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ABSTRACT

The most complex step in sheet metal production
is the bending process, and the planning of a bending
sequence directly impacts the feasibility of sheet metal
processing. This paper proposes a set of principles to
be followed for the planning of bending sequences. It
first uses the rule “the more bending lines, the better”
to select an appropriate datum plane out of all the
possible bending planes of a 3D sheet metal. Based on
the selected datum plane, the rule “the smaller angle
between bending lines, the better” is applied to divide
the sheet metal into a number of bend segments. In the
second step, six bending patterns are defined based on
the geometric characteristics of various bending
operations. Each of the bend segments determined in
the first step is then compared with the six bending
patterns to obtain a bending sequence for each bend
segment. Lastly, the order of the bend segments is
arranged by following the principle “minimum-height,
first-processed” to obtain the final bending sequence
for the entire sheet metal.

INTRODUCTION

Bending is one of the most important aspects in
manufacturing processes for sheet metals. However, a
sheet metal part with many bends may very well lead
to a computational explosion due to the limitless
possible combinations generated by various bending
sequences. When planning a bending sequence, the
main priority is to consider its feasibility, i.e., how to
avoid interference between part features, between
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punches and the part, and between the part and the
press machine. Since the aforementioned operation is
a multi-faceted thought process, the planning of a
bending sequence is a difficult and complex selection
process (Duflou et al. 2005). Additionally, although
each bending process is only an operation of a punch
to the local area of sheet metal, the contour of the
entire piece of sheet metal changes as the bending
processes proceed, i.e., the sheet metal’s contour has a
significant impact on sequence planning for bending
operations.

In the past, the task of planning bending
operations was performed by process planning
engineers, who relied on personal experience or
referenced data left by predecessors. Their approach
was to perform repeated trials and verifications on
every possible bending sequence, then eliminate those
unfeasible bending sequences, thus finding the
applicable bending sequences. This laborious planning
method may be applicable for simple bending projects;
however, if the sheet metal part has numerous bends
or if the form of the part is unique, then it will be
beyond an engineer’s ability to handle. Even if
computers are used to assist in sequence planning, it is
very easy to encounter a computational explosion.

While the sheet metal’s contour is composed of
many geometric features, the impact of various
geometric features on the bending sequence can be
utilized for planning the bending sequence (Aomura
and Koguchi 2002; Kannan and Shunmugam 2009-1
& 2009-2; Raj Prasanth and Shunmugam 2018). If the
sheet metal has no definitive geometric model, then it
is difficult to plan the bending sequence with
geometric features. In this situation, the resulting
restrictions for the bending sequence must then be
hand-coded, which leads one to question the reliability
of the generated bending sequence. For this, one can
define domain-specific expert modules between the
sheet metal, punches, and press machines, use
predefined constraint modules, and satisfy geometric
constraints to solve this complex bending problem
(Mérkus et al. 2002). In addition, one can find feasible
bending sequences via punch-selection restrictions
and verification of the interference between punches
and the sheet metal’s contour (Rico et al. 2003;
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Cattrysse et al. 2005). If the sheet metal has many
bends, geometric constraints and branch-and-bound
techniques can be used to reduce the computation time
required for the determination of bending sequences
(De Vin et al. 2010; Duflou et al. 2010; Faraz et al.
2017).

Furthermore, a virtual node can be used to define
each bending process. Steps that can be excluded from
consideration of the bending sequence may be
identified through the relationship between nodes.
Thus, unnecessary computation may be eliminated and
bending sequences can be obtained (Gupta 1999).
There are also scholars using fuzzy logic to plan
bending sequences. They define weights for different
rules, including a compound-bends rule, a parallel-
bends rule, a shape-determining bend rule, a single-
face rule, and a combined rotation rule, then use a
fuzzy matrix to perform the calculations required to
obtain the best bending sequences (Kim et al. 2002;
Kim et al. 2006; Farsi and Arezoo 2009; Abedini et al.
2010). There are also techniques that adopt genetic
algorithms, which consider corresponding punches in
the bending process in order to obtain the best bending
sequences (Thanapandi et al. 2001; Thanapandi et al.
2002; Kannan and Shunmugam 2008; Kontolatis and
Vosniakos 2012).

