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Abstract

The design of sheet metal components is perhaps one of the more challenging concurrent activities for design and
manufacturing engineers. To aid this design process, a method is developed to encapsulate the constraints of sheet
metal that make designing such components a tedious and iterative procedure. This project involves the implementa-
tion and testing of a geometric representation scheme for building feasible sheet metal components through the use of
17 grammar rules that capture manufacturing operations like cutting and bending. The implemented system has
benefits both as a user interaction tool and as the basis for a computational design synthesis approach for designing
sheet metal components. An example of a constructed sheet metal component is shown along with the method for
invoking the sheet metal grammar to create this component.
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1. INTRODUCTION

The use of sheet metal as a medium for building structural
and functional components offers some advantages over
bulk machined components such as those that are forged or
machined. Sheet metal is inexpensive as a raw material,
inexpensive to form, and produces lightweight and inexpen-
sive components. The main shortcomings of sheet metal
design are that resulting components have a limited rigidity
and the parts are constrained by the inherent two dimen-
sionality of the initial sheet.

Clever solutions to the design of sheet metal components
can both reduce manufacturing time and energy and result
in high quality components. Good design is based on how
the design engineers manage the trade-offs among the man-
ufacturing process and the design specifications. The con-
current efforts between the manufacturing engineers and
the design engineers become complicated for even the sim-
plest sheet metal components, resulting in an iterative and
time-consuming design process.

The bulk of research aimed at improving sheet metal
design is concerned mainly with the construction of dyes or
the modeling of the sheet metal as it is being subjected to
various manufacturing operations. The designing of actual
sheet metal parts has been left to the experienced designer
who learns how the limitations of sheet metal prevent cer-
tain part features and how features can be altered to achieve
a more easily manufacturable part.

This paper presents several innovations that will lead to a
design tool to aid the design process of sheet metal compo-
nents. These innovations encapsulate the inherent con-
straints of sheet metal. First, we present a set of rules that
govern basic sheet metal operations such as notching and
slitting ~Sections 3 and 4!. This is followed by an algorithm
~Section 5! for estimating the cost and energy needed to
perform such operations. The design engineer can then use
these tools to design parts that are successful at meeting
both manufacturing and design constraints. In this way, the
concurrent issues of sheet metal design are automatically
and immediately introduced during the design of new parts.

In addition to the use of these methods by the designer,
our long-term goal is to computationally generate design
concepts. Working within an optimization scheme, the tools
presented here will help formulate a search process that
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will accept design specifications and ideally produce solu-
tions that are optimal in both manufacturing and design
specifications. Figure 1 presents a generic flowchart for
most design synthesis methods such as search strategies or
optimization routines. Initially, setting up the problem can
involve declaring constraints and constructing objective func-
tions. Within the execution of these generative techniques,
there are four generic elements shown here: representation,
generation, evaluation, and guidance. The representation is
formulated by the programmer to capture the decision vari-
ables of the design problem. For example, in genetic algo-
rithms, a popular generative technique~see overview in
Mitchell, 1996!, the representationis usually a bit-string
that represents the key decision variables in the process.
Upon this representation, candidate solutions are generated
in thegenerationtask. In genetic algorithms, this is done by
mutating and “crossing over” existing or parent candidates.
In Sections 3 and 4 of this paper, we present our framework
for representing and generating sheet metal components.
From the generated candidates, each one is evaluated in the
evaluationtask to determine how well it meets the objec-
tives and constraints of the design problem. The genetic
algorithm example is where fitness is calculated; our sheet
metal process is where cost and energy predictions are made
as described in Section 5. Based on the objectives calcu-
lated for the candidates, aguidancestrategy is imple-
mented to inform the search process of how to find better
solutions in the subsequent iterations. In genetic algo-
rithms, this is the “survival of the fittest” tournament selec-

tion, in which candidates with inferior fitness values are
removed from the search. A guidance strategy for this au-
tomated generation of sheet metal solutions is our next re-
search endeavor. Within the current implementation, the
user is charged with this task. As either an automated gen-
erator of solutions or a user-interactive tool, this work has
the distinct benefit of encapsulating the concurrent issues
of sheet metal design by bringing the design and manufac-
turing issues into a single computational environment.

