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I. INTRODUCTION

In sheet bending practice where a straight contour is required, the bent
part will usually have a different shape, not a straight but a slightly curved

contour ( see Fig.1 ), caused by a varying gap between punch and die due to

expected
contour

factual
contour

Fig.1 The Fault of the Bent Sheet

the forming force during the bending process. Consequently, it reduces the
geometric accuracy of the part. It is necessary to find a practical method to
indicate the deformation of the punch in order to conpensate it during
forming. It is obvious that this deformation is depending on the stiffness of
the components of punch, the conjunction between them, and also the stiffness
of the supports of it.

This paper is going to analyse the deformation in the horizontal

direction of the punch [1] during forming operation.
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II. MODELLING THE STRUCTURE FOR ANALYSIS

The structure of the punch is briefly shown in Fig.2.1. The punch is
horizontally supported by two blocks at both ends and three guides between
them, each of which is connected with the foundation of the punch by four
screws, it can freely move vertically with the motion of the punch up and
down.

The load acting on the punch is caused by the workpiece being bent on

the machine. The effective load to the deformation in horizontal direction is

IS

foundation of punch

e P |

<> DOWN ( )

guide e
TN x "1 ~ |~ Sheet Material
i
[ ] Punch k'\

Die

Fig.2.1 The Draft Drawing of Structure
the x—component Fy ( See Fig.2.2 ), which is
Fx = Fy-( singa —p cosi, ) (21)
where p is the friction coefficient constant.
According to [2], F, becomes

Fp=—2 (2.2)
ay + “__2_0

where
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My, = Cbs}- My (23)

Punch

Die

Fig.2.2 The Load Acting on the Punch

From [3], the dimensionless bending—moment Myp* comes

5 Exy,*3 Jgp*2 . 1-yv* | —\0*1[n+1+ v*”__]_
My = 2177 T (1) (78 2) {(ﬁp* + o) [——-y——\/gp* €0

—w [(n+_l?!_2 vt 'go} } (24)
V3p*
where
p* = pfso
Ex=E|C
I 2( 1""0’2)‘_670‘,0*
yv -

Exvv+1

In the three expressions above, E,C, and v are the material constants,
€5 the prestrain of the bent sheet, p the radius of bending, or p = pg+$0/2, and
8o the thickness of the sheet.

However, the maximum value of Fy occurs when the value of the angle

wa tends to m/2. In this case ( see Fig.2.3 ),

o=y (pa+pp+tot Ux)? — (pa+pop+ so)? (2.5)
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where pq and pp, are the radii of the die and punch, ¢, the gap between them,
whose value may be 1.0s, to 1.1sy, and Uy the displacement in the x—direction

of the punch from the initial position.

to

A :

Die Punch

Fig.2.3 The Maximum Load on the Punch

From Eqgs.( 2.1 ), (2.2 ), and ( 2.5), the load contributing to the
deformation is a function with respect to the deformation Uy, so it is difficult
to yield a simple expression like Ux=Ux(Fx). In this case, it is convenient to
use numerical method by means of superposition.

According to the structure, the applied load, and our purpose
mentioned above, we can consider the punch as a beam simply supported at
two ends and supported by three springs between the two ends. In practice,
the bent part is usually positioned in the middle of the punch, so the load is
applied as a symmtrically distributed one.

In the following chapters, we will offer an analysis based on elastic

deformation of a beam in a situation mentioned above.
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III. DETERMINATION OF THE REACTIONS
ON THE REDUNDANT SUPPORTS

As known, a one—degree beam that is supported by five points is
indeterminate in a third—degree ( see Fig.3.1 ). Fortunately, the problem in
our project is a symmtric one due to the symmtric structure and the symmtric
load.

In Fig.3.1, L is the span of the punch between the two blocks, 4,B,C
the three spring—supported points, b the distance between the left spring
support and the left block, K the spring constant of supports, and [is the
length of the loaded range, or the width of the bent sheet. In a first
approximation, the applied load is assumed as an uniform ¢, dividing the range

of load into 2n equal sub—parts that have the same length

AR
z
RIELS
Az
Fig.3.1 The Model for Anaysis
Az=1lf2n
the sub—load on every part is
AF;=g¢-Az (3.1)

Moreover, a is the distance between the sub—part and the block, which is
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a=(L-1)/24+(+1)-Az (3.2)
where 1 is the order number of the sub—part.

