Mansoura Engineering Journal, (MED), Vol. 25, No. 2, June 2000, M. ]

A NEW METHOD FOR DESIGNING THE SHOULDER OF PACKAGING MACHINES
Ll ciligha Juah ilis] aganail 5432 Aksjh

Mohamed Fanni* and Mohamed Shabara®*
* Assistant professor. ** Professor
Depanment of Production Engineering and Mechanical Design.
Faculty of Engineering.
Mansoura University.
Mansoura, EGY T

1A

e G A S L e A SRS B e p s 5 e b g Al Hufle A SEIN LS
H3mu@-5‘5hqﬁh4@)ﬁ£ﬁfﬂ‘&@és-Jﬁiﬂwﬁéﬁhﬁ:‘-ﬂméeﬁi
gyt o Gy el ;.;,.L.s.ﬁ,@tj,m&j,,ﬁ_a_aﬁiﬂ_:s;_,@'__as‘;?s_-@_jm"q_-.m s
ENUCIRE RPN U I L PN PRCER SRS ey a2 Sk 3 alladl a5l e
et e e L e e 5o W g n B e ey Bl g2l S3gp gl ok sanisy
il alasd ts@_.ast_‘.ss!h,h..gi;,h..s,h;u J NGl e 4 S0 6 35 yalan
.ﬂtﬁ;ﬁmgﬂw:\;,ﬂugyu S dilal L AN anll Byt Sl

JEn et e ) we Y A et Litan oo e sainn BB o5 LS 30 sia By Sl 2y
2 Loaliad afld y A glade Galal B-Splines oyl aaied 3 Lt s2ay SeliSly dially e Ll LS s
by Rt R ya 0 rbiol Al R D ae o 15,00 03 Sk 5 oy B el e Jgeandl

S AT
ABSTRACT

The shoulder of a packaging machine is the part which puides the packing material. plastic sheet

for cxample. and folds it into the shape of 2 tube. It is manufiscred throtgh bending a piece of

sheet mictal along certain curve called bending curve. Al peometny leatres of the shoulder are
determined through the bending curve. The methods found in the lterature to design the bending
curve have some drawbacks. For many practical specitications ol the shoulder geomutry. these
methods wive no solution oF sive a soluion  for some specilications and let the other
specitications wncontrofled. They are not exible for new  geometrical or mechanicat
specitications.  The preseal work discusses these metheds and intradtces a aew methed, which is
flexible ftor arbitrary number of specifications and gets the closest solution 1 the speeified one.
The method uses B-splines 1o model the bending curve and optimization technigues W pet the
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optimal solution tor certain specitications. The application ol the proposed method to real
shoulders gives satisfactory results in comparison with the other methods,

KEYWORDS

Computer Aided Design, B-splines. Optimization methods. Differential geometry, Isometric
mapping.