2. RELATED WORK

Representation and generation in the design process are
done through the use of a fully implemented shape gram-
mar ~Stiny, 1980!. In recent years, engineering researchers
have discovered that shape grammars~originally a product
of architectural research! provide a flexible yet ideally struc-
tured approach to engineering design methods~Cagan, 2001!.
The concept of a grammar is that an experienced designer
can construct a set of rules to capture a designer’s knowl-
edge about a certain type of artifact. The grammar can be
constructed such that any execution of the rules creates a
feasible solution~see example in Longenecker & Fitzhorn,
1991! or captures the style of a specific period~see exam-
ple of traditional Turkish houses; Cagdas, 1996! or a spe-
cific designer~Frank Lloyd Wright’s prairie houses; Koning
& Eizenberg, 1981!. Because grammar research can occur
at various levels of computational implementations, Chase
~1998! developed a model to characterize different gram-
mars. Figure 2 presents six scenarios that are ordered by the
amount of human interaction versus computer interaction.
At the current stage of this research, the sheet metal gram-
mar falls under scenario 4, where the computer is respon-
sible for the recognition and application of the rules and the
updating of the candidate. The user interacts with the sys-
tem to choose the rules to apply in order to build a complete
design. In the future, we will explore this rule choice as an
operation of a computational agent, thus classifying the sys-
tem as a scenario 5 grammar under Chase’s~1998! model.

An important offshoot of shape grammar research is the
function grammar or graph grammar synthesis work~see
Pinilla et al., 1989; Fu et al., 1993; Li et al., 2001!. Similar
to production systems in cognitive psychology~Klahr et al.,
1987!, graph grammars are comprised of rules for trans-
forming nodes and arcs within a graph. These techniques
create a formal language for generating and updating com-
plex designs from a simple initial specification, or seed.
The combination of manufacturing constraints and gram-
mars was seen once before in the lathe grammar of Brown
and Cagan~1997!. In this work, the grammar that is devel-
oped operates on the nodes and arcs of a graph but gener-
ates a complete shape. The position of nodes within the
graph directly represents elements of the sheet metal.

In formulating the sheet metal grammar, it was para-
mount to reference the numerous handbooks that describe
the sheet metal design process and design limits in order to

Fig. 1. The generic flowchart for a search process has four basic tasks:
representation, generation, evaluation, and guidance.
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understand how to make the grammar function properly.
The most useful of these have been Lascoe~1988! and Boo-
throyd et al.~1994!, who address how manufacturing con-
straints directly impact the design decisions. Other research
in sheet metal forming is often concerned with modeling
the sheet as it undergoes various manufacturing operations
~see Chappuis et al., 1993; Hardt et al., 1993; Hishida &
Wagoner, 1993; Katayama et al., 1993!. The Robotics In-
stitute at Carnegie Mellon University has done some sig-
nificant research in automated bending of sheet metal
components. Their algorithms based on A* choose an opti-
mized sequence of operations from different available op-
tions~for least cost! and also provide the necessary control
signals for the tools to complete part production~see Bourne
& Fussel, 1982; Cheng-Hua & Bourne, 1995; Gupta et al.,
1998!. The engineering design and drawing software PRO0E
has a module called PRO0SHEETMETAL that is dedicated
specifically to designing sheet metal components. This mod-
ule helps users create features such as walls, bends, punches,
notches, forms, and reliefs and also allows them to create
complex geometry, convert solid parts to sheet metal, and
automatically generate bend order tables.

Recently, sheet metal research has focused on a compu-
tational model that can be used during the design process.
Computer-aided design tools have been developed to ad-
dress specific needs in sheet metal design such as BendCAD
~Wang & Sturges, 1996; Lin & Hong, 1998!. Furthermore,
Shpitalni and Lipson~2000; see also Lipson & Shpitalni,
1997! have set out to develop a systematic approach to
representing sheet metal using Euler operators. Their work
presents a similar approach to ours; however, it has not
provided the set of legal operations to transform an initial
sheet as is done here.

3. SHEET METAL GRAMMAR
FUNDAMENTALS

The aim of this research is to develop a grammar for sheet
metal components in order to capture the set of designs and
manufacturing process paths that are intrinsic to sheet metal
component design.

In our grammar, a design state is comprised of a “node”
or a graph of nodes. A node is the smallest element of the
sheet. As seen in Figure 3, this node can be viewed as a
rectangular patch of sheet metal having certain properties
such as length, width, and thickness. Each node can be
bordered by four nodes in the east, south, west, and north
directions. Within the C11 implementation, the node class
has four pointers in the four neighboring directions men-
tioned above. A NULL in any direction means that the node
is not connected to any other node in that particular direc-

Fig. 2. The current sheet metal grammar is at scenario 4, where the computer determines the object and the matching conditions
~recognition and application of rules!.

