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Integrated sheetmetal production planning for laser cutting

and bending

Abstract

Mathematical models, sometimes implemented in commercial software, allow
optimisation of individual machines based on specific criteria. For sheetmetal
operations, cutting, punching and air bending are subject of extensive research
and both process planning and production planning can nowadays be automated

to some extent.

2D cutting operations focus on minimisation of waste material and 3D bending
operations on minimisation of time consuming setups. However, when integrating
both processes the benefits from separate machine optimisation may disappear.
Optimised nesting of parts at the laser can create additional setups at the
pressbrake. In this paper, the use of OR techniques for integrated production
planning for sheetmetal operations is analysed. An integrated production
planning model is proposed, aiming at creating feasible groupings of parts while
at the same time minimising the number of time consuming setups at the
pressbrake.. Simulation is used to verify the applicability of the integrated

approach.

A case study is carried out to verify the model’s ability to generate feasible
production plans. Those production plans are compared to a reference case,
representing the current way of planning An average makespan reduction of

4.11% is obtained, resulting in an average yearly savings of about 10 days.

http://mc.manuscriptcentral.com/tprs Email: ijpr@Ilboro.ac.uk



Page 3 of 27

©CoO~NOUTA,WNPE

International Journal of Production Research

1. Introduction

During the past few decades, increased competition urged manufacturing
companies to search for methods to assist them. The rapid advance of computer
systems has triggered the introduction of automation in manufacturing
environments. Computer aided design (CAD) and computer aided manufacturing
(CAM) systems are widely present and considered indispensable for the survival

of companies.

At the earliest design stage, CAD systems are used to computerise the whole
process of drawing and redrawing the desired part. Most modern CAD systems
allow a part to be built up from several re-usable 3D components, thus

automating the time-consuming design process to a large extent.

The use of computers has also entered the manufacturing stage through
computer aided manufacturing (CAM). The CAD file is converted into a sequence
of processes for manufacture on a numerically controlled (NC) machine. The

integration of both CAD and CAM, resulted in CAE (computer aided engineering).

In the sheetmetal world, CAD-CAM systems are widely used. Typically,
sheetmetal parts are produced by a number of different 2D and 3D operations. In
this study, we only consider the cutting and bending process. Starting from a flat
blank, a suitable cutting process will be chosen to produce the 2D part. Since
material is an important cost component, optimisation of this process will be

driven by the need to decrease the scrap percentage.

Nesting algorithms, implemented in computer systems, will be used to group a
number of parts with the same thickness on a single sheet. If the required end
product is a 3D part, air bending will be applied. The bending process is labour
intensive and requires an operator continuously. The production time of a 3D part

is influenced by the number of time-consuming setups between parts. A part
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requires a certain production layout, i.e. a sequence of punch-die combinations
positioned on the pressbrake. Interchanging production layouts is time consuming
and thus needs to be avoided as much as possible. In order to achieve this,
dedicated planning algorithms have been developed, but so far they have not
been implemented in specialised software. In most companies, planning of the air

bending process is still highly experience-based.

Although optimisation of the distinct processes is possible to some extent,
sequential implementation leads to sub-optimisation. The benefits obtained from
optimising the separate processes will counteract one another since different
measures of performance are used. This paper focuses on an integrated
approach for production planning of sheetmetal parts for laser cutting and air
bending and has five sections. Next section elaborates on the optimisation of the
distinct processes. Both the laser cutting and bending process are discussed.
Relevant research is mentioned and a literature overview is given. Section 3
reflects upon the need for an integrated approach. The model is discussed and
the data-requirements are mentioned. The procedure is explained and the
different situations for testing are discussed. The characteristics of the simulation
tool, to verify the applicability of an integrated approach, are mentioned. Section
4 discusses the case study conducted to verify the model’s feasibility and
applicability for sheetmetal parts. Finally, section 5 discusses the results and

concludes the paper.
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2. Sheetmetal operations: optimisation of the distinct processes

2.1 Sheetmetal operations

Although unknown to many, sheetmetalworking is a production process that has
been in existence since 8000 B.C. (Fries-Knoblach, 1999). Although it is
sometimes viewed as archaic and uninteresting, during the last two decades this
perception has changed due to the introduction of CNC machines and new
processes such as laser cutting. Nowadays sheetmetalworking is viewed by
designers as a viable option, not only for structural components, but also for

designing durable consumer goods (W. Serruys 2002).

