Fitting a Woven Cloth Model to a Curved Surface: Dart Insertion
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Abstract

Woven cloth composite materials have been extensively used to reinforce the struc-
tures of automobiles and the airframes of aircraft. It is well-known that a woven cloth
composite “ply” has the capability of fitting to fairly complex geometries. Fitting here
means that a ply is deformed and applied to a 3D surface in such a way that it is in
contact everywhere with the surface. However, it is not always possible to fit a woven
cloth composite ply to highly curved surfaces. In such cases it is necessary to cut
pieces, or “darts,” out of the cloth in order to accomplish the fitting. In this paper, we
present dart insertion algorithms developed for use in a woven cloth composite CAD
system. We first define our models of darts, then describe how appropriately inserted
darts can suppress anomalies in the resulting 3D composite ply and how to optimize
the shape of darts. We finally present several examples of how possible anomalies can

be removed by inserting darts.
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INTRODUCTION

Over the past two decades, advanced composite materials have been increasingly used
in aircraft and other vehicles in place of aluminum and duralumin [1]. Among the
major composite production forms, woven cloth composites have been extensively used
for reinforcing structural elements in aircraft, because of their remarkable strength-to-
weight ratios and high pliability when they are deformed into complex curved shapes.
Normally, these complex composites are created by fitting resin-impregnated woven
sheets onto a mold. By fitting, we mean that the ply of woven cloth composites
is deformed and applied to the mold such that it is in contact everywhere with the
surface, without gaps or wrinkles.

The design and manufacture of 3-D composite parts currently involve many problems
and inefficiencies. For many parts of the process, design automation tools are scarce or
nonexistent. This is especially true for the 2-D pattern-making process. Specifically,
once the 3-D ply outlines have been determined by trial and error, the corresponding
2-D “flattened” patterns must be created. In response to this need, we have defined
the requirements of a broadcloth composites CAD system[2], developed mapping algo-
rithms for deforming a flat woven sheet into a complex 3-D shape[3], and explored the
mathematical constructs needed to correct the anomalous effects produced during the
mapping process[4].

The forming of a 3-D complex shape into a flat 2-D woven pattern is not defined by a
one-to-one mapping. The final mapping is a function of the numerous initial conditions
of the process which first created the 3-D deformed shape, including orientation of the
flat sheet, initial contact points, and the “sweeping” direction, i.e., the direction of
application once initial contact is made. Since the geometric mapping is not unique,
it is impossible to determine the correct 2-D pattern that maps into a specific 3-D
shape without understanding the fitting process itself. In order to accurately produce
the 2-D pattern, a “forward” simulation must be performed, which models the correct
deformation properties of the flat woven sheet, as well as the process of deforming the
sheet into a complex 3-D shape.

Currently, designers press flat sheets onto a mold and sketch out the approximate
shapes of the 2-D patterns. During this process, the 2-D plies are deformed and

“darted” in order to force them to fit to the 3-D surface. The insertion of “darts” is



crucial for avoiding anomalous events such as gaps and wrinkles, particularly when the
ply is fitted to a highly curved surface. There are currently no technologies or tools
to assist in the automatic insertion of darts during the design stage. In this paper, we
address the problems related to dart insertion and present our solutions to them.

Webster’s New International Dictionary defines a dart as a stitched tapering fold used
especially in fitting garments to the curves of the body. Inserting darts is a popular
technique in the field of garment design [5], and is used for fitting a piece of cloth
naturally around protruding surface regions. The introduction of darts in garment
design, however, has been based mainly on improving the fit of the garment, by reducing
the strains around highly deformed areas. An important difference between this type of
darting and the darting we are considering is that it is not essential that the resulting
garment patterns with darts should fit exactly onto a surface.

In the following, we first define models for darts, together with a model for woven-
cloth-composite materials. We then describe dart insertion algorithms, which are ap-
plied to regions in which excessive shear deformation is predicted. We focus on overlap
removal algorithms, which allow us to automatically determine the shape of a dart to

be inserted. Finally, we present several examples of dart insertion.

DEFINITIONS

In this section, we define our model for woven cloth composites, and models for darts.

A Model for Woven Cloth Composites

The underlying model for woven cloth composites consists of the following assumptions[4]:
e The cloth consists of vertical and horizontal inextensible threads.

e There is no slippage at a crossing of a vertical thread (warp) and a horizontal

thread (weft) when the cloth is deformed.
o A thread segment between adjacent crossings is straight.