In other cases, to increase the performance of
sheet metal production, progressive dies are used to
handle notching, punching, bending, and forming
processes (Tor et al. 2005-1 & 2005-2). Generally
speaking, if the total number of required punches is not
high, a superimposition scheme can be used to rapidly
produce the notching and bending features to be
utilized for planning the sequences of operations of the
progressive die. Then, from many possible sequences,
a superior and applicable sequence can be identified.
However, when the number of punches becomes large,
using the superimposition scheme will create a
computational explosion problem in itself that needs
to be solved. To avoid this problem and to rapidly
obtain a feasible solution for sequence planning, one
can make a comprehensive examination from the
perspectives of strip preparation, punch layout, and
layout evaluation, to determine appropriate sequences
for the progressive die (Lin and Sheu 2012-1 & 2012-
2).

The abovementioned researches concerning
sequence planning for bending operations are
specifically designed for 2D sheet metals that have less
than the average number of bends or that require fewer
punches, dies, or bending features. These methods will
not be applicable to a 3D sheet metal that contains
many bends, due to the numerous interference checks
that must be performed for each possible bend on the
physical sheet metal. For example, take a sheet metal
part that has 11 bends, as shown in Figure 1. There are
39,916,800 (11!) possible bending sequences, which
may result in a computational explosion for
interference checking.
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Fig. 1. A 3D sheet metal part containing 11 bends.

To resolve this issue, this research proposes a three-
phase bending planning procedure. First, the sheet
metal is divided into various bend segments based on
a datum plane for bending operations. Then, each bend
segment is compared with the six bending patterns to
obtain a bending-pattern combination. Lastly, bending
sequences for each bend segment are determined to
obtain the final bending sequence. Figure 2 shows a
flowchart of the proposed method of sequence
planning for bending operations. The following
sections will explain the three phases of the method in
detail, and these explanations will be supplemented by

examples.

Decompose the part into
several bend segments.

/
'l |
N
I

Determine the sequence for
all bend segments to obtain
the final bending sequence.

EREERY

Fig. 2.

3D sheet metal part

!

Generate the sequence of bending
operations for each bend segment.

PO W TP
[

Flowchart for sequence planning of bending
operations for a 3D sheet metal part.

DECOMPOSING ASHEET METAL
PART INTO SEVERAL BEND
SEGMENTS

The data source for planning a sequence of
bending operations is the 3D geometric model of a
sheet metal part. From the geometric model, the plane
that contains the most bending lines is first chosen as
the datum plane for bending operations. For example,
in Figure 3, the sheet metal part is composed of twelve
bending planes, si~s12, and eleven bending lines,
b1~b11. Bending plane ss comprises 5 bending lines: bs,
ba, bz, bs, and bi1, which makes it the plane that has the
most bending lines and, therefore, s4 is selected as the
datum plane for bending operations.
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Fig. 3. Illustration of datum plane of bending

operations.

Once the datum plane is determined, the angles
between every pair of bending lines on the datum
plane are calculated. Starting from the minimum angle,
adjacent bending planes for each of the two
corresponding bending lines are connected to form a
bend segment, until the entire set of bending lines are
searched through. Each bend segment thus comprises
the datum plane, the bending lines of the datum plane,
and their connected bending planes. Each bend
segment can be regarded as an independent 2.5D sheet
metal part.

Using the sheet metal part in Figure 3 as an
example, the steps for the generation of bend segments
are as follows:

(1) Calculate the angles between bending lines: On
datum plane s, there are 5 bending lines: bs, b,
b4, b11, and by. By calculating the angle between
every pair of bending lines, one can obtain the
following results (see Figure 4): 100° between b
and b7, 40° between bs and bi, 25° between bz and
bs, 100" between bz and bs, 120° between b7 and
b1, 55" between b7 and ba, 20° between by and b,
115° between by and b, 40° between by and b,
and 105" between b, and bs.

Fig. 4. Angles between bending lines.

(2) Decompose the 3D sheet metal part into several
2.5D bend segments: Of all the above angles, the
angle between b7 and bg is the smallest (20%); thus,
the bending planes extending from b7 and bg form
bend segment #1. That is, segment #1 is composed
of datum plane ss, bending planes s7~Si0, and
bending lines bg~hg, as shown in Figure 5(a). The
angle of 25° between bz and by is the second
smallest; thus, bend segment #2 can be formed
and is composed of datum plane ss, bending

planes s1, Sz, S, Ss, and Se, and bending lines by~bs,
as shown in Figure 5(b). After bend segments #1
and #2 are divided, the only bending line left on
the datum plane is by; thus, bend segment #3 is
composed of datum plane s4, bending planes s
and si12, and bending lines by and b1, as shown in
Figure 5(c).