Sheetmetal operations are used to transform a flat blank into 2D or 3D objects by
applying different processes: punching, cutting, bending, welding, painting, etc.
The thickness typically varies between 1 and 10 mm, although other thicknesses
are possible. In the first step, a sheared sheet will be punched or cut with the
laser, resulting in a 2D intermediate or end product. The complete cutting

process can be automated, allowing the laser machine to operate autonomously.

If 3D parts are required, air bending is used. By applying a vertical force, the
sheet is forced into a die. Depending on the magnitude of this force, the bend

angle will vary. Each bend line requires a certain toolset.

Such toolset comprises a punch and a die, positioned on the pressbrake. For
bending one part, often consisting of multiple bend lines, different toolsets might

be needed.

Those sets will all be positioned on the pressbrake, resulting in a production
layout. Changing production layouts is time consuming and should be avoided as
much as possible. The operator’s experience plays an important role in reducing

the number of tool changes at the pressbrake.
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Figure 1 displays the different sheetmetal operations. The after-treatment

operations such as welding and painting are not considered.

Punching

2D product Bending 3D product

Shearing Laser

Figure 1: Sheetmetal operations
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2.2 Laser cutting: nesting of the orders

Currently, many manufacturing companies use smaller lot sizes than before. To
decrease the costs for sheetmetal punching and laser cutting, nesting is applied.
Nesting implies combining multiple orders of the same material on a sheet, such

that the amount of waste material is reduced.

The problem of combining different parts on a sheet or coil is known as the
cutting stock problem. Gilmore and Gomory (1965) formulated the problem as an
integer programming problem. First, cuts will be made parallel to one edge,
followed by cuts perpendicular to the first. Many researchers have used linear
programming techniques to solve the cutting stock problem (Murty 1983, Farley
1988, Schultz 1995). Adamowicz (1975) proposed a two stage approach. In the
first stage the parts are encaged in minimum area rectangular modules either
singly or in combination with other parts. In the second stage, those modules are
grouped on a sheet, minimising the waste material. An important remark is the
fact that these simplifications can create additional waste material. Parallelogram
shaped parts can ideally be nested without any waste material. However, when

representing them by rectangular shapes, waste material is introduced.
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Agrawal (1993) used a branch and bound technique to nest rectangular shapes of
the same size on sheets, while minimising the trim loss. Throughout past
decades extensive research has been conducted on the 2D rectangular cutting
stock problem and a survey is given by Cheng (1994). A sequential heuristic

procedure is discussed by Suliman (2006).

As computer systems became more powerful, immediate nesting of the complex
parts, instead of approximating rectangles, was considered. The so-called
irregular pattern problem received much attention in the nineties (Dagli 1990,
Poshyonada 1992, Oliveira 1993). Since the problem of nesting irregular shapes
requires large computational times, mostly heuristic methods were developed to
solve the problem. Grinde and Cavalier (1995) proposed a method for combining
two irregular shapes into a convex enclosure for which the area is minimised.
Those convex enclosure areas can then be combined to fill up a sheet. Different
rotation angles of the parts have been investigated (Chow 1977, Nee 1984,
Prasad 1995), resulting in good but time consuming methods. Nye (1999)
developed an exact algorithm to nest irregular convex blanks in strips. By
applying different orientation angles between the different parts, the waste
material can be reduced. Nowadays, those nesting algorithms have been

implemented in software tools to assist the operators of cutting machines.

2.3 Bending: minimisation of the number of setups

For the bending operation, production time minimisation is required. Research
has been conducted on optimisation of the bending process, mainly focusing on
tool selection and bend sequencing (Lin 1995, S.K. Ong 1997, Duflou 2005,
Nguyen 2005). Previously mentioned research mainly focuses on process
planning issues. As far as production planning issues are concerned, very limited

publications can be found. Collin et al. (2003) focused on minimising the number
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of setups at the pressbrake. A travelling purchaser formulation (TPP) of the
problem allows to minimise the number of tool changes and the total processing
time. Solving the TPP is carried out by solving a simple plant location problem
(SPLP) combined with a travelling salesman problem (TSP). The number of set-
ups needed, and consequently the total required set-up time, is reduced to a
large extent. The sum of all process times is lowered compared to the reference

situation.