Fig. 3. An example sheet metal component represented by three nodes.
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tion and hence represents the physical edge of the sheet.
For example, in Figure 3, node C is connected to node B in
the westerly direction but has a NULL in the north, east,
and south, because these are edges of the sheet. A collection
of these nodes or patches, having a certain relative orienta-
tion with respect to each other, form the current state of the
design. These orientations may change as a result of trans-
formations applied to the current design state. The design
changes are identical to the types of manufacturing opera-
tions that happen to the initial sheet as it is processed. Ap-
plication of a typical sheet metal grammar rule consists of
recognizing a node or graph of nodes with a particular struc-
ture as the “left-hand side” of the rule and then transform-
ing it to give it a new structure and properties, as specified
by the “right-hand side” of the rule. A presentation of the
rules is provided in Appendix A.

The grammar development process was a gradual one
that included numerous problem-solving sessions and ex-
ample problems to test the robustness of the representation.
Any sheet metal component is manufactured by performing
a certain set of operations. These sets of operations are
traditionally constrained by the order in which the opera-
tions can be performed. Certain operations on the shop floor
must be performed on the component before other opera-
tions can be performed on it. The rules that were to be
developed had to take that intrinsic order into consider-
ation. This is illustrated in Figure 4, where arrows in the
direction of an operation indicate the different operations
that can be performed on the component.

It is evident from Figure 4 that each operation can be
performed on a sheet metal blank. It is interesting to note,
as suggested by the figure, that the bend operation is and
should be the last operation in the process for manufacture
of the component. Similarly, notching can precede any other
operation but cannot be performed after bending or stamp-
ing. Shearing can be performed after stamping, for exam-
ple, trimming the edges of a stamped component. In addition
to grammar rule order, the operations are also subject to
parametric constraints, such as minimum length of cut, max-
imum length of cut, minimum and maximum angle of the
bend, and so on.

The basic representation scheme for sheet metal compo-
nents is the critical element in the development of the rules.
Various approaches were considered. One possible ap-
proach is to represent a patch of sheet metal as four nodes
~knots! connected to each other, signifying the vertices of
the patch, where each node is associated with a relative
position in space. A bend would signify a change in the
knot structure and a subdivision of the patch. Similarly,
shearing would cause a reduction of nodes. This boundary
representation method is popular in computational geom-
etry but is not used here because rules are dependent on the
nature of neighboring patches and not simply on the loca-
tion of the edges. Parametric information stored within each
patch~i.e., node! such as the length, width, and thickness
simplifies rule recognition and eliminates the need to store
the absolute positions of these patches in space.

Currently, 17 rules have been developed for four basic
sheet metal operations: slitting, notching, shearing, and bend-
ing. In addition to choosing the rules to be applied, the user
must also select dimensions that are appropriate for the
particular rule. As mentioned above, each rule is associated
with a set of parameters that characterize the node. The
grammar rules contain various parameters that require the
user to choose rules and then choose values for the vari-
ables of the rule.

Grammar rules can be constrained so that no matter how
the rules are applied, one can develop a large set of designs,
which are guaranteed to be within a feasible design space.
Thus, certain assumptions and constraints have been im-
posed on the rule selection algorithm to constrain the de-
sign space. These assumptions and constraints have been
carefully determined so that they do not excessively narrow
the design space, yet they prevent the designer from search-
ing a space of infeasible designs. The assumptions and con-
straints made at this stage of the research are the following:

• The original shape of the sheet metal blank is a
rectangle.

• All cutting and bending operations are orthogonal to
the sides of the rectangle.~This does not mean that the
bend angle is constrained to be a multiple of 908.!

• No cutting can take place after a bend has been made;
that is, all cutting operations on a part must be com-
pleted before bending is performed.

• No rebending can be done.

• Nodes already bent along a particular axis cannot be
bent about the orthogonal axis.

• There are constraints for the minimum and maximum
lengths of cuts, angles of bend, and widths of notches.

3.1. An example

To elucidate the idea of a node and the application of a rule
on a node, a step by step approach to the representation of
the process path to manufacture a bracket is explained be-
low, with the help of illustrations~Fig. 5!. This small bracket

Fig. 4. The four basic sheet metal operations: notch, shear, stamp, and
bend. The arrows represent the ideal flow of operations. For example,
bending should follow notching but not vice versa.
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Fig. 5. An example sheet metal component.~a! The component is a small bracket for supporting shelves.~b! A close-up of the end
shows how bends and slits are arranged.~c! The grammar works by starting with a single blank upon which rules are applied to create
the final shape.
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or stilt, shown in Figure 5a and b, is used to separate and
support mailboxes on a desk. This example includes vari-
ous sheet metal operations such as notching, slitting, and
bending and will be used throughout Section 4 to explain
the steps involved in node application.