(a) Bend segment #1

(c) Bend segment #3
Fig. 5. Three bend segments.

(b) Bend segment #2

GENERATING THE SEQUENCE OF BENDING
OPERATIONS FOR EACH OF THE BEND
SEGMENTS

To perform sequence planning for a bend segment,
which is a 2.5D sheet metal part, this study first defines
six basic bending patterns as shown in Table 1: L-type,
Z-type, U-type, C-type, P-type, and Q-type (Lin and
Chen 2014). Each bending pattern is assigned a set of
codes and has its own bending sequence. In a bend
segment, the sheet metal planes and their connection
patterns are represented by codes. These codes are
compared with the codes of the six bending patterns in
order to decompose a bend segment into various
bending patterns. The procedure is as follows:

(1) Determine if any of the codes in the bend segment
match the codes of the Q-type pattern. If so, then
set aside the portion of bend-segment codes that
match the codes of the Q-type pattern. Continue
with the remaining codes to determine if there are
more Q-type pattern codes. If yes, then again set
aside the portion of codes that match Q-type
pattern codes. Repeat this process until all the
codes are sorted.

(2) Continue with the remaining codes to determine
if they match the codes of the P-type pattern. If
so, then set aside the portion of bend-segment
codes that match the codes of the P-type pattern.

Table 1. Hlustration of six bending patterns and
corresponding bending sequences.
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Continue with the remaining codes to determine

if there are more P-type pattern codes. If yes,

then again set aside the portion of codes that
match P-type pattern codes. Repeat this process
until all the codes are sorted.

(3) Continue on as above to determine if the
remaining codes match C-type, Z-type, U-type, or
L-type pattern codes, individually. If yes, then set
aside these codes. Repeat the process until all the
remaining codes are sorted.

Follow the above process to decompose every
bend segment into various bending patterns, and then
sort these bending patterns following the sequence: Q-
type > P-type > C-type = Z-type > U-type - L-
type. That is, start with Q-type bending, followed by
P-type bending, and so on, until it reaches the final L-
type bending. Thus, the bending sequence for the bend
segment is obtained. Using the sheet metal part in
Figure 3 as an example, the codes for bend segment #1
are S7—Sg—Ss—SotSio (see Figure 6(a)), and its
connection codes are — — — +; the codes for bend
segment #2 are s1+S,—Sz—S4—S5—Ss (See Figure 6(b)),
and its connection codes are + — — — —; the codes for
bend segment #3 are s11+512—S4 (See Figure 6(c)), and
its connection codes are + —. The steps used to
generate the bending sequences for the three bend
segments are illustrated as follows:

J. CSME Vol.42, No.6 (2021)

5 Se b
—2 U5
bB S7 bz Jb -

— 1
Sg bg# S3 Ss
_ _||Se _ _
b7 Sy bg b3 S4 04
(a) Bend segment #1 (b) Bend segment #2
b
S11 + v

S12

b s;
(c) Bend segment #3

Fig. 6. Formulation of bending codes for the 3
bend segments.

(1) Bend segment #1

The codes for bend segment #1 are S;7—Sg—S4—So+
s10. The following steps are used to decompose the
segment into various bending patterns (see Figure 7):

1234 Q-type 123 P-type
=== \+\¢\ [+[+]= \ = [ ===
=+
#=[=[+[+]
#+[=[-]

234 P-type 1 L-type

= CEH=EEH = =
P-type L-type

1234 234 1
Results: [=]=]=]+] can be decomposed into and[—]

Graphlcal representation:

S7 be 57
B S + Sw0 _ Sg + S10
bg bg
Bend segment #1 L-type

bendlng pattern

Fig. 7. Code analysis and bending-pattern
comparison of bend segment #1.

bendlng pattern

e The first four codes, — — — +, are taken and
compared with the Q-type codes — + + —and + —
— + (refer to Table 1 for the codes of each bending
pattern). The results show that they do not match.

*  Use the first to third codes — — — to compare with
the P-type codes — — +, + + —, —+ +,and + — —.
The results show that they do not match.