Although some (preliminary) optimisation models are available for the bending
process, production planning mainly relies on the experience of the operator
since those few planning algorithms have not yet been implemented. An ERP
system generates the requirements for sheetmetal parts within a certain time
horizon. The pressbrake operator can schedule the parts, based on his
knowledge. Minimisation of production layout changes will be taken into account,
but is not the sole driving factor. Other more practical considerations such as
personal preference, type of bend line, amount of parts and timing aspects will
influence the planning. Based on the operator, different plans will be generated
for the same batch of orders. Capturing the knowledge of machine operators is

rather difficult, explaining the limited amount of dedicated literature on this topic.

When discussing integrated planning, most attention is focused on integration of
high level planning (MRP) with shop floor scheduling

(Buckley 1988, Riane 2001). Integrating different sequential sheetmetal
processes with distinct optimisation criteria for production planning was, to the
best of the authors’ knowledge, never attempted.

To overcome the problems due to sub-optimisation of the distinct processes, an
integrated approach is proposed. The main target of such integrated approach is
to group the parts in an intelligent way, while at the same time taking into account

minimisation of the number of time consuming setups at the pressbrake. This
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means that if a certain production layout can be used for a series of parts, this
should be encouraged. The generated production plans thus indicate the parts to
group on a sheet, the production layouts to use at the pressbrake and the
sequence for bending the parts. Note that the proposed approach does not
generate the final nesting layout of the different sheets. The output of the model
is a grouping of parts per sheet, taking into account the sheet’s capacity and the
required safety zones. Determining the best layout of those parts on a sheet
should be done with specialised software (rotations of parts, translations, etc.).

Note also that the sequence for bending the parts is not the bend sequence for
an individual part as determined by the process plan. The bend sequence of an
individual part indicates the order for executing the different bend strokes of that
part, taking into account possible collisions between the tools, the part and the
machine (e.g. bendline1 - bendline4 - bendline2). Typically, such bend sequence
for an individual part is translated into NC-code and sent to the pressbrake. The
sequence generated by the proposed planning model, indicates the consecutive
order of the different parts (e.g. partl - part4 - parti2 - part11) and not the

individual bend sequence.
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3. A model for integrated planning

3.1 Mathematical formulation

For the model as depicted in figure 2, a number of parameters will be used:

i: job index
- j: production layout index

t: plate index

- fj: changeover time when using layout j for sheet t

-z = 0-1 parameter indicating if job i can be nested on sheet t, based on
the thickness and material

- pj: the production time for producing job i with layout j (i.e. cutting and
bending time). Note that the cutting time of a part is independent of the
production layout chosen for the bending process.

- cj: 0-1 parameter indicating if job i can indeed be made with layout |

ca;: capacity of plate t

The variables to be determined by the model are:
- yi: 0-1 variable indicating if layout j is used for sheet t
- Xji- 0-1 variable indicating whether job i will be nested on sheet t, and

assigned toolset j

http://mc.manuscriptcentral.com/tprs Email: ijpr@Ilboro.ac.uk
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minimise szﬁwaZZXiﬁPu (1)
I it

s.t.
X SV (for Vi,j,t) (2)
D> x=1 (for Vi) (3)
i
X S € (for Vi,j,t)  (4)
X < 2, (for Vi,j,t)  (5)

Z:Z:Xmai < aca, (for Vt) (6)
j

(for Vij,t)  (7)

X W, S W, (for Vij,0)  (8)
X € {0,1} (9)
Vi € {0,1} (10)

Figure 2: Integrated planning model

The objective function (1) is twofold: Minimisation of the number of setups at the
pressbrake. There is a time associated with every production layout j used per
sheet. This setup time is taken equal to a fixed value fj;, independent of the
sequence of the toolchanges. Afterwards, when applying a TSP, sequence-
dependent setup times are used. Minimisation of the makespan: the total production
time per sheet should be minimised.

Constraints (2) make sure that a job can only be assigned to a certain production layout
on a sheet, if that layout is selected for that particular sheet. (3) indicate that each job can
be assigned only to one layout and can only be nested once. (4) limit the layouts that can

be used for a certain job. (5) verify if a job can indeed be nested on a certain sheet, based
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on the material type and the sheet thickness. (6) guarantee that the total usable area (ca)

of a sheet is not exceeded when nesting the different jobs. A safety zone is taken into

©CoO~NOUTA,WNPE

account (a). (7) and (8) check the length and width of a job compared to the length and

11 width of a particular sheet.

