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Industrial Summary

The use of CNC machine tools, together with decreasing lot sizes and stricter tolerance
prescriptions, has led to changes in sheet-metal part manufacturing. In this paper, problems
introduced by the difference between the actual material behaviour and the results obtained
from analytical models and FEM simulations are discussed against the background of the
required predictable accuracy in small-batch part manufacturing and FMS environments.
The topics are limited to those relevant to bending along straight lines. Applications of
analytical and empirical models in the area of CAPP and adaptive control are discussed.
Process planning for sheet bending, however, should not be treated as an individual task but
must be related to other process-planning tasks. An integrated CAPP system for sheet metal,
PART-S, is introduced briefly.

1. Introduction

Over the past few years, an increased effort has been put into research in the
sheet-metal area, due partly to the introduction of CNC machine tools for sheet-
metal manufacturing processes. Generally simultaneous with this development,
customer demands changed, leading to decreased lot sizes, increased product
variety and stricter tolerance prescriptions. As a result, a better and predict-
able process accuracy is required nowadays and test products should no longer
be needed. This has led to research both on more traditional processes such as
punching and bending and on relatively new processes such as laser cutting
and laser welding. Furthermore, the workload for process-planning depart-
ments has increased (as has previously been the case for machining opera-
tions). Thus, the need for CAPP systems arises also in the sheet-metal area.
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The overall accuracy of a sheet-metal product depends on the subsequent
operations it undergoes, the bending process having a profound influence on
this accuracy. With respect to the bending process, closed-die bending used to
be the most common way of bending along straight lines. However, attention
has moved towards air-bending, as this is a more flexible method allowing
different products (with respect to angles, sheet thickness or material) to be
bent without the need for frequent tool changes. Calculation of the correct
punch displacement, however, is not easy. Many effects influence the spring-
back and, consequently, the required punch displacement. Although most of
these effects have been known for a long time already, their influence is not
always easy to predict. Together with the increased accuracy demands, this is
one of the reasons for the increased research effort on the bending process.
Apart from analytical and experimental work, FEM simulations are used and
attention has moved from description of individual effects towards the calcu-
lation of punch displacement and adaptive control.

In order to benefit fully from technological know-how, the bending process
must not be treated as a separate operation. Process planning for bending must
be imbedded in an integrated CAPP system, such a system including the
selection of equipment, the determination of the bending sequence and instruc-
tions for positioning. A systematic analysis of tolerance prescriptions must be
performed initially. Individual bending operations may be selected using
manufacturing rules in combination with the accuracy of preceding and fol-
lowing operations (such as laser cutting, punching, laser welding and other
bending). Finally, there is a strong relationship with planning aspects since, in
small-batch manufacturing, different products are nested in one single sheet.

PART-S, a sheet metal CAPP system currently under development at the
Laboratory of Production Engineering, offers this required integrated func-
tionality. After completion, it may be used in CNC and FMS environments
producing sheet-metal components in small batches within a thickness range
of 0.5 to 5 mm.

2. Material behaviour

Material behaviour is an important aspect in the understanding of the
bending process. There are several models to describe the material behaviour,
but some phenomena, however, are difficult to model.

2.1. Modelled behaviour

The behaviour of a material is described primarily by its stress-strain
relationship, graphical representation of relationships being shown in Fig. 1.
Two areas can be distinguished: an elastic region and a plastic region. The
stress-strain diagram shown in Fig. 1 (a) represents a rigid-ideal plastic mater-
ial. There is no work hardening nor an elastic region. A simple model like this
may be used as a reference to describe the effects of an elastic region or work
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Fig. 1. Stress—strain diagrams.

hardening. A material without work hardening, but with an elastic region, is
represented by the stress-strain diagram in Fig. 1 (b). This model may be used,
for instance, for rough estimations of spring-back.

Figures 1(c) and 1(d) are examples of stress-strain diagrams with
work hardening. Linear work-hardening is represented by the diagram
in Fig. 1(c), whereas work hardening according to Nadai is shown in
Fig. 1(d). These stress—strain relationships are those used most commonly
to describe the material behaviour in analytical models. Some materials
show an area without work hardening at the beginning of the plastic region,
as in Fig. 1(e), this effect usually being neglected in analytical models.
Material behaviour without an elastic region but with work hardening is
illustrated by Fig. 1(f), such stress-strain relationships being useful for
applications for which elastic effects are less important, for instance in
the prediction of process forces.