* Take the second to the fourth codes, — — +, and

compare them to the P-type codes. The results

show that there is a match, thus one P-type pattern

is obtained. The second to fourth codes are
removed from the entire set of codes with the first
code, —, remaining.

*  Only the L-type pattern of all six bending patterns
is composed of one code. Therefore, the single
remaining code is an L-type pattern.

The above analysis shows that bend segment #1
comprises one P-type pattern and one L-type pattern.
As mentioned above, the rule for a bending-pattern
sequence is: Q-type > P-type > C-type > Z-type >
U-type - L-type. Therefore, the sequence for bend
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segment #1 is to perform a P-type bending first, and
then an L-type bending. Furthermore, Figure 7 reveals
that the bending lines for bend segment #1 are bs~bo,
and, from Table 1, it can be found that the sequence for
P-type bending is by = bs = bs. Thus, the bending
sequence for bend segment #1 is: by = bg = b7 = be.
Figure 8 shows the bending process.

No. 1 No. 2 No. 3 No. 4
- N -
/ o WV &
/ / / s

No. 1 ~ No. 3 are P-type bends (bg— bg — b7 ).
No. 4 is an L-type bend (bs).

Fig. 8. Bending process of bend segment #1.

(2) Bend segment #2

The codes for bend segment #2 are S1+S;—S3—S4—
ss—Ss. The following steps are used to decompose the
segment into various bending patterns (see Figure 9):

45 1234 Q-type 2345 -type
e e e A 4 e e e e s e A i A e e e e S e ER e
#[+[-[-[+] #[+[-[-[4]

123 P-type 4 5 U-type

= [+[=[)=[+=]-] = 2=
P-type U-type

12345 123 45
Results: [+[=]=][=]=] can be decomposed into[+]—]-] and[=]—]

Graphical representation:
Se b5

S5

Sy
P-type
bending pattern

S
U-type
bending pattern
Fig. 9. Code analysis and bending-pattern
comparison of bend segment #2.

by

Bend segment #2

Take the first four codes, + — — —, to compare with
the Q-type codes — + + —and + — — +. The results
show that they do not match.

Take the next four codes, — —— —, to compare with
the Q-type codes — + + —and + — — +. The results
show that they do not match.

Use the first three codes, + — —, to compare with
the P-type codes — — +, + + —, —+ +,and + — —.
The results show that there is a match, and thus
one P-type pattern is obtained. The first three
codes are then removed from the entire set of
codes, with the fourth and fifth codes, — —,
remaining.

The codes — — are compared with the U-type
codes ——and + +. There is a match, and thus one
U-type pattern is obtained.

The above analysis shows that bend segment #2
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comprises one P-type pattern and one U-type pattern.
From Figure 9 and Table 1, it can be seen that the
sequence for P-type bending is b1 = bz = bs, and the
sequence for U-type bending is bs = ba. Also,
according to the rule for the bending-pattern sequence:
0-type = P-type = C-type = Z-type > U-type > L-
type, the sequence for bend segment #2 is to perform
P-type bending first, followed by U-type bending.
Therefore, the bending sequence for bend segment #2
is: by > by > bz > bs 2> bs. Figure 10 shows the
bending process.

No. 1 No. 2 No. 3

No. 1 ~ No. 3 are P-type bends (b;— b, — b3 ).
No. 4 and No. 5 are U-type bends (bs— b, ).

Fig. 10.

Bending process of bend segment #2.

(3) Bend segment #3

The codes for bend segment #3 are s11+S12—S4. The
following steps decompose the segment into various
bending patterns (refer to Figure 11):

1 2 U-type 12 Z-type
[+[=] =[] = =] =[+]]
=[+]+]
Z-type

12 12
Results:[ + [ ] can be decomposed into

Graphical representation:

blO blO
S11 + _ S11 +
S12]| _ - S12|| —
b1y Sy b1, Sa
Bend segment #3 Z-type

bending pattern

Fig. 11. Code analysis and bending-pattern
comparison of bend segment #3.

There are only two codes in bend segment #3,
excluding Q-type, P-type, or C-type bending
patterns, which require more than two codes.
Therefore, the first and the second codes, + —, are
compared directly to the U-type codes — — and +
+. The results show that they do not match.
Compare the first and the second codes, + —, to the
Z-type bending codes — + and + —. The results
show that there is a match, and thus one Z-type
pattern is obtained.

