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Abstract. The design of the progressive die stamping process is optimized through minimizing the number of
die stamping stations in the strip layout to reduce the die cost. In order to accomplish such end, in this study, a
graph-theoretic based method is implemented to model and optimize the strip layout design. This method starts
with mapping stamping features into stamping operations. This step is followed by constructing two graphs to
model the precedence and adjacency constraints among stamping operations based on a set of manufacturing
rules. These two graphs are called: operation precedence graph and operation adjacency graph. In the next step,
a topological sorting algorithm clusters the operations into partially ordered sets. Then, a graph coloring
algorithm clusters the partially ordered operations sets into final sequence of operations. The graph-theoretic
technique has been implemented on a part currently manufactured by laser cutting process technology in some
Egyptian factory in Cairo. This study indicated that the graph-theoretic technique offers several advantages
including the ease of programming and transparency in understanding the obtained strip layout design. This is
besides being a systematic and logically approach to obtain an optimized strip layout design. In general, the
progressive die manufacturing can increase productivity of sheet metal works in Egypt, only in situations of mass
production. The limitation is that it requires considerable skill level and training for labor to conduct die strip
layout design.

Keywords: Progressive die stamping / strip layout design / graph theory / graph coloring algorithm /
topological sorting algorithm
1 Introduction

Progressive die stamping process is used to produce a large
number of parts in mass production to achieve minimum
cost possible through economy of scale. Die design
efficiency has a very significant impact on the die cost.
This is particularly the situation in sheet metal progressive
die stamping. The cost of the die depends primarily on
optimization of the strip layout design, which means
minimizing the total number of die stamping stations.
Sheet metal die design types could be classified into 4
families: shearing dies, bending dies, deep drawing and
forming dies. There are about 22 die types under the three
families, as classified in [1]. Shearing Die types of sheet
metal such as, blanking, piercing, punching, shaving,
parting-off, slitting, etc. The first step in the sheetmetal die
design is the process planning. In case of progressive die
design, the strip layout is considered as the process
planning process. The strip layout design task depends on
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the skills and experience of designers, which can form one
set of input to the layout process to define precedence and
adjacency constraints among progressive die operations.
Strip layout design involves laying out the metal or
material strip ribbon, which is passed through the
stamping press in order to produce the required stamping
exactly as it will appear after performing all operations [2].

The interest of researchers and practitioners on
progressive die design continues due to its high capability
to increase productivity. Research on progressive work
continues (e.g., [3–8]. [7]), analyzed and designed progres-
sive die to combine cam and piercing operations previously
done by different machine, in order to increase the machine
utilization, decrease the time and costs for manufacturing
[8], presented the forming features, layout and overall
structure design of multi-station progressive die, in
addition to design key points of important parts of the
high-strength steel plate of car mounting part. In fact,
Progressive die design manufacturing extends to multiple
applications [3], presented a technique for the design and
development of progressive die for production of washers,
[4], presented a design of progressive die for automobile
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
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dust cover [5], introduced a forming analysis and design of a
progressive die for car bumper support [6], introduced
design and development of a progressive die for
manufacturing of chain link plate [9], investigated the
cost of progressive die in the lamination stack production.
They estimated the tooling cost based on the dimension
and complexity of the stamping part, and by following
design of the lamination and the selected stamping
scenarios. Several methodologies and techniques were
applied in modeling and optimizing the strip layout design.
This includes: graph-based algorithms [10,11], such as,
Petri net) [12], and Graph-theoretic methods [10–15],
Knowledge-based systems [16,17], Singh and Sekhon
(2006), [18,19] Genetic algorithm (GA) [20–22], and the
Torque equilibrium methods [10,11,20,23].