14 Although the number of variables increases drastically as the number of jobs and/or
16 production layouts increases, a standard mixed integer linear programming approach can
solve the integrated planning model within reasonable computational time for small to
21 medium sized instances up to 200 parts and 20 sheets. Further research will be
23 needed to develop a dedicated heuristic to generate feasible production plans for larger

25 instances.
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3.2 Procedure

First, the integrated model, as previously discussed, will be solved, determining
the minimum number of production layouts and grouping the different parts on the
sheets. This results per sheet in a number of orders, all with a certain toolset. In
a second stage, a TSP is applied to sequence the jobs (per sheet) on the
pressbrake. Both steps are integrated in a single application. The final results of
the integrated model are thus (1) the different parts to be grouped on a sheet for
laser cutting and (2) the tools to use at the pressbrake and the sequence for
bending the parts.

After the first run of the model, nesting software is used to verify the model’s
ability to generate feasible groupings of parts. If the generated groupings cannot

be nested, the sheet’s characteristics are adapted. .

For the production planning model some important data requirements need to be
fulfilled. First, the parts’ characteristics, sheets’ characteristics and the
production layouts are needed. The part’s characteristics and the sheet’s
dimensions, can be extracted from the CAD-file. The production layout is
determined by dedicated software, but can alternatively be determined based on
the pressbrake operator’s experience. . All data is put in datasheets to be linked

with the planning model.

Second, the laser cutting times and the bending times are needed. The laser
cutting times can be estimated by a simple regression technique, while the
bending times are determined by means of a time-motion study (P.
Vansteenwegen and J. Geysen 2002). The possible layout-job combinations are
determined by an experienced planner and are summarised in a 0-1 matrix.

A case study has been worked out to verify if standard OR techniques can indeed

be used to generate feasible integrated production plans for sheetmetal
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operations. The case study presented in this paper comprises 31 jobs, both

profiles and complex parts, having different sheet thicknesses and geometrical

©CoO~NOUTA,WNPE

shapes. Figure 3 shows some parts as used in the batch of 277 parts.

21 Bend lines 1 7 16

23 Name L_prof_600 28030_b Autodemo
25 Surface 0.6 0.0624 0.46

28 Figure 3: Sample of the data-set

32 The different situations to test are summarised in table 1.

Thickness

Materials

Parts

1mm_both
1.5mm_both
2mm_both
3mm_both
6mm_both
Small_thickness
Small_profiles
Small_complex
Large_profiles
Large_complex

1mm
1.5 mm
2mm
3mm
6 mm
1mm, 1.5 mm, 2 mm
1mm, 1.5 mm, 2 mm
1 mm, 1.5 mm, 2 mm
3 mm, 6 mm
3 mm, 6 mm

Table 1: Different situations to test

Steel, Stainless Steel
Steel, Stainless Steel
Steel, Stainless Steel
Stainless Steel
Stainless Steel
Steel, Stainless Steel
Stainless Steel
Steel, Stainless Steel
Stainless Steel
Stainless Steel

Complex, Profiles
Complex, Profiles
Complex, Profiles
Complex, Profiles
Complex, Profiles
Complex, Profiles
Profiles
Complex
Profiles
Complex

Different combinations of parts have been worked out to represent different
realistic situations. Certain companies will focus on piecewise production of
complex parts, while others will mainly produce larger series of profiles. For
laser cutting, a 2kW laser source is used and sheet dimensions are 3.5*2.5
metres. For the cutting process, 600 additional seconds with a deviation of 20%

have been assigned to the operations prior to cutting. This time is used for
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preparing the laser machine for production, positioning the sheet and adapting
the lenses and nozzles if necessary.

The results of the production planning model are for each situation compared to a
reference case. This reference case represents the current way of planning that
specific batch of orders For these reference cases, nesting is carried out with
dedicated software as is the case in many companies. The different parts are
grouped on sheets and sent to the pressbrake sheet per sheet. At the
pressbrake, the best production layout is selected per part, based on the
experience of the pressbrake operator. . For the reference case,: profiles are

bent first, followed by the complex parts, grouped according to their surface.