Recall that a shape grammar needs a seed, or initial node,
on which transformations occur. In the case of the bracket,
the application of rules starts with a rectangular sheet metal
plate having certain dimensions, which serves as the seed
node. Performing an operation on the sheet metal blank can
be simulated by executing rules on the current state of the
graph of nodes.

4. STEPS IN THE GRAMMAR EXECUTION

This section describes a C11 implementation for the rep-
resentation and generation tasks of the design synthesis flow-
chart shown in Figure 1. A more detailed flowchart of what
happens within the generation block is shown in Figure 6.
In this section, we describe the four main subtasks of gen-
eration: recognition, instantiation, node propagation, and
application. Each of these is implemented as a separate
function.

Throughout this section we will use the example shown
in Section 3.1 to illustrate how these tasks are accomplished.

4.1. Recognition

There are two possible methods for recognizing applicable
rules in a shape grammar. One is to select a rule and to
recognize all the nodes that conform to that rule. The other
method, which is employed here, is to select a node and
then check each rule and orientation of that rule to deter-
mine if it is applicable on that node. Selection of a node is
done using the master linked list, which is an unordered list
of all the addresses to the nodes in a graph, and traversing
through the list.

The fundamental method for recognizing which rules are
applicable is to check for the existence, or lack of exis-
tence, of edges~recall that edges are neighbors that point to
NULL !. Checks are also made to determine whether a bend
has occurred. If a bend has occurred, no slitting or notching
rules can be applied. This is done by introducing a global
“no cut after bend” variable that is set totrue if a bend rule
has been applied, and no bend can be rebent to a different
angle. This is prevented by checking thex andy angles of
the node under consideration and the corresponding angles
of its neighbors. In addition, if a node has been bent in a
particular direction, it cannot be bent in the direction per-
pendicular to its current bend unless a slit has been made
previously to make the two orthogonal bends possible. Such
checks are performed on every node.

Fig. 6. Within the context of a computational design synthesis process shown in Figure 1, the grammar presented in Section 4 is an
inner loop to the task ofgeneratingnew designs.
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Based on the constraints for each rule, a list of applicable
rules is generated for every node. This list of all the rules
applicable on every node is stored in a linked list of rule
choices. Each rule choice has as its properties the rule num-
ber, orientation, and the node on which it can be applied. In
the example, the Recognition function recognizes the exis-
tence of a node or a graph of nodes and establishes a list of
possible rules to be executed on the node~s!. For example,
in Figure 5, the function recognizes that rule 8 can be ap-
plied to the root node; similarly, in the next step it recog-
nizes that rule 12 can be applied to the graph of nodes.

4.2. Instantiation

After rule recognition is done, a list of all the applicable
rule choices for every node is generated. This rule choice is
a valid execution that can be performed on the given design
state and includes the rule number, where it is applied, and
its orientation. The user is presented with the list of these
choices and he0she can choose any rule choice to achieve a
new feasible design state. After selecting a rule, it must
now be instantiated.

Because the grammar is parametric, dimensions within
the rule must be specified. The rules are bound by a frame-
work of constraints that are verified while selecting the
values for the parameters of the rule. Parameters for every
rule are different, and hence the instantiation code is differ-
ent, depending upon the degrees of freedom of each rule. In
Table 1 each of the 17 grammar rules is indicated by how
many degrees of freedom it has. These degrees of freedom
are represented by physical dimensions such as the depth of
a notch or the angle of a bend.

To clarify, we take the example of a simple slitting rule
~Fig. 7, rule 1!. All 16 rules are provided in Appendix A. In
the figure, the height~H ! and depth~D! are the initial di-
mensions of the node. A slit of a certain depth is made in

the node. This results in the formation of three new nodes.
The instantiation of dimensions for the nodes is done in the
“instantiate rules” function. In this case, the depth of the slit
causes a change in the dimensions of node 1. The height of
this node is now changed fromH to h and its width is now
D 2 d, whered is the depth of the slit. This change of
dimension, as well as the instantiation of the dimensions
for the newly created nodes, is carried out in this function.
Node 4 will now have heightH 2 h and widthd. The value
for h represents the position of the slit from the top edge of
the target node.

