3. Comparison of measured data of crushing performance between 2 types as square steel tube.

Type Initial peak load [KN] Average load [kN] Impact energy absorption [J]
No folding line 179.3 40.4 2430
16 cross folding lines 161.8 45.5 2730
70
200
. 60
175 z o
E 150 - —— | No folding line —
- 125 ——— | Cross folding line = 40
- 2
2100 | 20 30
& 3
2 75 )
'Fé = 20 —@— | No folding line
O 50 © 10 —
’s —m— |Cross folding line
- 0
0

0 10 20 30 40 50 60 70 80 90

Die displacement [mm)]

Figure 19. Comparison of measured data of square steel tube crushing
load-die displacement transition between No folding line type and Cross
folding line type at die moving speed of about 10 m/sec.

10 20 30 40 50 60 70 80 90

Die displacement [mm]

Figure 20. Comparison of measured data of square steel tube crushing
load-die displacement transition between No folding line type and Cross
folding line type in the average transition for each 10 mm die displacement.

_ 14 —m— | No folding line
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&S — 100
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9 E 80
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Figure 21. Measured data of die displacement transition for square steel tube crushing experiments. (a) Comparison of measured data of die moving speed-die
displacement transition between No folding line type and Cross folding line type in the average tramsition for each 10 mm die displacement. (b) Die

displacement-time transition.

3.2. Aluminum thin Wall Cylinder

(1) Deformation behavior: Aluminum thin wall cylinders
were crushed by the impact machine at a die moving speed of
3 m/sec. Figure 22 shows crushed aluminum thin wall

cylinder deformation behavior based on photographs taken
with a high-speed camera. In the case of no folding line
(Figure 22 (a)), crushing deformation progresses so that the
material is finely folded from the end of the cylinder as in the
FEM analysis (Figure 16 (a)). Since the bending moment in
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the bending process is the product of the load times the
moment arm (bending pitch), the moment arm becomes
smaller, so the crushing load increases and the impact energy
also increases. On the other hand, in the case of 8 cross
folding lines (Figure 22 (b)), dents are formed around 8 cross
folding lines as in the FEM analysis (Figure 16 (b)), and the

dents are concentrated inside the cylinder. Since the bending
interval is wide, the moment arm is large, so the load for
crushing is small and the impact energy is also small.
Photographs taken by a high-speed camera show a clear
difference in deformation behavior between the two due to
the deformation induced by 8 cross folding lines.

Some dents occur around 8 cross folding lines.

It is folded at a fine pitch

Jfrom the end line.

Centrally recessed inside the cylinder.

(b) Crushing deformation behavior of aluminum thin wall cylinder with 8 cross folding lines

Figure 22. High-speed camera captures of crushed aluminum thin wall cylinder at die moving speed about 3 m/sec.

(2) Load-displacement transition and die moving speed:
As mentioned above, the load-displacement transition graph
(Figure 23) from the load and die displacement data output
every 1/10000 sec is undulating and difficult to grasp the
trend. Therefore, the average load was calculated for every
10 mm of die displacement, and comparison between
experiment data with no folding line and that with 16 cross
folding lines is shown in Figure 24. Although there is some
variation between the two in the average velocity transitions
for each 10 mm die displacement (Figure 25), the average die
moving velocity up to a die displacement of 70 mm is almost
the same for both, at approximately 2.8 m/sec. After that, it
decelerates rapidly and stops at a die displacement of 90 mm.

Due to the deformation induced by 8 cross folding lines, the
maximum load, average load, and impact energy absorption
can be reduced by about 30% (Table 4). Although the initial
peak load, average load of measured data and the FEM
analysis results do not match, the characteristics of
deformation behavior induced by 8 cross folding lines and
the required deformation energy for crushing decreasing by
about 30% are almost the same. The purpose of the FEM
analysis here using virtual model of 8 cross folding lines with
thickness reduction, is to express the effects of deformation
induction in impact crushing simulations. As a results, FEM
analysis makes it possible to represent relatively the effects
of 8 cross folding lines. So, the purpose has been achieved.

Table 4. Comparison of measured data of crushing performance between 2 types as aluminum thin wall cylinder.

Type Initial peak load [KN] Average load [kN] Impact energy absorption [J]
No folding line 2.1 0.456 31.9
8 cross folding lines 1.3 0.292 20.4
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Figure 24. Comparison of measured data of aluminum thin wall cylinder
crushing load-die displacement transition between No folding line type and
Cross folding line type in the average tramsition for each 10 mm die
displacement.

Figure 23. Comparison of measured data of aluminum thin wall cylinder
crushing load-die displacement transition between No folding line type and
Cross folding line type at die moving speed about 3 m/sec.

7 4 T 100
;-] bl IS
E , = 80
3 g 60 -
22 3
==}) —-; 40
;6_: I No folding line -E 20
5 —@— | Cross folding line o)
a 0 | | | |
o R 0 02 04 06 08 1
10 20 30 40 50 60 70 80 90 Ti )
Die displacement [mm] ime [sec]
(@) (b)

Figure 25. Measured data of die displacement transition for aluminum thin wall cylinder crushing experiments. (a) Comparison of measured data of die moving
speed-die displacement transition between No folding line type and Cross folding line type in the average transition for each 10 mm die displacement. (b) Die
displacement-time transition.

performed with suppressing plate thickness reduction.

4. Conclusion 3) The curved narrow surface shape around cross folding

The conclusion of this report is as follows.
1) V-shaped punches and an experimental dies were

prepared to apply press folding line processing for
square steel tubes STKR400 (length 120 mm, square 50
mm x50 mm, thickness 1.6 mm, corner R 5 mm). This
process is simple. Impact crushing experiments and FEM
analyses are carried out. From the results of impact
crushing experiments and FEM analysis, it was shown
that the cross folding lines work as deformation
induction, making it easier for regular and uniform
deformation to improve the impact energy absorption.

2) For thin members with a plate thickness of 0.4 mm or

less, it is desired to avoid reducing the plate thickness at
press folding line processing, depending on its
application. Setting a resin sheet on the back side of the
thin member when performing press folding line
processing makes it possible to avoid reducing the plate
thickness. Experiments using aluminum plate test pieces
(thickness 0.4 mm) and thin aluminum cylinders (length
120 mm, outer diameter 66 mm, plate thickness 0.13 mm)
showed that press folding line processing can be

4)

5)

lines processed into aluminum thin wall cylinder
changes in a complicated way. This real complexed
geometry in a fine area cannot be expressed exactly as
FEM model. So, the convenient FEM model for
expression of cross folding lines in thin thickness plate
using virtual thickness reduction at cross folding lines is
presented in this paper. FEM analysis using this model
can show that cross folding lines in aluminum thin wall
cylinders work as deformation induction appropriately in
impact crushing simulations.

Using experimental members of aluminum thin wall
cylinders with cross folding lines in the central part,
aiming as structures to easily crush at the speed of human
movement, impact crushing experiments and FEM
analysis are conducted to verify its effect. From the
results of the impact crushing experiments and FEM
analysis, it was shown that cross folding lines work as
deformation induction and concentrate the deformation
in the central part, which has the effect of reducing
impact energy absorption as easily crushing.

As can be seen from the case studies of deformation
induction during the crushing process of square steel
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tubes and aluminum thin wall cylinders reported here,
press folding line processing using V-shaped punches is
expected to be effectively applied for various structures.
In the near future, the studies of processing technology
that can support the development of parts by utilizing
deformation induction by setting appropriate press
folding line processing conditions for various specific
applications will be performed. In particular, it is
possible to develop high performance crush boxes by
using press folding line processing.
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