Bend segment #3 comprises only one Z-type
pattern; therefore, there is no need for the sorting
process for the various segments. The bending
sequence is bio = b1a. Figure 12 shows its bending
process.



No. 1 No. 2

P " U

/ /

b1 b1,
No. 1 and No. 2 are Z-type bends (byo— bs)

Fig. 12.

Bending process of bend segment #3.

DETERMINING THE SEQUENCE FOR BEND
SEGMENTS

After all bending patterns of each bend segment
have been sorted, one can then proceed to sort all the
bend segments to obtain the bending sequence of the
entire sheet metal part. A “minimum-height, first-
processed” principle is adopted to undertake the
sequencing task, where the height is defined as the
distance between the bending plane and the datum
plane. For example, in Figure 13(a), the height of
plane s; of bend segment #1 is less than that of plane
s, of bend segment #2. If plane s7 is bent first, followed
by plane s, then there will be no interference (see
Figure 13(b)). On the contrary, if plane s; is bent first,
then plane s7 will collide with plane s; during its
bending process (see Figure 13(c)). Expanding from
this basic idea, the procedure of sequence planning for
bend segments is as follows:

N
\ Y interference =
cy (b)
D
SZ ‘,-'."/ - -r::‘l\ f
Interference — Z ’\ y
(©

Fig. 13. Illustration of the concept “minimum-height,
first-processed”.

(1) After setting the datum plane of bending
operations as the projection plane, project all
bending planes of the sheet metal perpendicularly
onto the projection plane to produce projected
surfaces.

(2) Determine if the datum plane overlaps any
projected surface.

(2.1) If not, then the bending sequence of the
bend segments can be arranged arbitrarily
without danger of geometric interference.
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(2.2) If yes, then determine if the projected
surfaces are from the same bend segment.

(2.2.1) If yes, then set the bend segment to be
bent last to avoid interference.

(2.2.2) If not, then, for each individual bend
segment, determine if it contains any
bending planes that are projected onto
the datum plane to produce projected
surfaces.

(2.2.2.1) If yes, then set the bend segment
with the bending plane closest to the
datum plane to be bent first,
followed by the next closest bend
segment. Following this order, the
bend segment that is the farthest
away is the last to be bent.

(2.2.2.2) If not, then set the bend segment
that does not have a projected
surface onto the datum plane to be
bent first to avoid interference. Then,
set the bend segment that has
bending planes closest to the datum
plane to be bent next. Following this
order, the bend segment that is the
farthest away is to be bent last.

Using the sheet metal part in Figure 14(a) as an
example, the steps of sequence planning for the three
bend segments are as follows:

(1) Project bending planes s;~S3 and Ss~Siz onto
datum plane s4, and obtain projected surfaces p-sz,
p-Se, P-S7, P-S10, and p-s11, and projected lines p-s1,
p-Ss, P-Ss, P-Ss, P-Se, and p-Si2, as shown in Figure
14(b).

(a) 3D view and flattened view

p-S3 Pp-S10
p-s2
P-S1
P-Sg

Sq

p-sg / P-Ss
-S
p-S12 D-511

./

(b) Top view
Fig. 14. Project bending planes onto datum plane.

(2) It can be found that the projected surfaces p-sz, p-
S, and p-sy all fall inside the datum plane sa,
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which fits condition (2.2) shown above. Among
them, p-s; is the projection of bending plane s7
from bend segment #1, and p-s; and p-ss are
projections of s, and ss from bend segment #2,
fitting condition (2.2.2). Bend segment #3 does
not have any projected surfaces inside the datum
plane.

(3) Calculating the distance between bending planes
S2, S, and sy and the datum plane, one finds that s;
has the minimum distance, while s has the
maximum, as shown in Figure 15. Thus bend
segment #3 is to be bent first (based on condition
(2.2.2.1)), followed by bend segment #1, and bend
segment #2 will be the last (based on condition
(2.2.2.2)).

52 e B
Ya | Y3>Y2>Y1 /54 ys

Fig. 15. The distance between bending planes and
the datum plane (front view).

Combining the above result with the bending
sequences of bend segments #3, #1, and #2 shown in
Figures 12, 8, and 10, it is concluded that the bending
sequence for the sheet metal part is: big > b1 > bg >
bg -> b7 -> be -> b1 -> bz -> b3 -> b5 -> b4. The entire
bending process for the sheet metal part is illustrated

in Figure 16.
- -
L
Before bending L-type bend L-type bend
-
/ 8 /"
L-type bend
7. d - v
) d
P-type bend U-type bend U-type bend
Fig. 16. Bending process for the sheet metal in
Figure 14.