As mentioned earlier, each rule is associated with param-
eters that must be provided for the application of that rule.
The values for these parameters depend on the size of the
node and on the two other constants, defined as follows:

lambda_cutting:the minimum distance from each edge
of the node necessary for any cutting rule to be
applicable

lambda_bending:the minimum distance from each edge
necessary for any bending rule to be applicable

The dimension under consideration for the node has to be at
least 2 * lambda_cutting for cutting operations~or 2 * lambda
_bending for bending operations! for the corresponding rule
to be applicable. The values of lambda_cutting and lambda
_bending are based on the experimental data.

In the bracket example~Fig. 5!, rule 8 is a 3 degree of
freedom rule because one can specify the position of the
notch on the edge, its depth, and its width. Rule 12 is a 1
degree of freedom rule that maintains the same notch width
as the notch created with rule 8. Rule 12 can be used to
make symmetrical notches to rule 8. Rules 2 and 4 intro-
duce the slitting operation. Here, rule 2 is a 1 degree of
freedom rule where the user can specify the slitting depth
and rule 4 performs a symmetrical slit on the opposite side.

Table 1. Grammar rules with respective degrees of freedom (DOF)

Operation

3 DOF
~Variable

Dim.!

2 DOF
~Variable

Dim.!

2 DOF
~Variable

Dim.!

2 DOF
~Variable

Dim.!

1 DOF
~Variable

Dim.!

1 DOF
~Variable

Dim.! 0 DOF

Slitting 1
~height, width!

2
~width!

3
~height!

4

Corner notching 5
~height, width!

6
~width!

6
~height!

7

Side notching 8
~posn., depth,
notch width!

10
~depth,

notch width!

9
~posn.,

notch width!

10
~height,

notch width!

12
~depth!

11
~height!

13

Shearing 14
~height!

15

Bending 17
~distance, angle!

16
~angle!
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Instantiation is carried out before application of the rule
as the instantiation function sets the values of the various
dimension variables. These variables are then passed to the
function that applies the rules to create nodes with these
new dimensions or to update the dimensions of existing
nodes.

4.3. Node propagation

At this point, the rule has not been applied completely.
Although these instantiated values provide defined posi-
tions and dimensions for the new nodes, the remaining part
of the design might not be able to accept them. As can be
seen in Figure 7, the application of rule 1 required more
than the immediate nodes to split. Therefore, before inte-
grating the new nodes into the graph~as done in the next
section!, we need to propagate the new features to split the
neighboring nodes.

The update function is a generalized function with two
variants. One is used for nodes that split into two nodes
vertically or horizontally and the other is used for nodes
that split into three nodes vertically or horizontally~similar
to how Rule 8 is applied in Fig. 5!. This update function is
called recursively in all the four directions starting from the
target node. The recursion occurs till it encounters a NULL
~end or edge of the plate!. On reaching the edge of the plate,
the edge node splits with the same dimensions as the node
on which the rule is applied. As this recursive function rolls
back, the linking of the newly created nodes is done with
the surrounding nodes. This is carried out until the function
rolls back to the node on which the rule is originally ap-
plied. The same procedure occurs in all four directions. In
the case of our example, an instance of node propagation
occurs when Rule 2 is applied in the third step to produce a

slit. The introduction of a slit in the node structure results in
the splitting of the neighboring nodes.

Another form of propagation is that of propagating the
values of the angles of the various nodes. One instance
where this occurs is when rule 17 is finally applied to make
a bend along theY axis of the sheet. A bend rule is usually
applied to two nodes and the relative angle between them is
specified by the user. These relative angles are then propa-
gated throughout the graph of nodes. If a node has a previ-
ous angle that is due to some earlier operation, the new
angle is simply added or subtracted accordingly. Separate
bend angles are used to signify and maintain information
about bends in theX andY directions.

4.4. Application

Upon completion of the update function, the rule is finally
applied on the node. The application of a rule is a procedure
that consists of creating new nodes and re-dimensioning the
target node to dimensions set in the instantiation phase or,
in some cases, deleting existing nodes. Depending on the
rule that is applied, the target node might split into two,
three, four, or five nodes. In this phase it is essential to
maintain links with existing neighbor nodes and create and
link with new neighbor nodes. The newly created nodes in
the update stage as well as the application stage are auto-
matically entered in the master linked list of nodes for fu-
ture operations to be carried out on them.

5. MANUFACTURING TIME, WEAR,
AND COST PREDICTION

This section deals with the prediction of time, work~or
energy!, and cost for manufacturing a sheet metal compo-

Fig. 7. Rule 1 causes a slit that splits a single node into four nodes. This requires some dimensions to be specified~height, notch
width!.
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nent in accordance with the rule set developed and dis-
cussed above. Time, work, and cost are calculated for each
individual operation performed. Total time to manufacture
a complete component and the total work required are cal-

culated by cumulatively adding the times taken and the
work required for each individual rule.