2.2. Actual material behaviour

One of the biggest problems in the calculation of process parameters is that
it is difficult to determine the values of the relevant material parameters. The
most common experiment to determine these material parameters is the uni-
axial tensile test. This test has two disadvantages: there is no plane-strain
situation, and the deformation ratio occurring in sheet bending is usually
larger than the maximum ratio in a uni-axial tensile test. The Miyauchi shear
test allows larger deformation ratios, but is used less commonly [1]. The value
of Young’s modulus of a material is usually assumed to be fixed: however,
Young’s modulus may decrease substantially (some 16%) under deformation
[2] and as a result, the spring-back increases.
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In general, the flow curve will depend on the strain path followed [3]. For
a total reversal of the strain path, the Bauschinger effect occurs. As a sheet is
produced by rolling, this phenomenon occurs at the compressive side during
bending. Anisotropic material behaviour is caused also by the production
process of the sheet. Anisotropy is expressed by means of the plastic strain
ratio R [4]. More important in sheet bending is the phenomenon that the ratio
R may differ in different directions: the so-called planar anisotropy. As a re-
sult, the material behaviour depends on the orientation of the bending line
with respect to the rolling direction of the sheet.

The phenomena mentioned above may differ in importance and do not
always have a profound influence on the bending process. However, it may
sometimes prove difficult to determine the correct values of the relevant
material parameters. This especially applies to production environments, due
to the lack of testing equipment and time.

3. Theory of sheet bending

3.1. Assumptions

The bending process was first subjected to a thorough investigation by
Ludwik [5]. The assumptions made by him and later adopted by others [6,7] are
as follows:

(1) the thickness and width of the sheet are uniform throughout the sheet
and remain constant during the bending process. The sheet is bent by
a pure moment, therefore the bending line is a circular arc;

(i1) the sheet has a large width/thickness ratio, so edge deformations are
negligible and a plane state of strain exists;

(ii1)) the material is homogeneous and isotropic and there are no residual
stresses present prior to bending;

(iv) plane sections normal to the sheet surface and parallel to the bend axis
remain plane;

(v) the sheet consists of many thin independent layers. Stresses perpen-
dicular to the sheet surface and stresses parallel to the bend axis are
neglected;

(vi) the stress-strain curves of a workpiece in the tensile and compressive
regions are symmetric with respect to the origin;

(vii) from assumptions (i)-(vi) and volume constancy, it follows that the sheet
thickness remains constant during the bending process.

To satisfy these conditions it is required that the width/thickness ratio of the

sheet and the bending radius/thickness ratio are sufficiently large.

3.2. Bending moment and process force

The strains and stresses in the bending plane may be analyzed (Fig. 2) under
the conditions mentioned in Section 3.1. From assumptions (i) to (iv) it follows
that ¢.=0 and o,, ¢, and o, are the principal stresses, whilst from assumption



A.H. Streppel et al.|Sheet bending modelling techniques 343

Fig. 2. Stresses and layers in a sheet.

(v) it follows that ¢, and o, may be neglected. The bending moment M, (with s,
as the sheet thickness and b as the width) may be calculated using:

so/2
M,=2 L ox(y)bydy
The value of this moment depends on the stress—strain relationship used. In
calculations, sometimes a unit bending moment (which is the bending moment
required to bend a sheet with a width and a thickness of 1 mm) is used. The
value of this unit bending moment depends on the stress—strain relationship
and the strain in the outer fibre (the ratio s,/ 2R, =¢,,). Several expressions for
bending moment and process force have been derived, based on different
stress—strain relationships [8-10]. Usually, friction between the workpiece and
the die is taken into account.