SYSTEM IMPLEMENTATION

In addition to proposing methodologies to find
appropriate sequences for bending operations of sheet
metal parts with multiple bends, this research also uses
the commercial software packages Creo and Matlab to
implement the algorithms for the proposed
methodologies. First of all, Creo is used to create the
3D solid model and the 2D flattened model of a sheet
metal part. The application programming interface (or
API) subroutines inside Creo are used to retrieve the
geometry and topology of the bending planes and
bending lines from the 3D and 2D geometric models.
The retrieved information is then used as the input for
the Matlab program to implement the three modules
discussed in the previous sections, that is: (1)
decomposing a sheet metal part into several bend
segments, (2) generating a sequence of bending
operations inside each bend segment, and (3)
determining a sequence for bend segments. The output
from the Matlab program is a list of bending lines to
represent the sequence of bending operations, for
instance, b10--b11--b9--b8--b7--b6--b1--b2--b3-- b5--
b4 for the process shown in Figure 16. Finally, Creo is
used to graphically illustrate the entire bending
process.

A number of sheet metal parts are used as testing
examples to verify the applicability of the
implemented system. One of these examples is shown
in Figure 17, which comprises eleven bending planes
s1~si1 and ten bending lines bi~bio. Plane s4 is
comprised of four bending lines bs, bs, b7, and bg; this
is the most bending lines, and, therefore, s4 is chosen
as the datum plane of the bending process. Once the
datum plane is determined, the angles between the
bending lines of the datum plane are used to divide the
sheet metal into several bend segments. The angles
between bz and bg, bs and bs, bs and bz, and by and bs
are all 90°, while the angles between bz and by, and b;
and bg are all 0" (see Figure 17). Thus, because the
angles between bz and by, and b7 and bs are the smallest,
the bending planes connected with bs and bs are
formed as bend segment #1. Its codes are
S1+8,—S3—S4—S5—S6 (See Figure 18(a)). The bending
planes connected with b; and bg are formed as bend
segment #2. Its codes are Sy+Sg—Ss—So+Si0+S11 (See
Figure 18(b)).

Once bend segments #1 and #2 are determined,
the bending sequences of the two bend segments are
generated. The steps are illustrated as follows:

(1) Bending patterns of bend segment #1 and their
sequencing.

Use the following steps to decompose bend
segment #1 into several bending patterns (refer to
Figure 19):

e Take the first to fourth codes, + — — —, of
S1+S,—S3—S4—S5—Ss, and compare them with the
codes — + + — and + — — + of the Q-type pattern.
The results show that they do not match.
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e Use the first to third codes, + — —, and compare
them to the P-type codes — — +, + + —, — + +, and
+ — —. The results show that there is a match, and
thus one P-type pattern is obtained. The first to
third codes are removed from the code list, with
the fourth and fifth codes, — —, remaining.

e The remaining two codes indicate that Q-type, P-
type, and C-type bending patterns are excluded in
the comparison. Thus, the remaining fourth and
fifth codes, — —, are compared to the U-type codes,

——and + +. The results show that there is a match,
and thus one U-type pattern is obtained.

Fig. 17. Datum plane of bending process and angles
between bending lines.

J. CSME Vol.42, No.6 (2021)

45 1234 Q-type 2345 Q-type
e e e e A e e B B e e e B e 4 e e R Y R S R R Y
#[=[+[+][-] #=[+[+]-]

123 P-type 4 5 U-type

= =R = =

P- type U- type
45
Results: .HHHH can be decomposed into [+ and =[=]

Graphical representation:

Bl Sy
b, S2 +H Se_ bs b, S2 + Se_ bs

b = — b =

53 ' S5_ S oy S5

bs Sy by bs Sy S4 by
P-type U-type

Bend segment #1 bending pattern bending pattern

Fig. 19. Two bending patterns of bend segment #1.

Figure 19 illustrates the two bending patterns, P-
type and U-type, that compose bend segment #1. The
figure also reveals that the bending lines for the P-type
bending are bi~bs, and for the U-type bending are b4
and bs. From Table 1, it can be found that the sequence
for P-type bending is b1 = b, = bs, and for U-type
bending it is bs = bs. Thus, the bending sequence for
bend segment #1 is: by = by 2> bz = bs > ba. Figure
20 shows the bending process.