Although these assumptions are simple, they provide a good approximation to

most advanced woven cloth composites such as fiberglass/epoxy, Kevlar/epoxy, and
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Figure 1: (a) Plain weave ply and (b) the topology of initial mesh points

graphite/epoxy. Specifically, with the first assumption, the deformation is limited to
“shear” deformation; this assumption has been demonstrated experimentally [6]. Like-
wise, as a result of the second and third assumptions, cloth can be treated as a discrete
mesh of “pin-fixed” mesh points that can rotate around each mesh axis. These assump-
tions are also reasonable, because the actual woven materials used for composites are
usually embedded in a sticky resin matrix and the distance between adjacent thread
crossings is very small.

In addition, we implicitly make the following auxiliary assumptions without loss of
generality. First, the initial shape of the woven cloth is assumed to be rectangular.
Second, there is no physical difference between wefts and warps. Finally, the weaving

" as shown in Figure 1 (a). In a plain weave,

of our cloth is given by a “plain weave,’
wefts and warps are alternately interleaved both vertically and horizontally. In our
model, the intersection (or the crossing) of a weft and a warp, shown in Figure 1 (b),
is called a “mesh point.” Topologically, each mesh point is linked with four adjacent
mesh points that are equidistant at the outset. The entire 2-D woven cloth composite
in its initial state is therefore represented by a linked network of mesh points.

Given a set of initial conditions and the above assumptions, every 2-D mesh point
can be mapped to the corresponding 3-D point on the surface “geometrically,” [3]

in order to simulate the process of fitting a single composite ply onto a mold. The

mapping process is actually a series of surface/surface intersection calculations [7, 8].



Figure 2: Thread angle v at a mesh point P, ;

Formally, to map a mesh point (P; ;), we need two neighboring mesh points (P;_1 ; and
P, ;1) that have already been mapped to the surface, as shown in Figure 2.

Because of the inextensibility assumption, the mapped point of F;; is defined as
the intersection between the given surface and two spheres whose radii are r; and r,.
For the following discussion, we define a thread angle () as the angle between the line
segments P;;P;_;; and P;;P;; ;. Initially, the shear angle is assumed to be /2 at

every mesh point.

Models for Darts

Darts are inserted in a given ply of woven cloth composites in order to avoid anomalous
events such as gaps and wrinkles. Here we define two different models for darts: stitched
darts and trimmed darts.

With stitched darts, excessive materials are removed and the edges are stitched to
produce a darting edge, as shown in Figure 3. With trimmed darts, excessive materials
are simply removed without stitching. Trimmed darts are further classified into two
types according to the shape of the trimmed materials. If the shape is given by an
arbitrary polygon, the trimmed dart is called a polygonal cut. If, on the other hand,
the shape is given by a linear line segment, it is called a linear cut. Figure 4 shows two
polygonal cuts and a linear cut.

Note that our underlying inextensibility assumption is kept valid under the insertion
of darts (whether they are stitched or trimmed). The distance and topology between

adjacent mesh points, however, may be affected by the insertion of a dart.
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Figure 4: Trimmed darts (before and after insertions)




Stitched and trimmed darts are further described in the following sections.

Stitched Darts

Stitched darts are defined by the following assumptions:

e The shape of a stitched dart is an isosceles triangle, called a darting triangle.

e Two of the vertices of a darting triangle must be located on the border of the

cloth.

e No two darts may overlap.

The above assumptions guarantee that the two sides of a darting triangle will exactly
match up to form a single darting edge. This is important, since a distortion may
result if the two sides of a darting triangle do not match, which in turn may violate
our inextensibility assumption for threads. Although the assumption that the shape
must be an isosceles triangle is apparently restrictive, it provides a good first-order
approximation to an arbitrary triangular stitched dart.

A stitched dart is inserted in the following steps:

1. Specify three mesh points that correspond to the vertices of a darting triangle.
Two of them must be on the border of the original rectangular woven cloth, and
the two interior edges of the triangle (called the side edges) must be equal in

length.

2. Scan the side edges of the darting triangle, and create mesh points called darting

mesh points located at the intersections between the side edges and the threads.

3. Establish new topological and distance relationships between the mesh points on

or adjacent to the darting edges.