The process force is usually calculated based on the stress distribution in the
bending zone. The bending moment is calculated, and as a result the reaction
forces between the sheet and the die may be determined. For this purpose, an
approximation of the bending geometry based on a rigid-plastic model is used
often (Figs. 1(a) and 3). Thus, a process force-punch displacement diagram
may be determined taking inte account the friction between the sheet and the
die, an example of such a diagram being given in Fig. 4. At some point, the
process becomes that of closed-die bending and the process force rises very
quickly [11,12]. The final stage of closed-die bending is shown in Fig. 3, at the
lower right. Referring to Fig. 3 and neglecting the friction force, the process
force may be calculated from

oM,

Fp:m LCOS(&/2)=H/2

The right-hand side equation gives an approximation which is valid only if the
die opening H is large with respect to radii R, and Ry. Nevertheless, H is
considered often to be a process parameter although the length of the free
section L is more important. The influence of friction is taken into account
easily by modifying the process force equation.
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3.3. Spring-back

To describe spring-back using analytical models, the bending moment is
usually split into an elastic and a plastic contribution: M, =M., + M. Based on
elastic-ideal plastic material, the stresses before and after spring-back are
illustrated in Fig. 2. Other stress—strain relationships lead to different residual
stresses and different spring-back angles [13,14]. However, common trends are
that spring-back increases with: (i) decreasing sheet thickness; (i) increasing
yield strength; (iii) increasing bending radius; and (iv) decreasing Young’s
modulus. The spring-back is expressed often by the ratio K, being the ratio
between the bend angles after and before spring-back (K<1).

The bend radius is often assumed to be uniform throughout the bending zone
(assumption (i)). Other parts of the sheet are assumed to remain flat after
spring-back (so called circular-straight models). However, for accurate calcu-
lation of product angles, both before and after spring-back, these assumptions
are not valid, since the bend radius varies along the bending zone [9,15]. As
a result, bend angles before spring-back (and, consequently, after spring-back)
are not equal to those calculated from a circular-straight model.

3.4. Length of the bent section
At the beginning of the bending process, a neutral layer exists at the middle
of the sheet, but this situation changes during the bending process. The layers
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with strains equal to zero and stresses equal to zero no longer coincide
[6,8,9,12]. There are several layers, with changing positions as the bending
process continues (Fig. 2). The material between the outer radius R, and the
initial middle layer R, has been stretched. The material between R, and R,
has first been compressed and later been stretched: the Bauschinger effect thus
oc~urs in this zone. The total deformation of the layer indicated by R, is equal
to zero. The material between R, and R; has been compressed. Assuming that
the sheet thickness is constant, the length of the layer with total deformation
equal to zero (thus, the length of the unfolded bend) may be calculated. The
relative difference in length dL/L,, (L, is the length of the middle layer)
increases as the bending radius-sheet thickness ratio, R,,/s, decreases. How-
ever, the sheet thickness does not remain constant but decreases if work
hardening occurs [9,16]. This effect is stronger for larger work hardening and
smaller R,/s ratios. As a result of this complication, calculation of the unfol-
ded sheet length is usually based on experimental data.

4. FEM approach

In the development of theoretical models for the sheet-bending process,
several assumptions have been made (see Section 3.1), but in industrial sheet-
bending processes these conditions are not satisfied. In fact, the process is
started by shear forces instead of by a pure bending moment. Thus, a shear
deformation will occur over the sheet thickness. Because of this, the bending
moment and the bend radius are not constant and it is not possible to predict
the geometry of the bent sheet sufficiently accurately with simple analytical
models based on theory employing the assumptions mentioned above.

FEM simulation is not suitable for use in a CAPP system, due to the
computing time needed. However, FEM simulation is a very useful tool
in determining the influence of several parameters. Comparing the results
of such simulations with theory and experiment, it could be possible to
develop a mathematical model for sheet bending that can be used in a
CAPP system. ’

In 1980 Kobayashi and Oh [17] analyzed sheet bending as a bulk-deformation
process. They assumed a process without friction and used two material
models: a rigid-plastic and an elastic-plastic. To calculate the spring-back
angle in the case of a rigid—plastic material, unloading was also done according
to elastic—plastic behaviour. The results of both methods correspond. Because
of the lesser computing time, these authors prefer the rigid—plastic material
model. Other research on FEM simulation has been done by Makinouchi [18],
who also neglects friction. Instead of using a standard program (available on
the market) he developed a special-purpose program for bending of (laminate)
sheet metal, which gives the advantage of shorter computing time.

It is common practice to use a fine mesh in the sheet-punch contact area. If
friction between the sheet and the die is taken into account, a fine mesh is
needed for the sheet-die contact area (Fig. 5) also. This friction is especially
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Fig. 5. Examples of FEM meshes.

important if small die-openings, according to industrial practice, are used. In
this case, the contact forces are very high.