Since this research focus on the implementation of the
graph-theoretic approach we shall consider the review of
literature on previous efforts in utilizing graph-theoretic
methods in progressive die industry in Egypt. In strip-
layout, the graph theoretic method is another technique
used successfully to solve the problem of strip layout.
[10–15]) presented several contributions involving the
application of the graph-based mathematical technique to
produce a stamping sequence automatically in the design
of progressive stamping dies and based on minimization of
the torque difference between each two sides of the
progressive die. Another approach is utilizing Petri net,
pioneered by [12,24]. They applied Petri nets methodology
in the planning and construction of a shearing-cut
progressive die’s working conditions and workstations
[25], presented a research work of developing graph theory
to automatic generation of piercing sequence in the
progressive dies design. They first classified stamping
features by tolerance between features. Then, they
clustered classes of features into workstation sets using
a graph coloring algorithm and ordered these sets in order
to determine an optimal sequence of workstations. They
utilized an objective function for optimization as the
minimization of the torque between two sides of the
progressive die [26], introduced a system to extract the
geometrical and topological information of a 3D CAD
model of sheet metal parts design, complemented with
enumeration-based graph traversal algorithms to address
the manufacturability aspect. He analyzed and surveyed
the flat patterns produced from current mathematics-
based search routines, specifically breadth first search
(BFS) and depth first search (DFS) [27], presented a petri-
net simulation model of strip layout. They presented two
research contributions. The first applied the visual Petri
net to simulate the sequential workstations in the strip
layout of part and the second integrated the parametric
design of strip layout and simulation using Petri-net
technique.

In this research, we present a case study application of
graph-theoretic approach for designing sheet metal strip
layout design in Egypt. We analyzed the engineering
design of a sheet metal part currently produced using laser
cutting technology in some Egyptian factory in Cairo. We
integrated the graph-theoretic techniques presented in the
works of [13,15]. The implementation of the graph
methodology was demonstrated on the case study part.
Then, we stated the advantages and limitations, and
potential utilization of such methodology in the Egyptian
sheet metal industry.

The paper is organized as follows. Section 2 explains the
concepts of modeling, generation and mapping of stamping
features into stamping operations. Section 3 introduces the
graph-theoretic concepts, roles and relationships related to
the problem of strip layout design. Section 4 presents the
methodological steps of the graph-theoretic based design of
progressive die strip layout. A real strip layout design case
study is introduced in Section 5. Finally, in the last section
the conclusion is made.

Next section presents method of modeling, generating
and mapping the stamping features.
2 Stamping feature modeling, generation and
mapping

2.1 Defining stamping features

The geometric elements of the part design are translated
into entities, called features. A sheet metal part may
consist of the following standard sheet metal features:

–
 Primary features: flat, tab, hem, drawing, etc.

–
 Add-on features: hole, cutout, slot, extrusion hole,
emboss, countersink, etc.
–
 Connective features: bend, jog, etc.

Feature-operation mapping is the transformation
process of design and manufacturing information from
stamping features into a set of stamping operations.
Stamping operations are elements of a stamping process
plan. Typical stamping operations include piercing,
blanking, notching, cut-off, shaving, lancing, embossing,
drawing, trimming, coining, etc. A stamping feature can be
manufactured with one specific stamping operation or a
combination.

2.2 Stamping features operations relationships

There are three critical types of relations among sheet
metal features: is-in, adjacent-to, and precision-associated.
The is-in relation indicates a negative feature (e.g., a hole,
etc.) is in another feature (e.g. flat, etc.), while is-on
relation indicates a positive feature (e.g., emboss, etc.) is on
another one (e.g. flat, etc.). The adjacent-to relation is
defined as connective feature which adjacent to another
sheet metal feature (primary feature). The precision-
associated relation is used to indicate the case that a sheet
metal feature does not directly connect to, but is associated
with another sheet metal feature by a precision require-
ment referring to specific tolerance need. In the next
section, we explain the 3rd dimension in modeling the
stamping feature, which is the stamping features con-
straints.

2.3 Stamping operations constraints

The types of features’ relations andmanufacturability (i.e.,
ability of die stamping processes) add necessary elements
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to the modeling of the features structure contained in the
sheet metal part and constitute important element to
define problem constraints. In fact, the constraints in
stamping are logic results of two types of natural
restrictions:

–

(a) (b)
The precedence constraints that there is the order of
stamping operations to be followed based on overall
stamped product feature.
–

Fig. 1. (a) Undirected graph. (b) Directed graph.
The adjacency constraints that there is the due to the
restriction of prohibiting performance of specific stamp-
ing features at the same stamping station.

Manufacturability rules are used to define precedence
relationships, whereas dimensions and clearance restric-
tions are used to define the adjacency constraints.