1. INTRODUCTION

One of the most critical parts of packaging machines is the shoulder (see Fig. 1). The speed and
the reliability of the machine depend to a great extent on the design and manufacture of the
shoulder. Fig. 2 shows the working principal of the shoulder. The plastic sheet (the film) is drawn
from the rollers and guided over and then through the shoulder 1 told it into the shape of a tube.
The sheet is sealed vertically and horizontally at the bottom to form a bay. The bag is then filled
from above by the product to be packed. Then it is sealed at the top and cut off. The technological
question is: which shape ot the shoulder that ensures a correct undisturbed guidance of the film
and how to manufacture it in 2 smooth way. The shoulder can be manufactured through marking
the bending curve by a groove on the back of a piece of sheet metal {see Fig. 3). The lower part of
the sheet is then bent progressively into smaller eylinders until the final cylinder is reached.
whilst at the same time letting the upper part turn downward lower and lower to form the
shoulder.
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Fig.l. Packaging machine Fig. 2. The shoulder
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Upon thorough search in the literature. ouly three works concerning  the shoulder design are
found. It is proved in these works [1-3] that all geametrical specifications of the shoulder are
determined by the bending curve. In [1] the shoulder is proposed to be consisting of two truncated
cones connected by a planar triangle, The geometrical parameters ol the shoulder are the radius of
the cylinder, R, the height. H. the angle between the shoulder and the cylinder at the heighest
point. By. and the open angle of the triangle. B. (sec Fig. 31. An equaticn is proposed which
determines the bending curve according to specified values of the above geometrical parameters.
This equation fails to give a bending curve for some values ol the geometrical parameters.
Moreover. this equation does not tolerate for additional geometrical parameters. In [2]. the idea of
isometric correspondence between the shoulder and the plane ix introduged, Using differential
geometry an expression for the angle 8 is deduced. An equation is ulso proposed which considers
the geometrical parameters R, H and 6. The plane triangle with its open angle B is not
considered. The method has the same drawbacks as the previous one. In [3] a more general
formulation of the problem is proposed. As in [2] the classical dilferential geometry with the idea
of developable surface is utilized. The conditions of a shoulder surface free of singularities and
containing a planar triangle are deduced. An equation for calculating the bending curve is
proposed. The constants of the equation are determined to atisty the following geometrical
parameters: the ratio H/R. the angles By B. as defined abave, and the angle 6, which is the angle
between the shoulder and the cylinder at the lowest point. The equation is not flexible for
additional geometrical parameters. One must add new terms to the wquation and deduce from the
beginning the relations of the constants. Moreover. this equation tails to provide solutions for
many rteal shoulders which are presented in this work (see section 3). To overcome these
drawbacks. two procedures are introduced. The first one is to model the bending curve by means
of B-splines which possess many advantages. They ofler one commaen mathematical form for free
form shapes. provide the flexibility to design a large variety of shapes and can be evaluated
reasonably tast by numerically stable and accurate algorithms |4, 3]. So. if one B-spline fails o
get reasonable results. one can switch to another B-spline with other characteristics in the same
program only by changing certain parameters, The second procedure is using an optimization
technique 1o determine the optimal control points ol a B-spline curve. which give the closest
solution to the required one. This technique overcomes the probiem of getting no solution for
certain reguirements.
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Fig. 3. Maodeling of the bending curve with the shoulder
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2. THE SHOULDER PROBLEM

The geometrical parameters of the shoulder are important because they determine the smoothress
of the guidance of the plastic film over the shoulder into the cylinder. The angle 6, determines the
amount of {ilm bending. The planar triangle with angle B determines how perfectly the plastic
film fits the shoulder. The angle 8, determines the smoothness ol the transition of the film from
the shoulder to the cylinder at the lowest point. The ratio H/R is the most important parameter
which determines the undisturbed guidance of the filni. Although no research works are found
which deal with the mechanics of the wansport of the film over the shoulder into the eylinder,
some industrial experience can give reasonable values of these parameters. The problem in
industry is: for some desired values of these parameters. what is the matched bending curve
required to manufacture that shoulder without stretching or tearing  of the flexible plate. The
problem has an interesting extension if the industry deals with developing new shoulder or
manufaciuring an existing one through reverse engineering. The relation between the bending
curve and the geometrical parameters can be obtained by considering the shoulder surface as
developable surface. The bending curve E (=w (1)) detorms into the bending curve E (=2 (X, ¥))
on the cylinder (see Figs 2. 3), while the plane above E deforms into the shoulder and the plane
under E deforms into the cylinder, All deformations take place without stretching or tearing.
Using differential geometry [6]. the shoulder is completely determined by a specification of its
generators g. So. the parametric representations of the shoulder surtace and its isometric
correspondence (the plane above E) are given by:

F = F{s.v)=r(s) +vg(s) (1)
E = F(s.v) = 1(s) + vg(s) )

where s stands for arc length aleng the bending curves and v stands for are length along the
generators (g. g). Equations (1. 2) describe also the ¢ylinder and 115 isometric correspondence (the
plane under E). The generators g. g are given byv:

gl¥) = cosa(s)t(s) + sin a(s)[cosd{ sIn(sh + sin gt s)hix)] (3)
g(s) = cosa(s)t(s) + sina(s)n(s) (4

where 1. n. b are the tangent. normal and binormal vectors to I while t, o are tangent and normal
vectors to E. Angles & and ¢ can be found by cquating the first fundamental coefiicients of
surface F 1o those of surface F (properties of isomcetric surtaces |6]). One gets:

{.s:) (5)

k)
cosg(y) = ‘x{ 3

—x[.v}si_n_{ﬁ_(.f_)

. Ocu<nm (6)
@+ ()

tana(s) =
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Subscript s denotes differentiation w.rt. s, K and K are the curvatures of £ and E. respectively.
while t is the torsion ol E. Equation (5} has two solutions. Brst one is for the shoulder and the
second one is for the cylinder. For acylinder of radius R. the cusvature K and torsion T can be
expressed as:

Rl +wi+N)'’

o Ry + 1y ) (7)
R(1+w;)""

po Rt ®

R(R w,, +w, +1)

The curvature x can be expressed as:
-

K= L 0
= +wy' ®)

Fro equations (1-9) one can conclude that the shoulder surface F is completely defined by
defining the bending curve E (w (u)). The angle O betweep the tangent planes of the shoulder
surface and the cylinder is consequently a function of the bending curve E:

Riw? —w =1
cosf?:——,“+‘—‘";— 1))
Row, +w +1

In [3] the condition of a shoulder surface free of singularities talong which two different sheets
are tangent to each other) is found to be:

w4+ Rw, <D (n

bl“lllfli
Also it is proved in [3] that in order to have a plane triangle whose vertex lies on the highest point
of the shoulder. there must be a discontinuity in the third derivative a1 that point on the bending
curve E. The opening angle [: can be calculated as:

AR W (04+)
tan( B/ )= - = 12
B Row: (=1 (1=

3. MODELING OF BENDING CURVE BY B-SPLINES
The bending curve must satisty the following conditions:

1- 1t must he an even function (w (u) = w (-u)) for symmetry consideration.

3. It must be continuous differentiable at feast up to the third derivative except at the
heighest point if a planar triangle is required.

3- It must be concave (w,,<0)

4- 11 must satisfy equation (11) in order to have o shoulder surlacy lree of singularities.
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5- It must satisty the boundary conditions w (tR) = w (-ntR) =10
6- It musi contain a number ot ¢constants equals at ieasl to the number of geometrical
specifications,

In [3], the following equation is supgested:
wlu} = R[c“ +0, A + c_‘l/ll" +e,(cosA- 1+ A I D +efsind -4+ 2 16” (13)

where A=ulR. ~T2A<n

This equation satisfies conditions (1. 2. and 6): the conditions (3. 4) must be checked after
calculating the constants according to geometrical specifications und condition {3). In many
practical cases, equation (13) gives no satisfactory solutions. So additional terms are needed in
order to get better results. This adding process is not a flexible one, Firstly. one needs to keep
conditions (1. 2} valid. Secondly. one must derive analytically the relations to be satisfied by the
constants according to other conditions and geometrical specifications, So. the adding process is
not a systematic one. Ons must write a computer program for cach proposed equation. B-splines
offer an efficient way to solve those problems. The process ol changing the equation of the
bending curve will now be a simple and systematic one in a single computer program and
provides a more efficient way: 10 get more accurate results. B-splines together with NURBS form
the bases of computer aided geometrical design CAGD (3] which has applications in many areas.
one of them is the reverse engineering (7). B-spline curve is a piccewise polynomial curve. The
bending curve w (u) can now be written as;

w(n) = Zd, N(u) (1)

FE]

The coefficients d; are called “control points™ or “de Boor points”, They form the de Boor
polygon (see Fig. 4). The normalized B-splines NJ"(u) are piecewise polynomials of degree n that
are detined over the knots {ug. Uja....i} They can be determined recursively as:

) N\ Vit
N,’(h‘}=(1J'_",)_'”Q+(Hmm _"}_lt___”. (13
Ay _uj ”qu&l LN
where
, 1. . E[H, .1, b
N = it u Lt
0. - (1A N

Whereas zero is taken for the case 0/0. A B-spline curve is delined completely by its degree n. its
control points and its koot sequence, The relation between the number of knots (k+1). the degree
n and the number of control points (m+1) is:

k=m+n=+| (16)
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du

A J

Upelis 1y il u, Us=ln
Fig. 4. B-spline control polygon

The first derivative of a Be-spline curve of degree n overa pattition tuy}is a B-spline curve of
deuree (n-1).