More work on FEM simulation has been reported, but the results are not
always applicable for the air-bending of sheet: the ratio of the die opening to
the sheet thickness does not resemble industrial practice, friction is not taken
into account, or the ratio of the sheet width to the thickness is too small.

5. Experimental verification

5.1. Bending theory

Bending equipment consisting of three cylindrical rolls was used by Ludwik
{5], who found a difference of 10% in bending moment between theoretical and
experimental results: this is probably due to the sheets not being bent by a pure
bending moment. Wolter [9] used special equipment which allowed him to bend
sheets with a pure moment, finding good correspondence between the bending
moment needed in his experiments and the theoretical bending moment. This
is remarkable, as he neglected the stress ¢., whereas, according to Tresca and
von Mises, ¢, is equal to (¢, + 0,)/2. Often a unit bending moment is calculated
using the following equation:

M

bs?
This equation is based on the assumption that the strain distribution is
symmetrical and linear [19]: for small bend radii especially, this is not the case
[20]. As a result, different experiments may lead to different unit bending
moments for the same material. A second assumption made is that the shear
force has no influence on the unit bending moment.

5.2. Plane strain

Tozawa [21] has done work in the field of the behaviour of steel under
different stress conditions and anisotropy. An example of the difference be-
tween stress—strain curves for a uni-axial and a plane-strain situation is given
in Fig. 6, left.
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Fig. 6. Plane strain (left) and the Bauschinger effect (right).

5.3. Planar anisotropy

Other experiments by Tozawa [22] concentrated on planar anisotropy, which
1s substantial for steel under compressive or tensile stress. However, a direct
relationship between planar anisotropy under these conditions and during
bending cannot be given, due to bending taking place under plane-strain
conditions. As a result of planar anisotropy, differences of up to 16% may be
found if the unit bending moment is determined for bending lines with different
orientations with respect to the rolling direction of a sheet.

5.4. The Bauschinger effect

The Bauschinger effect has been investigated thoroughly. However, little
research has been concentrated on this phenomenon in relation to sheet
bending. A flow curve of a material with the Bauschinger effect is shown in
Fig. 6 (right), the material displaying a mixed behaviour of isotropic yielding
and kinematic hardening. Rolfe [23] has investigated the Bauschinger effect
using test-specimens taken from a bent sheet of 24" thickness (63.5 mm) with
different orientations (transverse and longitudinal) and from both compressive
and tensile regions. His experiments showed a substantial Bauschinger effect
for cold-rolled steel: the yield strength in the compressive region may be as
much as 30% lower than the yield strength in the tensile region.

Weinmann [24] used thin sheet (0.86 mm) which he bent cyclically with a pure
moment. The Bauschinger effect resulted in a reducing unit bending moment every
time the bending moment was reversed. The Bauschinger effect factor (BEF) was
used to quantify the effect, this factor being defined as (see also Fig. 6, right):

Y, —|Y,]

BEF=
Y,

In general, pre-strained material has a larger BEF for the first cycle but
reaches a stable value after a few cycles.
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5.5. Sheet length

The length of the bending zone (that is, the length of the layer indicated by
R, in Fig. 2) is important for the calculation of blank dimensions. As has been
mentioned before, there are no suitable analytical models to calculate
this length when the bend radii are small (the initial assumptions made in
Section 3.1 are no longer satisfied), which is the case for many industrial
products. The presence of shear forces and contact forces are additional
complications. Furthermore, it has been mentioned that the curvature of the
bending zone is not constant. Two qualitative effects may be mentioned: (1)
when the geometry differs more strongly from a circular arc, the length of the
bending zone is smaller, and (2) when the contact forces are lower, the radius
R, becomes larger and thus the length of the bending zone is larger.

The length of the bending zone is usually calculated according to the ASM or
DIN standards [1,25]. Both standards make use of equations with a correction
factor based on experimental data.

The ASM standard uses the following equations for steel:

L=(tp+r;)0.017458
with:

p=%0.04+0.3 for <1

p=<%—1.0>0.06+0.34 for %;1

with f in degrees and r;, ¢ and L as shown in Fig. 7, left. The DIN standard uses
the following equations for steel:

180" —« s
L=a+b+v, U=TE< 180° ><ri+§k>_2(ri+s)

; k
k:O.65+0.510g<ﬁ>, note that ru=ri+§s
s

with « in degrees and a, b, r;, s as shown in Fig. 7, right. L is the total length of
the (unfolded) sheet.