In Figure 8, pseudocode is presented for our heuristic
approach to finding these variables. The total process time

Fig. 8. The pseudocode for the algorithm to estimate time and cost for each grammar rule.
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to manufacture the sheet metal component is represented
by the variableT. This time is calculated by cumulatively
adding the times for all individual operations as described
below. Variable “setup time”~Fig. 8, lines 3, 6, and 9! is
used to represent the time to transfer the component from a
previous station to the current station. Setup time includes
the time to release the component from a previous station
~which will be zero for the first operation!, move it to the
current station, and secure it on that station. In a common
large-scale production unit, the setup time can be approxi-
mated as 5–7 s for one operation. Variabletorient ~Fig. 8,
lines 4, 7, and 10! is used to represent the time spent to
prepare the component for operation in a new orientation.
For example, in order to make a slit or a notch at a new
location on the component, one must rotate it so that it is
accessible for the current arrangement of the tooling. The
variable orientation time~torient! can be approximately taken
as 4–6 s for one operation. Finally, the variable operation
time ~toperation! ~Fig. 8, lines 5, 8, and 11! represents the
actual operation time~e.g., slitting, notching, shearing, bend-
ing!. This time mainly depends upon the material proper-
ties of the sheet metal, the feed rate of the machine, and the
area to be sheared off in the case of slitting, notching, or
shearing or the angle of the bend in the case of bending.

Consider the example of applying a notching rule. If the
operation just before this operation is not another notching
operation, a predetermined setup time is added toT ~Fig. 8,
line 6!. Similarly, a predeterminedtorient is added toT to
take into account the time elapsed to perform the operation
in some other orientation~Fig. 8, line 7!. Finally, the actual
toperationis added toT ~Fig. 8, line 8!.

Based on the amount that the sheet metal area is cut or
bent, an approximation of the energy consumed can be found.
This also depends upon the component material properties

and the dimensions of the cut or notch. It is therefore im-
portant that forces throughout the execution of rules be
identified. These forces for each rule are not added like
time; rather, it is important to note the highest force for the
whole process to determine the operating ranges required
of the machines.

Based on the rule number, dimensions instantiated for
the rule~length, width, depth, location, angle of bend, etc.!,
and component material, we can estimate the applied force
and the resulting energy provided. The work done by the
process is found by integrating the force over the distance
traveled.

In shearing, notching, and slitting operations, the maxi-
mum force,Fmax, required is estimated based on Kalpa-
kjian ~1992! as

Fmax 5 ~0.7! 3 UTS3 ~t ! 3 ~L!, ~1!

where UTS is the ultimate strength of the material,t is the
thickness of the sheet metal, andL is the total length of the
material sheared. Work done in these cutting operations is
approximated by the parabolic curve shown in Figure 9a.
At the beginning, the tool experiences no force until it con-
tacts the material, then reaches a peak midway through the
depth. From that point, less force is required to finish the
cut. The energy consumed in this operation is approximately

W 5 ~203! 3 Fmax3 thickness. ~2!

In bending operations, force increases monotonically from
when the tool contacts the sheet to when the sheet is com-
pletely bent~Fig. 9b!. Again, the maximum force in this
operation is estimated from Kalpakjian~1992! as

Fmax 5 k 3 ~YLT20d!, ~3!

Fig. 9. Work or energy is represented by the area under the force curve for~a! punch-penetration curve in cutting and~b! force
variation over die opening in bending.
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wherek is a correction factor based on the type of die~0.3
is used here, which is standard for wiping dies!, Y is the
yield strength of the material,L is the length of the bend
along the sheet, andd is the distance between the dye con-

tact points. In estimating the work done in this operation,
we assume the change in the applied force to be linear, thus:

W 5 ~102! 3 Fmax3 d02. ~4!

Fig. 11. A screen capture for the design of the top panel of the 5TI-Sequencer.

Fig. 10. The 5TI-Sequencer has a case constructed of several sheet metal components, as well as extruded heat sinks. In this
experiment, we are examining the top cover.
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Work is typically done over half the distance of the contact
points, hence thed02 term.

Cost of the total process is roughly based on the amount
of energy required and the amount of time spent on the
whole operation. The operating cost of the manufacturing
plant ~excluding labor and maintenance! depends upon the
number of components produced per unit time that is a
further function of the time required to produce a single
component and the amount of energy spent or work. In the
future, we propose to supplement the tool with data look-up
tables from which the material properties for a particular
class of tools, such as feed rates for standard machines for
standard shearing operations, are selected automatically.