In order to obtain the displacement of the beam, we may superpose the
sub—displacements caused by the sub—loads. But, before this we have to know
the reactions on the redundant supports because the beam in our problem is
indeterminate. So, first of all we will determine the reactions of redundant
supports by means of elastic displacement superposition method.

We consider a third—degree indeterminate beam is loaded by a pair of
concentrated forces AF; ( see Fig.3.2a ) which are symmtric with the middle
point, and is supported by three springs with spring—constant K at the points
A, B, and C. After releasing the three redundant supports by three unkown

reactions Ry, Rpi,and R.j, we can obtain the deformations at the points A, B,

I—Q—‘ AFI AF)

C(d)

Fig.3.2 The Reactions Caused by Applied Load
and C caused by the applied load AF; itself ( see Fig.3.2b)
b= —DEd (a7, 302 _p2) (a2h) (3.3a;)

or
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b= 230 (315 3b2—a2) (a<b) (3.3a)
and
6y'= bnax =—oabo—( 3L2 — 4a? ) (3.3b)
0= 6y’ (3.3¢c)

where Iis the moment of inertia of the beam, which will be obtained in
Chapter V.
The deformations at points A, B, and C caused by the reactions R,

and Rg; ( see Fig.3.2c ), which are considered equal and symmtric, are

b7 =—ta i, (361 —ap2) (3.4a)
byo=Rail (302 _4nm) (3.4b)
6 =6,7 (3.4c¢)

Again, the deformations at points A, B, and C caused by the reactions

Ry ( see Fig.3.2d ) are

6an)= Rbib,( 3L2 —4p2 ) ( 353.)
v Cash)
5c)r:.___5a:n ( 35C)

Superpositions of Exps.( 3.3 ), ( 3.4 ), and ( 3.5 ) respectively must

satisfy the deformation conditions

ba = b—by"—6

= Ryi/ K (3.6a)
bp = bp’'—bp"—bp""

= Rypi/K (3.6b)
bc =8, (3.6¢c)

Substitution of Exps.( 3.3 ), ( 3.4 ), and ( 3.5 ) into Exp.( 3.6 ) gives

the equations
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B3 L0-302-b0)- Baibaorap)- Boibare gp9)=p.yx

558312 gar) Batbiare gy Reillopy i
(for ab) (8.7)

or
AFia(SLb—3b2—a2)- Ry b(ng[ﬂ)_ %%%3(3L2-—4b2)=33i/1(

SFtortan- Byphorton- Bpgb=risi
(for a<b) (3.8)
Solving these equations and noting that the reaction at point Cis the same as

at point A, we obtain the reactions at point 4, B, and C

Rai = Aa/A (3.9a)
Rpi = Ap/A (3.95)
where determinants A,, Ay, and A for a>b are
LFb3Le-30202) —pr- (312482)
A= (3.10a)

L8312 407 R L

o (3lb-4b0) 4 —2F1b3L0 302 1)
Ap= (3.100)

TEEOL) pphfeie)

SEr (L) —ggpr (3149)

b Ls | 1
g 3L 2BET MK

(for a>b) (3.10)

A (3.10c)
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and for a<b are

Ll Y3Lb-3b2a2) gy (314
Aa= (3.110)

LE8310 402 . o

e a 3Ltk —2Fi8310302 1)
Ap= (3.115)

— i 3L2—4b?) AF50375 447)

brn e e (314)

A=
FAEL ) K
(for a<b) (3.11)

(3.11¢)

The determinations of Exps.( 3.9a ) and ( 3.95 ) are the reactions at the
redundant support points A and B, including the point C ( or Rei=Ra; ),

caused by the sub—load AF;. The total reactions at points A and B are
Ra = %Rai ( 3.12¢ )
1
n
Ry, = LRp; (3.12b)
1

where n is the number of sub—parts in the half length of the beam.