It is suggested that r; =r, if r;/s is sufficiently large. According to DIN this is
the case for a ratio of 5, whereas according to the ASM equation a ratio of 3.67
is sufficient.

Jahnke [26] has carried out research in the same field. For «=90°, he
developed a simpler equation to calculate the length v in the DIN equation:

v=(0.429r;, —1.476s)
5.6. Minimum bend radius

The minimum bend-radius is limited by the strain in the outer fibres. Frac-
ture occurs when this strain is about 1.5 times the fracture strain of a uni-axial
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tension test, as was found by Jahnke [26]. For smaller bend angles and low
width/thickness ratios a larger strain is possible. When the bend is parallel to
the rolling direction or the edge quality is poor, fracture occurs at a lower
strain. To avoid initial fractures, the strain should not exceed 20 to 25%, as
may be calculated from various standards such as DIN 6935 and 9003 [25,27].
However, even for smaller deformations the surface roughness will increase, as
indicated by Dautzenberg [28]. The limits mentioned should act as design rules.

5.7. Spring-back

Spring-back is expressed often as the spring-back factor K, which equals
1+ Aaja (o is the bend angle, Ax the spring-back). However, K is not a material
parameter but depends on the bend angle and the ratio between the sheet
thickness and the bend radius. Schwark [13] and Féppl [15] found good corres-
pondence between average experimental spring-back and calculated spring-
back, the actual spring-back, however, showing a large variation. It should be
realised also that the prediction of spring-back itself is not sufficient for CAPP
applications. For CAPP, correct prediction of the punch displacement is re-
quired in order to obtain the required product angle.

5.8. Batch variation

It has been mentioned above that the actual spring-back may vary consider-
ably. This may be caused by variation in sheet thickness and yield strength.
A thickness variation of 15 to 20% is allowed for thin cold-rolled sheet,
according to DIN 1541 [29]. Even within one batch or one sheet, differences in
sheet thickness may occur. Furthermore, the yield strength may show vari-
ations of 20%, as indicated in DIN 1623 [30]. Both the thickness and the yield
strength have a profound influence on the spring-back. Thus, it will be under-
stood that the control of spring-back is a serious problem.

5.9. Contact behaviour
Spring-back is influenced also by the distribution of the contact forces in the
wrap-around zone. In some cases, however, there is no wrap-around zone. In
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the case of a small tool-radius in combination with a large die-opening, the
radius may be greater than the tool radius (Fig. 8, left). Under the influence of
shear forces, the sheet may lose contact with the centre of the punch, as shown
in Fig. 8, right.

In the case of air-bending, it will be understood that the product angle and
length of the bending zone will be influenced by these effects. When the final
state of the bending process is that of closed-die bending, these effects may
result in an unpredictable (or even negative) spring-back.

6. In-process control

In order to achieve the required product accuracy, it is necessary to ensure
that bend angles stay within certain — usually narrow — tolerances.

6.1. Processes

When closed-die bending is selected as the manufacturing process, relatively
large variations of the product angle must be allowed: this is caused by the
angle before spring-back being determined uniquely by the selected tools. As
has been seen, spring-back may vary considerably due to variations in sheet
thickness and yield strength. Thus, the angle obtained after spring-back will
vary accordingly.

When air-bending is selected and the variation in sheet thickness is not
taken into account, the deviation will be even larger, since the actual punch
displacement differs from the calculated value (which is based on the nominal
sheet thickness). However, when it is possible to control the spring-back by
adapting the punch displacement to the actual process conditions, then two
important results are achieved. The first result is an adequate control of the
deviation of the bend angle, regardless of variations in sheet thickness and
yield strength, whilst the second result is that one set of tools can be used for
the manufacturing of different bend angles for a wide range of sheet thick-
nesses and material qualities.

6.2. Load-unload method

The load—unload method is based on the measurement of the angle obtained
under loading and the spring-back angle after partial unloading. The equip-
ment used is shown in Fig. 9. Instead of a conventional die, a die consisting of

N

Fig. 8. Special contact behaviour.
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rolls with flat faces is used. After the first bending step, the bent angle is
measured. Secondly, the bending force is reduced to 50%: the spring-back is
measured and the required angle under loading is calculated. Finally, the
product is bent until this latter angle is reached. This method has been
investigated by von Finckenstein [31], who indicates that it is important to
know the actual relationship between force-reduction and spring-back, which
is non-linear due to friction. A disadvantage of this method is that tool-costs
are high and that the application range is limited. The method is used in
industry for the bending of long members.