w,(uy= D N (17)

detined over the same partition. where

d" =n‘—f’~_—d';' (18)
U, —,

For higher derivatives this scheme is to be repeated. The B-splines possess the following
characteristics which are important in designing the bending curve:

a- 11 p Knots u/=.....=ujepa ceincide (ie. the knot j is of multiplicity p. the B-spline curve
may become only "7 continuous at u,.

b- The multiplicity n+1 is assigned to the first and last knots if’the end control points
required 1o be located on the curve,

¢c- B-splincs possess the convex hull property. That is: any point vt the curve lies in the
convex hull of those control points that contribute 1o its evaluation,

d- 10X € (upug.). all Ny (u) vanish at x except those withi & 1ln....).

The canstruction of bending curve using B-splines can now be dene according 10 the following
procedure:

1- To verily condition (1) ol the bending curve. the number ol control points (m+1) must be
an odd number. The control points and the knol seguence must satisty the following
relationy:
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o, =d,_,. i=0. . m (19)
o= ;- =0k
-  To satisfy condition (5). one lets uy=......=u=-nR, consequently Uxn=..... =y=nR

and dg=d,=0 (characteristic (b)).
IlI-  To satisfy condition (2). one must let >3 and a2+ =0. i=1.....0-2 {characteristic (a}).
IV-  To satisfy condition (3). the de Boor polygen must be concave relative to u-axis
(characteristic {¢)). This means:

‘fl—l ér §|+I
A=l d d,|<o0. i= Lot = | (20)
l | 1

where &; are the Greville abscissae (the u-coordinate of' d,. see Fig. 4) [4] which can be
caleulated from:

& =l{um+ .......... cenetl, ) 213
n

V- The other knots are made equal distance apart. unless the continuity is required to be less
than (n-1) but not less than 3 between curve segments. Then the knots are repeated at the
desired location.

V- The number of control points {m+1) must be larger than or cqual to (2G+1) where Gis the
number of geometrical specifications in order 10 satisty condition {6). However. when
optimization method is used (see next section) this condition can be relaxed.

VII- The control points (di i=l....m/2) are determined to get the closest values to the
geometrical specifications and to satisfy conditions (3. 4} (see next section).

One can see that most of the bending curve characteristics are applied directly in a simple and
systematic way. One can choose various B-spline deyrees. various number of control points or
various knot sequence (keeping the above-mentioned restrictions valid) to alter the equation of
the bending curve (increasing its flexibility) without altering the process. That is to say, all
possibilities of the bending curve are handled in the samc program. Note that the derivatives of B-
splines needed in the calculations are done systematically independent of the characteristics of the
chosen B-spline. One can also change part of the B-spline curve without aftecting the other parts
through varying suitable control points (characteristic (D). This has great advantages. So. one can
adopt suitable values for 8, and By independently us un example. This flexibility increases the
chance 1o get more accurate solution.

4. OPTIMIZATION TECRHRNIQUL

The geometrical specitications considered in this work are: R 0 (or (H/R)). Oy . 8, and P .
Note that R is satisfied directly (see procedure [1 above). To overcome the problem of getting ne
solution and also to determine svstematically the control points of B-spline. an optimization
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proble;'n is formulated which minimizes the squares of the crrors (e*) between the specified
values and the calculated ones, The optimization problem can be delined as:

min. /(D) =W, [(H /1 RY —(HIR] +milp -gf o - ARYA A

subjected to concave constraints defined by equations (20) and singularity constraints defined by
equation (11). The singularity constraints are determined al sume selected points along the
bending curve. W; are weighted factors. The design variubles (D) are (d;, i=]...m/2). His
‘caleulated through equations (14, i5) by putting u=0. &, and 0, ar¢ Jetermined through equation
(10) by putting u=0.7R respectively. B is determined through equation (12). All the derivatives in
these equations and in the singularity constraints are determined threugh equations (17, §8) and
their repetitions {see last section). Sequential linearization program [8] is used to solve this
nonlinear optimization problem. A computer program is written to design the bending curve
according to arbitrary B-spline.