6. EXPERIMENT AND RESULTS

An experiment that validates the method established in Sec-
tions 3 and 4 was carried out on the top panel for the 5TI-
Sequencer shown in Figure 10. The set of rules described in
Appendix A was used to represent the process path for man-
ufacturing the component. Figure 11 shows a screenshot of
the actual human–computer interaction for constructing the
panel using the grammar rules. As in most cases, the appli-
cation of a rule starts with a seed node of a rectangular
sheet metal plate having certain dimensions.

The screenshot in Figure 11 was taken after three gram-
mar rule operations had been completed: two side notches
and one slitting operation. The rightmost window displays
the rules that are applicable at any one time. As stated ear-
lier, the recognition function “recognizes” the rules that are
applicable on a particular shape. Each rule choice~1, 2{{{21!
is associated with a grammar rule number and a unique
orientation at which that rule can be applied. The rightmost
window presents the user with the list of new possible op-
erations. The dialog box in the upper left corner is the in-
terface between the designer and the application. For
example, to manufacture a side notch using grammar rule 8
on the westerly edge of the sheet metal, one must chose rule
choice 12 from the list on the right. Grammar rule 8 is a 3
degree of freedom rule~Table 1! and thus requires the in-
stantiation of three parameters: notch depth, height from
top, and width. In the upper left window, the rule is instan-
tiated with the appropriate dimensions as described in Sec-
tion 4.2. Application of a rule results in a new graph structure
and thus a new list of applicable rules. A graphical repre-
sentation of the node structure and the current state of the
design is automatically generated to provide the designer
with a visual feedback of the impact of his0her decisions on
the design process.

Figure 12 shows the manufacturing operations for a TI5
panel with two possible manufacturing sequences. This fi-
nal shape certainly can be obtained from the given initial
shape in several different ways. Time and work calculations
are determined for the two sequences shown in the figure.
The details of these predictions are shown in Figures 13 and
14 for Sequences 1 and 2, respectively.

It is evident from the calculations above that the time and
cost depend upon the sequence of operations performed.
Different process times and energies are obtained for dif-
ferent sequences of operations. Hence, deciding the opti-
mal sequence of operations for any given product is a primary
challenge in reducing the time and cost of the total operation.

Figures 13 and 14 show that the time required for the
first sequence~61 s! is less than that for the other~68 s!.
However, the amount of work required in the prior case
~388.258 N m! is more than that in the later case~305.416
N m; see bold numbers!. Figures 13 and 14 lead us to some
interesting conclusions. Sequence 1 has many steps in which
large chunks of material are removed in a single operation
compared to the second sequence. In addition, large cut
lengths were taken in the pieces of sheet metal that were
finally scrapped. The large cutting operations are reflected
in the large maximum force whereas the extra cutting op-
erations are reflected in the extra amount of work required.
Thus, sequence 1 requires more time but less work. This
trade-off may not always be present. The challenge is to
find an optimal sequence of operations that has both less
process time and less energy required.

Fig. 12. A step by step comparison for manufacture of the same compo-
nent by two different sequences of operations.
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7. CONCLUSIONS AND FUTURE WORK

We have presented a formal approach to the design of sheet
metal parts. Many of the inherent constraints in sheet metal

design have been included in the grammar to prevent the
system from exploring infeasible designs. The implemen-
tation is a first step in automating the complexities of sheet
metal design. Determining a useful and formal representa-

Fig. 13. The time and energy calculations for sequence 1 in Figure 12.
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tion of sheet metal components has been an important hur-
dle that we successfully crossed during the course of this
research. The implementation and application of this repre-
sentation have also been challenges that we successfully
negotiated.

In the last section, we demonstrated that our imple-
mented sheet metal grammar has proven to be successful in
a real world application. In the discussion on recognition, a
user or possibly a computational decision maker is pre-
sented with a number of choices of where to apply specific
rules. A sheet metal part can be manufactured from a series
of operations wherein the order of such operations is not
unique. Following a different series of operations to make a

specific design may result in a change in the design quality
or the cost and speed of the manufacturing process plan.
The process chosen for manufacturing a sheet metal com-
ponent should be such that it requires less time and also has
fewer energy requirements. However, the two requirements
do not usually go hand in hand. In many situations~such as
the example problem above!, a compromise has to be made
between these two important parameters. By linking these
methods to an optimization routine, we hope to find opti-
mal sequences of operations for minimizing both time and
energy. One rule of thumb to note from this experiment is
that cuts made into regions that will eventually be scrapped
lead to excessive energy requirements and should be avoided.