3.3 Simulation

The integrated approach as proposed in this paper is only useful if both the
cutting and bending process are balanced to some extent. The parts follow a
unidirectional flow and only a small inventory is built in front of the pressbrake. If
however, one of the processes becomes dominant, an integrated planning
approach becomes useless. Attention should shift towards the bottleneck
machine and bottleneck scheduling is more appropriate (Goldrath 1987, Neely
1992, Gardiner 1993). Simulation of the specific situation can be used to verify if
the process is indeed balanced within specified limits. If this is the case, the
integrated approach should be used. A simulation model is programmed to check
whether the production situation is indeed balanced. To verify the balance of both
production steps, the utilisation rates of both machines are compared to one
another. If the ratio of the individual utilisation rates exceeds 2 or is below 0.5,
one of both machines is clearly dominant. In such cases, an integrated approach
is useless. From table 2, displaying the ratios for the different situations, it can

be seen that for large thicknesses (6mm, large_profiles and large_complex), an
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integrated approach becomes useless. This can be explained due to the fact that
the time required for cutting increases drastically as the thickness increases.
However, the bending time does not increase accordingly, hence explaining the

high utilisation ratio. In those cases, the laser machine will be determinant for

planning.

Ratio utilisation rates | Integrated Model applicable?
1mm_total 1.24 yes
1_5mm_total 0.58 yes
2mm_total 1.37 yes
3mm_total 0.91 yes
6mm_total 11.78 no
Small_thickness 0.78 yes
Small_profiles 1.87 yes
Small_complex 0.56 yes
Large_profiles 11.12 no
Large_complex 3.09 no

Table 2: Simulation results: ratio utilisation rates

In the simulation model, the parts arriving in the shop are grouped based on their
sheet thickness, as is the case in real manufacturing companies. The parts will

arrive based on a specific distribution or on-hand orders.

If the required minimum batch size for nesting is obtained, a sheet is filled and
the parts are sent to the laser machine. Ten minutes are reserved for preparing
the sheet and reading the NC file. Cutting times are estimated based on the
parts’ characteristics. After the parts are cut, they are sent to the bending
machine. A transportation time of five minutes has been included for moving the
parts from the laser machine to an inventory area in front of the pressbrake. At
the pressbrake, the sheet will be unbatched and the parts will be bent
individually. Here also, bending times are estimated based on the part’'s

characteristics.
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4. Results

4.1 Small-profiles situation

To discuss the method used and the results obtained, one situation has been
worked out completely. The “small profiles” batch comprises seven jobs and
totals 23 parts of three different thicknesses. After applying the integrated
approach as proposed in this paper, the production plan as shown in table 3 is

obtained:

PRODUCTION PLANNING MODULE: Final result

TTING TIME (s)
1BENDING TIME (s)

Sheet 1 (1mm)
L_prof_1_3000(Set1)
L_prof_1_3000(Set1)

Sheet 2 (1mm)
L_prof_1_3000(Set1)
L_prof_1_3000(Set1)

Sheet 3 (1mm)
L_prof_1_3000(Set1)
L_prof_1_3000(Set1)

Sheet 4 (1mm)
L_prof_1_3000(Set1)
L_prof_1_3000(Set1)

Sheet 5 (1.5mm)
L_prof_1.5_2000(set4)
L_prof_1.5_2000(set4)

Sheet 6 (1mm)
u_prof_1(Set5)
L_prof_1_1320(Set2)
L_prof_1_1320(Set2)
L_prof_1_600(Set2)
L_prof_1_600(Set2

Sheet 7 (2mm)

u_prof_2_2500(Set69
u_prof_2_2500(Set69
u_prof_2_2500(Set69
u_prof_2_2500(Set69
u_prof_2_3000(Set69

28TUP PRESSBRAKE (s)

(Set2)
L_prof_1_600(Set2)
L_prof_1_600(Set2)

160 160 160 160 184 235 518
56 56 56 56 80 270 268
0 0 0 124.4 242.7 278.8 0

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Table 3: Final result planning module