6.3. Force-displacement method

This method is based on the measurement of the force-punch displacement
curve. Using this curve, it is possible to determine the sheet thickness and the
mechanical properties. Determination of the sheet thickness is relatively
straight-forward, as the thickness can be calculated from the displacement at
the point where the force starts to rise. In order to determine the mechanical
properties of the sheet, comparison with experimental data or a model is
needed. Stelson [14,32] has analyzed this method, finding that the results may
be very satisfactory (angles to within 1°) if a realistic model is used and enough
data on the force-displacement curve are collected. Over-bending of the prod-
uct tends to occur when work hardening is not included in the model, due to
the theoretical geometry and the actual geometry of the sheet near the wrap-
around zone differing: as a result, the product is bent more than is intended.
The larger spring-back does not compensate for this overbend error, especially
when a small die-opening is used. For large die-openings, the error may be
over-compensated for. As for the problem of collecting sufficient data, Stelson
indicates that this may be a problem for large product angles. It may be
expected that this problem also arises when small die-openings are used (in this
case the punch displacement is low also). Thus, in-process control has two
aspects: the modelling problem and the identification problem.

6.4. Alternative methods

An alternative method is the measurement of both the angle and the force,
provided that the right equipment is available for use in an industrial environ-
ment: in this case, the sheet thickness can be calculated. The sheet is bent until
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a given (safe) angle is reached. Measurement of the force is needed to calculate
the spring-back and the required angle under loading. The amount of data that
must be collected is relatively low.

When a simple, uniform bending test is available, an even simpler means of
in-process control is possible. Such a test should require simple equipment and
the amount of data to be collected is low. In this case, the test can be performed
in a production environment using, for instance, two or three test-pieces taken
from each sheet. The results of this test are characteristic for the mechanical
properties of the sheet. For each bend, only the sheet thickness must be
determined in-process (the thickness can vary throughout a sheet).

7. Computer aided process planning (CAPP)

7.1. Process planning tasks

Process-planning tasks related to bending include the selection of equipment
(tools and press brakes), the calculation of unfolded blank dimensions and the
required punch displacement, and the determination of the bending sequence.
These tasks are interrelated in many ways, one obvious relationship being the
relationship between the die opening and the required punch displacement.
The die opening also influences the contact behaviour of the sheet and the
required process force. Another important aspect is the relationship between
the bending sequence and the tools to be used [33]. To avoid collisions, the tools
selected must be within certain attribute ranges.

The determination of the bending sequence is related also to accuracy
aspects. The actual accuracy required of bend angles is mostly not indicated
explicitly by tolerances on angles, but must be calculated from tolerances
indicated on linear dimensions, such as the distance between holes. In general,
the resulting admissible tolerance in bending depends also on the bending
sequence and the positioning strategy. Thus, by selecting the right bending
sequence and suitable positioning edges, the admissible errors in bending may
be increased or are, at least, not unnecessarily restricted. This can, for in-
stance, result in more products being able to be bent on press brakes with
standard equipment, thus relieving the workload for press brakes equipped for
in-process control.

7.2. PARTS: An integrated process-planning system

As has been indicated, process planning for sheet-metal products is more
than just calculation of the required punch displacement (although this is
indeed an important task). An integrated process-planning system currently
under development at the authors’ Laboratory is paRT-s [34]. Its architecture
(Fig. 10) is based on the architecture of paRT, which is a process-planning
system for prismatic parts, presently in use in industry [35]. The process-
planning functions, however, are partly different. Characteristic for sheet
metal are the functions related to the generation of unfolded blank sizes and
nesting. The unfolding function is needed because the output from the design
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process will, in general, not include a model of the blank. Nesting functions are
required since, in small-batch production of sheet-metal products, many (often
different) products are nested in one sheet. Nesting is not just a geometrical
problem but has strong relationships with planning aspects.

PART-s offers fully automated facilities to analyze and manipulate boundary
representation (B-rep) product models stored in the internal modeller. The
process planning functions in PART-S are:

CI - CAD Interface. This module offers the possibility to exchange product
models with external CAD systems via STEP or neutral file format.