–
 Typical instances of precedence restrictions manufactur-
ability rules are given below:
Progressive die stamping operation � Rule 1:
The piercing operations to stamp two pilot holes should
be staged in the first station.
Progressive die stamping operation � Rule 2:
When embosses exist, if possible, they are embossed in
the first station to prevent deformation of other stamping
features.
–
 Typical instances of adjacency restrictions manufactur-
ability rules are given below:
Progressive die stamping operation � Rule 3:
If holes (except pilot holes) and scraps (that don’t
accommodate indirect pilot holes) cannot be stamped
simultaneously in the same station, the process sequence is
as follows: piercing operations precede notching operations.
Progressive die stamping operation � Rule 4:
If holes or scraps to be pierced are close to each other,
then the adjacent holes or scraps should be shifted to next
die stations to prevent weak die problem.

The feature-based part model is composed of a set of
sheet metal features operations besides a set of precedence
and adjacencies relationships, defined by the above
stamping manufacturability rules. These stamping oper-
ations features, and relationships model defines the final
product, but does not tell how the final product will be
manufactured from the raw rolled sheet in progressive dies.
Thus, an algorithm is needed to tell how those stamping
operation features will be arranged into an optimal strip
layout design. This will be achieved through utilizing a
graph-based approach presented in this article, and to be
implemented in the subsequent sections.
3 Graph-theoretic approach to stamping
operation sequencing problem

3.1 Graph theory and representation of stamping
constraints

A Graph G=(V, E) consists set of vertices denoted by V,
or V(G) and set of edges E, or E(G). Graphmay be directed
bij ¼
þ1 when distance between two fe

0 when distance between two fea

(

(Fig. 1b), when lines connecting vertices (i.e., arcs)
contains arrows at their ends, or may be undirected
(Fig. 1a), when lines connecting vertices does not contain
arrows at their ends.

In this research, simply vertices will represent stamping
operations and edges and arcs will represent adjacency and
precedence relationships, respectively. The adjacency
relationships are represented by undirected graph whereas,
the precedence relationships are represented by directed
graph. Therefore, there are two types of constraint exist
among each pair of stamping operations: Precedence
constraints and Adjacency or cluster constraints. The
two types of constraints can be described mathematically
by two graphs and their equivalent matrices:

–
 Operation precedence graph defined as Gp= (V,A),
where V the vertices define the operations and the
directed edges (arcs A) define the precedence constraints
based on manufacturability rules. Each element in the
operation precedence matrix can have a value of either 1,
�1 or 0 where:

aij ¼
þ1 when i precedes j

0 i; j are independent

�1 when j precedes i

8><
>:
–
 Operation adjacency graph is defined as Gc= (V,E),
where V the vertices define the operations and the
undirected edges E define the adjacency constraints. Two
stamping operations cannot be arranged to the same
stage only if the distance between their mapped feature
are less than the minimum distance which is determined
by the stamping material type and dimensions of
standard dies and punches [14]. Each element in the
operations adjacency matrix can have a value of either
+1 or 0 where:

See equation below.

3.2 The problem statement of the sheet metal
stamping

The problem of stamping operations sequencing can be
stated as minimization of the number of die stations to
atures i and j is < theminimumdistance

tures i and j is > theminimumdistance



Table 1. A methodology for graph-theoretic sheet metal die stamping.

Step No. Step label Step input Step description Step output

A Stamping FEATURES
GENERATIONS

Feature-based CAD
model

The stamping features are
extracted from the sheet
metal CAD part model.
Auxiliary stamping features
(pilot and scrap features) are
specified by the process
planner.

Stamping features
set

B Features operations mapping Stamping features
set

Stamping features are
mapped to stamping
operations through direct
(one-to-one) and
compositional (many-to-one)
mapping.

Stamping operations
tree

C Generate operations
precedence & adjacency
graphs/matrices

Stamping operations
tree

Generate the operation
precedence and adjacency
matrices. Verify the operation
precedence graph is acyclic
using a colored DFS. Cyclic
graphs must be corrected
manually by the process
planner by modifying the rule
database and/or the design-
to-operation feature
assignment.