Fig. 14. The time and energy calculations for sequence 2 in Figure 12.
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In addition, one should be wary of taking large cut lengths
at a time because these operations require large forces; how-
ever, such operations do take less processing time.

In future work, the user will ideally only have to input
the initial dimensions of the sheet and the final shape that
he0she desires for the component. The system will then
search for an optimum sequence of rules to reach the goal.
This will make the whole system more user friendly, in
addition to classifying it as a scenario 5 grammar under
Chase’s~1968! model. Furthermore, we will be exploring
approaches in which the user inputs only the functionality
of a required component and the automated design process
will determine both the part shape and the steps required to
construct that shape.

Representation of stamping operations is another avenue
for future research. We have looked into the possibility of
representing a stamped sheet as a grid or mesh of B-spline
curves. Current work in the area of representation of curved
surfaces deals with tool surface discretization~Khaldi et al.,
1996!, where the curved tool surface is discretized into
patches using a surface discretization model. Similar work
~Aberlanc et al., 1996! deals with simulated forming of
sheet metal using the software OPTRIS and its pre- and
postprocessor FICTURE. Building upon the shape gram-
mar foundation presented here, advances such as these are
important steps in improving the efficiency and effective-
ness of sheet metal component design.
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APPENDIX A

In this section, we present a brief overview of the rules that
have been developed and implemented. Currently, the 17
rules fall into the categories of slitting, notching, shearing,
or bending operations. Each rule is shown being applied to
an eastwardly free edge; however, each rule can be applied
in any of the four orthogonal operations. In some cases~as
in rule 2!, the rule can also be reflected so that two rule
applications exist for each rotation.

A1. Slitting

Rules 1–4 are the rules for slitting~Fig. A1!. These rules
define the slitting operations that can be done on any given
sheet metal plate.

Rule 1:This is a simple slitting rule in which a single
node results in the formation of four nodes upon comple-
tion of the slitting rule.

Rule 2:In this slitting rule, the height or position of the
slit occurs between the two nodes but the depth remains
variable.
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Rule 3: In this case the slit is made through the entire
width of the easternmost node. However, the user deter-
mines the position of the slit.

Rule 4:This is a rule in which four nodes in the pattern
shown below must exist. It results in a slit of predetermined
size to be formed between the easternmost nodes. The ap-
plication of this rule does not require the user to choose any
dimensions.

A2. Notching

Rules 5–13 are rules for performing the notching operation
on a sheet metal component~Fig. A2!.

Rule 5:This is a corner notching rule, which results in
the production of a corner notch.

Rule 6:The sixth is a corner notching rule applied on two
adjacent nodes, which leads to the production of a notch
having a width equal to the width of the corner node.

Rule 7:In this rule, four nodes in the pattern shown be-
low must exist. The node on which this rule is applied must
be a corner node. It results in the deletion of the corner
node.

Rule 8:Rule 8 is the side notching rule, which results in
the formation of five nodes from one node and leads to the
production of a side notch.

Rule 9:This rule transforms two nodes into five nodes
with the depth of the notch being equal to the width of the
edge node.

Rule 10:In this rule the position of the notch is fixed, but
its depth and width can be varied.

Rule 11:The following rule is similar to rule 10; how-
ever, the only variable is notch width, keeping position and
depth constrained.

Rule 12:In this case, the position and the width are con-
strained and the depth can be varied.

Rule 13:This is a rule in which six nodes in the pattern
shown below must exist. Here again, the resulting nodes
are unchanged from the left-hand side. The only difference
is the deletion of the central eastern node.

A3. Shearing

Rules 14 and 15 are shearing rules~Fig. A3!.
Rule 14:This rule is a simple shearing rule in which a

length specified by the user is sheared from the current
node. In order to perform this operation, three sides of the
node must be edges.

Rule 15:This is a rule in which the node on which the
rule is applied is deleted, being effectively sheared by a
distance equal to the width of the node.

A4. Bending

Rules 16 and 17 are bending rules~Fig. A4!.
Rule 16:This bend rule applies between two existing

nodes. The only change is the addition of a bend angle that

Fig. A1. Slitting rules 1–4.
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Fig. A2. Notching rules 5–13.

Automated approach for sheet metal components 203

https://doi.org/10.1017/S0890060403173039 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060403173039


propagates to neighboring nodes, preventing them from be-
ing bent in the orthogonal direction. An angle~F! has to be
instantiated by the user.

Rule 17:Rule 17 splits a single node with a bend at both
a specified height of position and a bend angle. Here, the
position, as well as the angle, have to be input by the user.
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