After including preparation time for each sheet, and a possible waiting time in
front of the pressbrake, a makespan of 7,065 seconds is determined. The results
from the planning model need to be compared to the reference case. For the
reference case, all parts included in this situation are grouped in a pool to be
nested with dedicated nesting software. Next, the sheets as generated by the
software, are sent to the pressbrake one by one. The production layouts are
determined based on an operator’s experience. For sequencing the parts, the

rules as explained in paragraph 3 are used.
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2
3
4
[ REFERENCE CASE
6 Sheet 1 (2mm) Sheet 2 (1.5mm) Sheet 3 (1mm) Sheet 4 (1mm) Sheet 5 (1mm) Sheet 6 (1mm) Sheet 7 (1mm)
u_prof_2_2500(Set68, L_prof_1.5_2000(set4; L_prof_1_600(Set3, L_prof_1_3000(Set1 L_prof_1_3000(Set1 L_prof_1_3000(Set1 L_prof_1_600(Set3,
7 f (Set68) f (set4) f (Set3) f (Set1) f (Set1) f (Set1) f (Set3)
8 u_prof_2_2500(Set68) |L_prof_1.5_2000(set4) L_prof_1_600(Set3) L_prof_1_3000(Set1) |L_prof_1_3000(Set1) L_prof_1_3000(Set1) |L_prof_1_600(Set3)
u_prof_2_2500(Set68) L_prof_1_1320(Set2) L_prof_1_3000(Set1)
9 u_prof_2_2500(Set68) L_prof_1_1320(Set2)
10 u_prof_2_3000(Set69) L_prof_1_3000(Set1)
11 u_prof_2_3000(Set69) u_prof_1(Set5)
C:LIZTING TIME (s) 518 184 251 160 160 160 144

BEBDING TIME (s)
SERUP PRESSBRAKE (s)

268
265.8

80
101.4

234
615.9

56
0

56
0

56
178.1

92
178.1

T4

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Table 4: Reference case for the small profiles situation

This separate planning of the distinct processes results in a makespan of 7,481
seconds. Thus for this particular small batch, a makespan reduction of 5.5% is
obtained. If the same batch would be produced continuously, one would be able
to save 13.5 working days per year, given that there are 244 working days of 8

hours per year.

The number of toolchanges drops from 10 to 4 and the setup time is reduced by
56% compared to the reference case. The same approach is used for all other
situations as mentioned in paragraph 3. Even the situations with an apparent
bottleneck were planned with the integrated model to verify if the applicability is

indeed very low.

Besides the reduced makespan, the material utilisation needs to be analysed. If
the integrated approach results in a need for additional sheets, this extra material
cost should be compared to the benefits from a reduced makespan. For the
small-profiles situation, no additional sheets are required. The only difference
between the reference case and the integrated model’s result is the layout of the
nested parts and hence the geometry of the remnant sheets, i.e. sheets that are
partially used and stored for later use. The surface of the remnant sheets
remains the same since the total surface to nest is identical for both cases, but
the geometry can be different due to grouping of different parts (note that

rectangular remnant sheets are preferred).
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4.2 Generation time

The total computational time remains within acceptable limits. By applying branch
and bound techniques, the optimal solution is found within a few minutes. If the
problem size increases, the exact algorithm is unable to find an optimal solution
within an acceptable time. Future research will therefore focus on the

development of a dedicated heuristic to solve the integrated planning model.

When looking for an appropriate heuristic, resemblances with existing OR-models
could be useful. Similarities with the capacitated plant location problem (CPLP)
can be detected, but adaptations are required. The CPLP decides were to locate
capacitated facilities, such that the fixed opening cost of a facility and the total
cost of supplying customers is minimised (Christofides 1983). In the integrated
planning problem we assign jobs to sheets (customers to plants), but every job
also needs to be assigned to a certain toolset. More similarities can be found
with the vehicle routing problem (VRP). A number of trucks with a fixed capacity
are available to drive to different customers. Each customer has a certain
demand and a certain distance from a central depot. The goal is to find the
minimum number of tours to serve all customers, taking into account the limited
capacity of a truck. After each tour, the truck returns to the central depot to
load/unload. In our specific case, the trucks represent sheets with a limited
capacity and the customers are the jobs to be nested on a sheet. The demand
corresponds to the surface of the part. The distances between the different
customers are the sequence-dependent setup times between the toolsets
assigned to a job. Additional research is needed to develop a local search

method to generate integrated production plans for larger problem instances.