Precedence &
adjaceny graphs/
matrices

D Applying topological sort
algorithm

Precedence &
adjacency graphs/
matrices

Cluster the operations into
partially ordered sets using a
modified topological sorting
algorithm

Partially ordered
operations clusters

E Apply DSTAUR
graph coloring algorithm [13]

Partially ordered
operations clusters

For each cluster use the graph
coloring algorithm to sub-
color the clusters � this will
carry out additional sorting to
take into account the
closeness relationships

Fully ordered
operations clusters

F Verify stamping sequence
using Index of priority (IOP)
matrix [15]

Fully ordered
operations clusters

and use joint operation
matrix and calculate IOP

Optimal stamping
operations sequence
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reduce the die cost, while satisfying both the precedence
and adjacency constraints. In terms of graph theory, the
sequencing problem of stamping operations can be solved
by partitioning the vertices V into a minimum number of
sets of mutually independent vertices.

4 A graph-theoretic sheet metal die
stamping methodology

In this section, we introduce the structured and systematic
methodology following and integrating the works done in
[13,15]. The methodology tabulated (Tab. 1) as follows. Six
steps are followed to implement the graph-theoretic
methodology to develop a stamping station sequence to
create the required product sheet metal feature. The inputs
and outputs of each step is given below.

Next section, we present the case study for implement-
ing the graph-theoretic sheet metal die stamping
5 Progressive die sheet metal stamping case
study

This section presents a case study to illustrate the stamping
operation sequencing algorithm. All computational steps of
this methodology are performed starting from 3D CAD
model of the part to the result of operation sequence.

Step A: Generate the stamping features in a strip
model from the sheet metal features of the CAD model
manually as shown in Figure 2.

Step B: Map stamping features (Design features) to
stamping operations. An operation feature tree is created
manually; Figure 3.

StepC: Generate the operation precedence matrix and
adjacency matrix.

–
 The precedence matrix (Tab. 2) is generated by the
application of manufacturing rules (mentioned in
Sect. 2.3).
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–
 The adjacencymatrices are generatedmanually as shown
in Table 3.

The corresponding precedence and adjacency graphs
are shown in Figures 4 and 5, respectively.
Fig. 2. Feature-based model of the studied part.

Fig. 3. Stamping features’ o
Step D:
Using the precedence matrix, cluster the operations

into partially ordered sets utilizing a modified topological
sorting algorithm. Get the clusters of operations as given
below:

Step 1. Initialization. Copy the operation precedence
matrix for use in this process; let the stamping step be 1;
and initialize a operations list, L for the current stamping
step i.

Step 2. Get all the nodes whose in-degrees are zero and
store them in list L.

Step 3. The corresponding row and column of
operations in the list L, are then deleted from the
precedence matrix and the remaining rows and columns
are updated. This forms a new precedence matrix.

Step 4. Repeat Step 2, 3, until there is no operation left
in the operation precedence matrix.

Step 5. Use the resulting operation lists to construct
the operation sequence and stop.

For this part, the resulting operations step list sequence
is as below:

Operation step list 1: Pierce hole 0, Pierce hole 4,
Pierce slot 0, Pierce Pilo thole 0 hole1

Operation step list 2: Pierce hole 1, Pierce hole 2,
Pierce hole 3, Pierce slot 1, Pierce slot 2, Pierce slot 3,
Notch scrap 0,1

Operations step list 3: U Bend Bend 0_Bend 1
Operations step List 4: U Bend 2
Operations step list 5: U Bend 3
perations tree of the part.
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Fig. 4. Operation Precedence Graph (OPG) is acyclic.

Fig. 5. Operation Adjacency Graph (OAG).
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Operations step List 6: U Bend Bend 4_Bend 5
Operations step List 7: Notch Scrap 2

This gives up the minimum number of progressive die
station, 7.

Step E:
Generate the S-OAG (Fig. 5) by applying graph

coloring algorithm through the following steps:

–
 Arrange the vertices by decreasing order of degree.

–
 Color a vertex of maximal degree with color 1.

–
 Choose a vertex with a maximal saturation degree. If
there is an equality, choose any vertex of maximal degree
in the uncolored sub graph.
–
 Color the chosen vertex with the least possible (lowest
numbered) color.
–
 If all the vertices are colored, stop. Otherwise, return
to 3.

Now, after applying the graph coloring algorithm, this
results in the 8 clusters, after moving down the operation:
pierce slot 1, in a separate station because of adjacency with
the pierce slot 2, in S-OAG2. This results finally in 8 joint
operations (JOPs) as shown in Figures 6 and 7.

Step F:
In this step, we verify stamping sequence in Figures 6

and 7 using index of priority (IOP) matrix in Table 4,



Fig. 6. Applying the modified topological sorting and DSATUR graph coloring algorithm.