VI. DETERMINATION OF THE DEFORMATION

Having obtained the reactions on the redundant supports, we can easily
determine the deformations by means of superposition. The deformation at
any point can be considered as the combination of the deformations caused by

applied load and by the reactions (see Fig.4.1 ). The displacement at the
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point in a distance z from the left end of the beam caused by applied load AF;

( see Fig.4.1a ) is

8 AFI AF1

Fig.4.1 The Deformation of Beam

Uxi'= —%—%}’?( 3La—3a2—22)
(0<xa) (4.1ae)
or
Uxi'= ——%%9-( 3Lz— 322 —a?)
(a<KL)2) (4.1b)

The displacement at the point z caused by the reactions R,; and Rc; ( see
Fig.4.1b, and note Ra;=R.; ) is
Uni?= —2 2. (3Lb— 3b2— 22)
(0<2¢h) (4.2a)
or
——}6!%}13( 3Lz—322—b?)
((b<2KLf2) (4.2b)

Uxi’'=

The displacement at the point z caused by the reaction Ry; ( see Fig.4.1¢ ) is
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Ugi!'= Rbiz,(3L2_432) (43)
v T T4RET ‘

Combination of Exps.( 4.1), (4.2 ) and ( 4.3 ) gives the real
deformation at the point z caused by the sub—load AF;
Unei= Ui’ Ui Ui’ (44)
The summation of them, considering ¢ from 1 to n, gives the total deformation

at point z, that is,

n
Uxi=21uxi (45)

V. DETERMINATION OF THE PARAMETERS NEEDED

In previous chapters, we mentioned several parameters such as I, the
moment of inertia of the beam, and K, the spring—constant of the three
mediate supports, which are depending on the structure of the machine tool.
In this chapter, they will be determined according to the Drawing
No.10 75 18 008 9. It should be mentioned that some of the dimensions which

are missing in the drawing are evaluated by the ruler and the scale.

1) Determination of the Moment of Inertia I ( see Fig.5.1)
The total area of the section is
A=Y 4
=172:9.5 4+ 32.0-4.6

= 215.6 ¢p?
The centre of gravity is at the point C(zc, yc),
_ ZAiz
=T
7.2.9.5-(24.2-9.5/2)+32.0-4.6-16.0

= 215.6
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= 17.08 cm

ycz——z‘Mi 1

7.2-9.5-(4.6+3.6)+32.0-4.6-2.3
215.6

46
l lo
|
|
e
I
3

72

242

Fig.5.1 The Dimension of Section of Punch (mm)
therefore, the moment of inertia of the section is
Iy =X Iyi + % Ai- (z5-2c)?

_ 7.2i9.53 +7.2-9.5-(24.2-9.5/2-17.08)2

+ 248,328 1 4 6.32.(17.08-16)2
- 13596 cm4

We only need the value of the moment of inertia Iy as I for our project.

2) Determination of the Spring Coefficient of Intermediate Supports
According to the drawing, the three guides ( see Fig.5.2 ), as the
mediate supports in our project, are connected to the foundation of the punch

with four screws whose diameters are about 14 mm. Considered as the
elastical parts, the spring coefficient of the guide is depending on the stiffness

of guide and screw. The spring constant means the force which occurs one
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unit of displacement at the end of the guide, which is caused by the deflection

of guide itself and the extension of screw. The deflection of the guide caused

Foundation of punch
100

4
°r

Fig.5.2 Connection of the Guide

by a centain force R, considered the guide as a cantilever, is

u = S5 (5.1)
where [ is the length of guide, which is about 40 mm, I the moment of inertia
of guide. The extension of screw caused by force R also gives the displcement
u at the end of guide, which is

Uy = -%0—5

=0.76 (5.2)
where §is the extension of screws, which is determined by the tension T in
left screws and T in right screws. However, according the deformation
condition, Ty and T have the relation
Ty Ty=100:20=5:1

The equilibrium of moment on the guide gives

100 Ty+20 Ty=T0R — T; ¥ 0.7R (53)
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and the extension of the left screw is
T,.
6= L (5.4)
where there is a 2 under the fraction line because there are two screws in the
left side, and [ is the effective length of screw, which is about 30py.
Therefore, combination of Exps.( 5.1 ) to ( 5.4 ) gives the displacement at the

end of the guide

U= U+ U
RIS Ty 1
=—3gr + 07— p71—
_ 403. R 0.7 0.7R-30
- 3-?1556@%533?33 +0. 2.210000-7-72
= 0.55848-10-R (5.5)