FR — Feature recognition. This module extracts manufacturing features such
as bending lines or flat-pattern features from the product model.

FPG - Flat-pattern generator. A module which generates the unfolded blank
dimensions of the product and a B-rep representation of this blank.

MM - Selection of the machining methods. This function has to be performed
at several levels, for instance the choice between punching/nibbling and laser
cutting, but also the determination of punching sequences.

MTS — Selection of machine tools. The selection of machine tools is one of the
first decisions one would like to make, but in general, this is not possible, as
many factors influence this decision. In the case of a press brake for instance,
the required back gauge facilities depend on decisions made later. The proce-
dure is to reduce the number of candidate machine-tools stepwise.

PL - Capacity planning. Flexible manufacturing requires a relatively short
planning horizon, which means that planning tasks such as handling priority
of orders, the allocation of jobs and tools, and load balancing must be integ-
rated with technical process-planning.
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LOB - Layout of blanks. This function is characteristic for the small-batch
production of sheet-metal parts. In this type of production, usually several
different products are nested in one sheet in order to reduce set-up times.
Material utilization is a possible optimization goal. More important, however,
is that machining methods for the nested products must correspond and that
constraints imposed by planning aspects are taken into account.

HPCC — Determination of handling, positioning and clamping. Positioning
and clamping for flat-pattern operations are relatively straight-forward. The
determination of handling and positioning for bending operations, however, is
one of the major tasks of a sheet-metal CAPP system. It includes evaluation
and conversion of tolerances, evaluation and subsequently selection of candi-
date bending operations and positioning edges.

TS - Tool selection. The appropriate tool-attribute ranges are determined
during method selection. Based on the availability of tools and common
attribute ranges, the best-fitting tools are selected.

PC — Determination of process conditions. This can be relatively straight-
forward for punching and nibbling, but is complicated for bending, laser
cutting and laser welding.

NC - NC and text output. This module generates NC files and operator
instructions.

Each module is subdivided in a number of so-called phases: indepen-
dent programs communicating with each other via the database. The execution
of a process-planning session is controlled by a scenario in which the execu-
tion sequence of the various phases is stored and is carried out by the supervi-
sor. Scenarios are user definable. The use of scenarios allows users with
different views on process planning to use PARTS in their own company-
tatlored way.

8. Concluding remarks

As has been discussed, analytical models have some serious limitations.
Under industrial conditions (small bend-radii, small die-openings) the assum-
ptions needed for analytical description of the bending process are no longer
valid. However, analytical models may support certain decisions in the pro-
cess-planning phase, for instance, the estimation of required punch force or the
extrapolation and interpolation of empirical data. In the case of in-process
control, analytical models may be used to calculate a safe first-value for the
punch displacement.

A typical application of empirical models is the calculation of the unfolded
blank dimensions. Presently, these models do not take into account the influ-
ence of die opening, yield strength and the Bauschinger effect. To improve the
accuracy of these models, further research on these topics is needed.
A typical problem related to the use of empirical models for the calculation of
the required punch displacement is the necessity to collect numerous data for
different angles, tools, materials and sheet thicknesses.
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FEM simulation is not suitable for use in the process-planning phase, due to
the computer time needed. Furthermore, when the computing time can be
reduced, the necessity to have the actual material data available is still there.
However, FEM simulation is a very useful tool to determine the influence of
several parameters.

In-process control is an alternative to deal with variation of mechanical
properties and sheet thickness. This approach, however, does not eliminate the
necessity for both modelling and identification of material behaviour. It is not
yet suitable for use in small-batch manufacturing with its typical wide range of
product types. A suggestion for future research in this field is the development
of an in-process control method requiring less data. In general, identification of
material parameters is difficult. A simple test, to be performed in a production
environment, should be developed to deal with this problem.

During process planning, many decisions have to be made, most of these
decisions being interdependent. Thus, the need for integrated CAPP is evident.
The required accuracy of bend angles is influenced by the selected bending
sequence and positioning edges. Integration of different process-planning fun-
ctions in one system allows this influence to be taken into account, which
means that tolerances are not unnecessarily restricted and the use of a wider
range of equipment (especially standard tools and press brakes) is possible. On
the other hand, standard sequences and handling procedures can be used when
the alternatives do not lead to substantial advantages.
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