Fig. 7. Joint Operations resulting from graph coloring algorithm.
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Table 4. Initial (unordered) operation precedence matrix.

JOP-1 JOP-2 JOP-3 JOP-4 JOP-5 JOP-6 JOP-7 JOP-8 IOP

JOP-1 0 1 1 0 0 0 0 0 2
JOP-2 �1 0 0 1 0 0 0 0 0
JOP-3 �1 0 0 1 0 0 0 0 0
JOP-4 0 �1 �1 0 1 0 0 0 �1
JOP-5 0 0 0 �1 0 1 0 0 0
JOP-6 0 0 0 0 �1 0 1 0 0
JOP-7 0 0 0 0 0 �1 0 1 0
JOP-8 0 0 0 0 0 0 �1 0 �1

Table 5. IOP Matrix after 2nd iteration.

JP-1 JP-2 JOP-3 JOP-4 JOP-5 JOP-6 JOP-7 JOP-8 IOP

JP-1 0 1 0 0 0 0 0 2

JP-2 �1 0 1 0 0 0 0 0

JOP-3 0 �1 0 �1 0 0 0 0 0
JOP-4 0 0 �1 0 1 0 0 0 �1
JOP-5 0 0 0 �1 0 1 0 0 0
JOP-6 0 0 0 0 �1 0 1 0 0
JOP-7 0 0 0 0 0 �1 0 1 0
JOP-8 0 0 0 0 0 0 �1 0 �1

Fig. 8. Resulting strip layout.
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through computing the priority index of each joint
operation, by summing the individual priorities of its
stamping operations list. Then, calculate IOP for each joint
operation by summing its row. Now, the joint operations
are sequenced using an iterative procedure. For the first
iteration, operation JOP-1 is selected first as its IOP has
the largest positive value, 2. It should be moved to the first
row and column, if not the case, and a sub-matrix is
generated that excludes this operation; new IOP values are
computed. The output of the first and second iterations is
shown in Table 5.

This process is repeated until all operations have been
ordered. The resulting sequence is JP-1 > JP- 2 > JP-3 >
JP-4 > JP-5 > JP-6 > JP-7 > JP-8. Then, the sequence
shown in Figures 6 and 7 is correct and verified. Therefore,
the resulting progressive stamping operation sequence is:-

Station 1: Pierce hole 0, Pierce hole 4, Pierce slot 0,
Pierce Pilot hole 0 hole 1

Station 2 : Pierce hole 1, Pierce hole 2, Pierce hole 3,
Pierce slot 2, Pierce slot 3, Notch scrap 0,1

Station 3: Pierce solt 1
Station 4: U Bend Bend 0_Bend 1
Station 5: U Bend 2
Station 6: U Bend 3
Station 7: U Bend Bend 4_Bend 5
Station 8: Notch Scrap 2

The strip passes through 8 stations to produce the
part, the final result is an optimal operations sequence
(minimum number die stations) satisfying all the prece-
dence constraints and closeness constraints among the
constituent stamping operations. The resulting strip layout
is in Figure 8. Figures 9 and 10 show the engineering
drawing and 3D of the manufactured part, respectively.

6 Conclusion

A graph-theoretic technique for designing the strip layout
of the progressive die has been implemented on a part, that
is currently manufactured by laser cutting in Egypt.



Fig. 9. Engineering drawing of the part.

Fig. 10. 3D drawings of the manufactured part.

10 S. Aly et al.: Int. J. Simul. Multidisci. Des. Optim. 12, 5 (2021)
The graph-based technique is efficient in term of
computational time, systematic, practical, understand-
able, and transparent. The technique logically analyzes the
stamping features and corresponding operations yet
maintain capability to satisfy precedence and adjacency
constraints and limitations. It allows the designer to
implement all manufacturability rules and achieve realis-
tically reliable design.

The graph theoretic technique is simple, systematic,
practical and computationally efficient approach, and can
be considered an important factor to act to promotes the
sheet metal progressive die industry in Egypt. In turn,
the adotion of progressive die manufacturing will improve
the productivity of the sheet metal stamping process in
Egypt.

In general, the progressive die manufacturing can
increase productivity of sheet metal works in Egypt, only in
situations of mass production. The limitation is that it
requires considerable skill level and training for labor to
conduct the process of strip layout design.
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