To obtain the spring coefficient K, let u=1, therefore
K= R' u=l

VI. COMPUTATION OF THE DEFORMATION

The computation of the deformation of the punch is carried out by a
numerical approach method by the follwing steps:

(1).  Assuming the initial deformation of the punch to be zero, or
Uxi=0, it follows the parameter g; by Exp.( 2.5 );

(2). Dividing the half width of the sheet [/2 into n equal sub—parts,
to calculate the approximate applied load AF; on each sub—part by
Exp.( 3.1 ), where the value of g, at first, is assumed as an uniform, then it

will change with the change of the value of a;, which is

Eindhoven University of Technology WPA




An Analysis on the Deformation of

the Punch in Sheet Bending 15
2
¢= WMI)* (6.2)
Gvtg

(3). Calculating the reactions on intermediate suports caused by the
applied load AF; by Exps.(3.9¢) and (3.95);

(4). Calculating the deformation Uy; of each sub—part by Exp.(4.5).
If the computational difference between the approximations of two following
calculations is satisfactory regarding the accuracy ( numerical stability of the
solution ), or,

abs( Uxi— Uxig) € € (6.3)

where ¢ is a small positive number (eg. e=108), the value of Uy; is regarded as
the appropriate result, or if not, the computation goes back to carry out the
steps (2), (3), and (4) again and again until the approximation of deformation
satisfies Exp.(6.3).

In practice the convergence speed of the computation is quite fast.

Usually after less than five times of approaches, the appropriate result is

obtained ( see Fig.6.1).

0.06

i

h Lm2200| bmS580 |I=Y4600 $=1.0 e A o

] #=0.15 | Rd=2|0 t0=1.02s o ] .

/’
7~ s

: s ~

0.04 =

)
z

ist evajuatioh

Ux (mm
N
N\
\
|

2nd evdluatidn

0.02 4

3rd evaluatio
4th evajuatio

N
e
|
|
1
QQ;;CUO

finpl deformdtion

0.00 <

vvvvvvv '2'()8"""3“),0"""%"""5'08" "6101011lvvl.}‘(}atl|nvuvolo"nnle'éa""iiblolanl‘v‘vi00

Fig.6.1 The Approaches of Computation
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In following pages, several figures show us the results obtained by the
varying parameters such as the width of sheet (see Fig.6.2), the gap between
punch and die (see Fig.6.3), the coefficient of friction (see Fig.6.4), and the
thickness of the sheet (see Fig.6.5). Moreover, in order to know how the
deformation is affected by the stiffness of intermediate supports, Fig.6.6 shows
us the influence of the possible stiffness.

In these figures, the following basic parameters of sheet material and

punch material are applied,

E = 210000 N/gp? ( for punch and sheet )
C = 580 N/mw? ( for sheet )
v =045 ( for sheet )
€; = 0.005 ( for sheet )

and the rest of parameters needed are shown in each figure.

0.10 1

1200
=100
~~ =800
E 0.06 =
£
~—
X
0 0.04
B50 Rd=2.0
=1.028

0.02

°¢00 - TTEeeet A EE522 52003033030 000000 ARARRALA)
800 1000 1100

Fig.6.2 The Deformations of Different Width of Sheet
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Fig.6.3 The Deformations of Different Gap
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Fig.6.4 The Deformations of Different
Coefficient of Friction
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Fig.6.5 The Deformations of Different Thickness of Sheet
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Fig.6.6 The Deformation Changes with the Stiffness

Eindhoven University of Technology WPA




An Analysis on the Deformation of
the Punch in Sheet Bending 19

VII. CONCLUSIONS AND RECOMMENDATIONS

As well the width of the sheet as the gap between punch and die
(to—so) have less proportional influence on the deformation of the
punch (see Fig.6.2 and 6.3). So a very accurate adjustment of the gap
seems not to be of great importance. In addition it is noted that the

influence of the friction is almost neglectible (see Fig.6.4).

Both the thickness of the sheet and the stiffness factor K have
great influence on the punch deformation (see Fig.6.5 and 6.6).
Experiments are necessary to determine the validity of modelling and
analysis. In this, especially a correct estimation of the value of K is of

major importance.

Further research has to be done to establish the relation between
the deformation of the punch and the geometry of the bent sheet after
spring back. Nevertheless a substantial improvement of the sheet

geometry may be expected by raising the value of K.
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