5. RESULTS AND DISCUSSION

[n Tables 1. 2 measured geumetrical specifications of somw real shoulders are shown. The
application of equation (13) surprisingly gets no solutions for all cases. The cause of that is the
complex roots in some cases and the unsatisfaction of singuluarity condition in the other cases.
The results of the application of the written program to ene case Jur various B-spline curves are
shown in Table, 1. Wjare set to 1. These results indicate how one ean increase the accuracy of the
solution by changing the characteristics of the B-Spline curve, Iig. 5 shows the best bending
curve found for that case. Table 2. shows the results for other cuses of real shoulders which give
satisfactory solutions. The characteristics of all B-spline curves in Tables {.2 are indicated in
Table 3., where L is the number of curve segments. Fig. 6 shows o manufactured shoulder from
sheet metal according to the method described here. The measured geometry parameters of that
shoulder fit accurately the calculated ones. These results indicate the validity of the proposed
procedures which can get acceptable solutions in many practical coses,

Table 1. Results of various B-spline curves for one real shoulder.

R (mm) H/R B (degree) [ 0 (degee) | 0 (degree) | (Te™)'”
measured 45.0 3.78 115.0 1.5 3.5

cal. curve | 45.0 3.823 97.035 461033 18.354 27.477
cal. curve 2 45.0 3.92 104.71 36.0 24.18 23.54
cal. curve 3 43.0 3.496 101.638 3232 23.586 24.14
cal. curve 4 43.0 3.75 113.458 30.098 2.489 2.32
cal. curve 3 45.0 42578 115.438 33.58 4443 2.38
cal, curve 6 45.0 .11 115.65 29,08 3.130 2.546
cal. curve 7 45.0 3.73 113.82 3].68 4.778 1.75
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Table 2. Results of acceptable B-spline curves for some real shoulders,

R (mm) H/R B (degree) | By (degree) | 9, (degree) | (FehH)™?
7.0

measured 39.0 4.23 105.0 40.0 .

cal, curve 8 39.0 4.337 104,25 41.555 6,63 1.77
measured 42,5 3.96 105.0 30.0 3.5

cal. curve 9 42,5 4.08 104.33 30.55 32.6 1.41
measured 55.0 343 102.0 27.0 3.0

cal. curve 10 55.0 3.35 101.076 25.59 2.73 1.71

Table 3. Characteristics of the calculated B-spline curves.

n m+1 L d, da d; d; ds ds

(mm) | (mm) ! (mm) (mm) | {mm) | (mm)

curve | 4 7 2 86.0 | 156.3 | 187.8

curve 2 4 9 4 47.56 | i313 [ 1702 [ 71792

curve 3 5 9 2 67.17 | 1224 | 1508 | 163.8

curve 4 5 11 4 3218 | 95.94 | 1475 | 1660 | | 70.3

curve 5 3 13 4 37.1 73.6_) 139.1 | 1782 | 1899 | 1933

curve 6 6 1] 2 59.88 | 118.6 | 163.6 | 1812 | 1889

curve 7 6 13 4 266 ) 79.08 | 1253 | 1546 | 1657 168.8

curve 8 5 11 4 32.56 | 96.1 147.1 1 165.5 | 171.0

curve 9 5 13 6 2629 | 74.62 | 1343 | 163.1 | 172.2 174.1

curve 10 3 13 6 23.85 | 712 | 1355 | 1729 [ 1831 185.2

W- axis

- , .i!" -

Pt e !
. \"
. . u-axis i

L

Fig. 5. Caleulated bending curve Fig. 6. Manufactured shoolder

CONCLUSION

A method is introduced to design the bending curve for specilicd geometry of the shoulder of
packaging machine. The method uses the B-spline to model the bending curve and optimizatio
technique 1o obtain the closest solution 1o the required one. The caleulation of the bending curv
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for real shoulders according to the proposed method pives satishactory results compared 1o

revious methods in the litcrature. The geometrical parameters ol the manufactured shoulder fit

p

accurately with the calculated ones. The results indicate the llexibility and accuracy ol the

proposed methed.
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