No. 1 No. 2 No. 3 No. 4 No. 5
&
=) =) =) - L
/ \ /:/ // //:/
by bz/ bz bs by

No. 1 ~ No. 3 are P-type bends (b;— b, — bg).

No. 4 and No. 5 are U-type bends (bs— by ).

Fig. 20. Bending process of bend segment #1.

(2) Bending patterns of bend segment #2 and their
sequencing.
The following steps are used to decompose bend
segment #2 into several bending patterns (refer to
Figure 21):

12345 1234 Q-type 5 L-type

(b) Bend segment #2
Fig. 18. Decomposing the sheet metal into 2 bend
segments.
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BB = EER =R = [ =

Q -type L-type
Results: .HH.. can be decomposed into [+][—[-[+] and [+]

Graphical representation:

51y by 510+ bio S1_bg by_Sw0 S by
S [ R LI T
b, . by .
Bend segment #2 bend?r{éygaenem bendli_r;zjyggttern
Fig. 21. Two bending patterns of bend segment #2.

*  Take the first to fourth codes, + — — +, out of the
bending codes s7+Ss—S4—Sg+S10+511 O this segment,
and compare them to the bending codes — + + —
and + — — + of the ©Q-type patterns. The results
show that there is a match. Thus, one Q-type
pattern is obtained, and the first to fourth codes
are removed from the code list with the fifth code,
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—, remaining.

e Of all the bending patterns, only the L-type is
composed of one code. Therefore the remaining
fifth code is L-type.

Figure 21 illustrates the two bending patterns, Q-
type and L-type, that compose bend segment #2. By
referencing the sequencing rule for the bending
patterns, the Q-type is processed prior to the L-type.
Thus, the bending sequence of bend segment #2 is bg
= b7 = by 2 bg = bio. Figure 22 shows the bending
process.

No. 1 No. 2 No. 3 No. 4 No. 5
o 44 - 9%
b”-/ | 7 ;// %
i b’ b/ bi by

No. 1 ~ No. 4 are Q -type bends (bg— b7 — bg— bg ).

No. 5 is an L-type bned ( byo)

Fig. 22.

After the sequencing of the bending patterns of
bend segments #1 and #2 is completed, we determine
the sequences of these two bend segments. The steps
are as follows:

(1) Project bending planes s;~ss and Ss~Su1 onto
datum plane s., and obtain the projected surfaces
p-S2, P-Ss, P-S7, and p-sio; and projected lines p-s,
p-S3, P-Ss, P-Ss, P-Se, and p-s11, as shown in Figure
23.

Bending process of bend segment #2.

p/'511
p-Sg P-S10
p-s ;
-51]
p‘Ss\\ A PSe
Lo P-S4
p-sz ™ p-ss
P'fsa — P

Fig. 23. Project bending planes onto the datum plane.

(2) From the projections, one can see that the
projected surfaces p-s; and p-ss of bending planes
s and sg are located inside the datum plane s4, and
that both bending planes s, and sg belong to bend
segment #1. Meanwhile, in bend segment #2,
there are no projected surfaces in the datum plane.
Based on the principles of sequencing bend
segments, the following can be concluded: bend
segment #2 is to be bent first, followed by bend
segment #1. That is, the bending sequence of the
sheet metal is: be 2 b7 2> bg =2 bg 2 bio 2 b1 >
b, = bs > bs = ba. Figure 24 shows the bending
process.

CONCLUSIONS

The planning of bending sequences of sheet metal
parts is a complex process. This research proposed a
set of principles that can be followed when planning
the bending sequence of a 3D sheet metal with many
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bends in various bending directions. This involved
first using the datum plane of bending operations as a
base for dividing the 3D sheet metal into various 2.5D
bend segments. Next, it used six predefined bending
patterns and the sheet metal contours of each bend
segment to perform comparisons and decompositions.
Then it sorted the bending patterns obtained from the
decomposition process and defined priorities for
bending. Finally, it used the principle “minimum-
height, first-processed” to sort the bend segments, in
order to obtain the bending sequence for the entire
sheet metal part. The proposed method not only
significantly shortens the efforts required for planning
a sheet metal’s bending sequence, but also establishes
a set of simple and systematic planning models for
bending sequences.
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