Table 5 summarizes the final results for all situations tested:
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2

3

4 Model applicable? | Sheets reference Sheets model Makespan reduction (%) | Setup time reduction(%) | Reduction (days/yr) | Standard Deviation (days)

5 1mm_total yes 6 6 10.45 57.00 25.50 1.90

6 1_5mm_total yes 3 3 2.02 14.00 4.92 0.28
2mm_total yes 2 2 2.89 26.00 7.07 0.79

7 3mm_total yes 3 3 1.01 9.00 2.46 0.10

8 6mm_total no 23 23 0.14 96.00 0.35 0.00

9 Small_thickness yes 12 12 4.07 42.00 9.94 0.45
Small_profiles yes 7 7 5.56 56.00 13.56 0.88

10 Small_complex yes 7 7 2.78 19.00 6.80 0.35

11 Large_profiles no 9 9 0.23 86.00 0.55 0.07

12 Large_complex no 14 14 0.36 9.00 0.90 0.02

13 AVERAGE 4.10 31.80 10.00 0.67

14 Table 5: Results for the different test situations

15

16

17 Table 5 shows that on average, a makespan reduction of 4.1% can be obtained.

18

-'218 Translating this to yearly savings expressed in days, results in an average

g; reduction of 10 working days per year. Of course, depending on the specific type

23 . . . .

24 of production (profiles or mainly complex parts), the reduction can be larger or

25

26 smaller. The highest makespan reduction occurs for small thicknesses,

27

28 comprising mainly profiles. The standard deviation is calculated for all situations

29

30 by taking the square root of the squared deviations for all distinct steps:

31

gé preparing the sheets for cutting, cutting the parts, preparing the parts for

gg bending, bending the parts with setups in between production layouts.

36

g; The time required for toolchanges decreases on average with 31.8%. This value

Zg is obtained mainly by grouping the different sheets in such a way that no

j; additional setups are needed between subsequent sheets.

43

j‘s‘r If large thicknesses are included, the laser machine becomes the bottleneck. In

j? that case, an integrated approach is useless as can be seen by the very low

jg percentages of makespan reduction. Simulation confirms the results from the

50

51 planning module: if a machine is clearly dominant, bottleneck scheduling is

52

53 preferred over an integrated approach. Indeed, if large thicknesses are to be

54

55 processed, the cutting time increases drastically, but the bending time does not

56

g; increase accordingly. The laser machine becomes dominant and the reduction in

2(9) bending time due to an integrated planning approach has very little impact.

http://mc.manuscriptcentral.com/tprs Email: ijpr@Ilboro.ac.uk



©CoO~NOUTA,WNPE

International Journal of Production Research Page 22 of 27

22

For all situations that have been run, the number of sheets does not increase
when using the integrated approach compared to dedicated nesting software.
When using the nesting software, sheet utilisation rates of about maximum 75%
are obtained. Applying the integrated planning model yields utilisation rates of

about the same magnitude, without requiring additional sheets.

5 Conclusions

To overcome the problem of sub-optimisation for sheetmetal production planning,
an integrated production planning model aiming at makespan reduction is
proposed.. In literature, no integrated planning approach has been proposed
since sequentially optimising the distinct processes is the current way of planning
sheetmetal operations.

By combining the parts in an intelligent way for laser cutting, however, the
number of setups at the pressbrake can be reduced. The integrated approach
first minimises the number of toolsets while grouping them to different sheets.
Next, by applying a TSP , the sheets are ordered for cutting and the jobs are
sequenced for bending. This sequence for bending has no influence on the
nesting of the parts on the different sheets. Prior to running the model, simulation
can be used to check if the production situation is somewhat balanced. If this is
not the case, bottleneck scheduling should be applied instead of an integrated
approach. Typically, if larger thicknesses are present, the laser machine
becomes the bottleneck since the cutting time increases drastically with the
thickness, while the bending times does not increase accordingly. In cases where
an apparent bottleneck can be found, bottleneck scheduling techniques are more
appropriate.

A number of different situations were run to verify the model’s ability to generate
good production plans. On average a makespan reduction of 4.11% can be

obtained, resulting in a yearly reduction of 10 working days (244 working days
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per year, 8 hours per day). Statistical analysis of the results revealed that the
average standard deviation for the makespan is 0.67 days.

The benefits from the makespan reduction need to be balanced against the
possible increased material utilisation. If additional sheets are required, the
material cost might outweigh the makespan reduction. For the different situations
tested, only a small average reduction of the utilisation rate is found. No
additional sheets are needed and the material cost will hence not increase

substantially.

Further research is required to allow modelling different situations. Multiple
machines and larger problem sizes should be handled within a reasonable
computational effort. A dedicated heuristic needs to be developed to limit the

calculation time.
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