These steps are repeated for each stitched dart. Figure 5 shows an example of a
stitched dart inserted in one side of a given rectangular cloth. In Figure 5 (a), mesh
points labeled from 1 to 17 are affected by the insertion of the dart. Specifically, mesh
points denoted by black solid circles {2,5,8,10,12,15,17} represent the darting mesh

points. Among them, mesh points {5.8,10,12,15} are created during the dart insertion.
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Figure 5: Insertion of a stitched dart ((a) affected mesh points and (b) new mesh point

topology)

Note that, except for the mesh point labeled 2, we have exactly two pairs for each
darting mesh point. Mesh points denoted by white circles {1,3,4,6,7,9,11,13,14,16} are
adjacent to the darting edges that are affected by the insertion of the dart. The mesh
point labeled 2 and the pair of mesh points labeled 17 are coincident on the vertices of
the darting triangle. After dart insertion, the topological and distance relations must
be modified. For example, after the insertion of the dart, the mesh point labeled 4 has
a new neighboring mesh point labeled 5, and the distance between them is shorter than
the original distance between adjacent crossings. The change in mesh point topology
after stitched dart insertion is illustrated in Figure 5 (b).

The advantage of stitched darts is that they remove phenomena such as gaps and
overlaps (see Figure 8). Their disadvantage is that they are less effective for removing

anomalous events than trimmed darts (see Figures 16 and 18).

Trimmed Darts

As mentioned earlier, we define two types of trimmed darts: polygonal cuts and linear
cuts.

Trimmed darts (for both polygonal and linear cuts) have two advantages over



stitched darts: it is not necessary to match up threads along darting edges, and there is
no restriction as to where trimmed darts may be inserted and what shape they should
be, as long as they are either polygons or line segments. On the other hand, they have
the disadvantage that there is a possibility of gaps and overlaps in the fitting result,

as will be discussed later.

Polygonal Cuts

Polygonal cuts are defined by the following assumptions:
e The shape of a polygonal cut is an arbitrarily shaped polygon without holes.

e The vertices of the polygon may be located anywhere in the original rectangular

woven cloth.
e No two polygonal cuts may overlap.
A polygonal cut is inserted in the following steps:
1. Specify all the vertices of a polygon in clockwise order.

2. Scan the polygonal area and set every mesh point inside the polygon to OUT.
Note that initially every mesh point is set to IN, which implies that the mapping

calculation should be performed at the mesh point.

3. Establish new topological and distance relationships between the mesh points

located along the border of the polygon.

These steps are repeated for each polygonal cut. Figure 6 presents an example of
the insertion of a polygonal cut. Specifically, the mesh points denoted by black solid
circles are removed by the insertion of the polygonal cut. The mesh points denoted by
white circles labeled from 1 to 15 are affected by the insertion of the polygonal cut.
Their topological and distance relationships with the neighboring mesh points must
be modified appropriately. For example, the mesh point labeled 8 originally has four

neighbors, but after the insertion of the polygonal cut, three of them are removed.

Linear Cuts

Linear cuts are defined by the following assumptions:



Figure 6: An example of the insertion of a polygonal cut

e The shape of a linear cut is a straight line segment.

e The end vertices of a linear cut may be located anywhere in the original rectan-

gular woven cloth.

e Two or more linear cuts may not overlap with each other.
A linear cut is inserted in the following steps:

1. Specify the two end points of a straight line segment.
2. Scan the line.

3. Establish new topological and distance relationships between every mesh point

on or adjacent to the line.

These steps are repeated for each linear cut. Asin the polygonal cut, the intersection
calculation is performed between the cut line and the threads in the second step. The
important difference between a linear cut and a polygonal cut is that no mesh points
are removed during a linear cut, except when a mesh point lies on the cut line. Figure 7
illustrates an example of the insertion of a linear cut AB. In this example, one of the
end points of the linear cut (B) is located on an edge of the rectangular cloth, but
an end point need not always be on an edge. Topological and distance relationships
between mesh points denoted by white circles must be modified. Specifically, if there

is an intersection between the linear cut and the edge between two adjacent crossings,
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Figure 7: An example of the insertion of a linear cut

the link is disconnected and the distance is changed to the distance from the crossing

to the intersection.

REQUIREMENTS AND STRATEGIES OF DART
INSERTION

Here we first identify the types of anomalous events that may occur, and then describe

how to prevent them by inserting darts.

Anomalous Events

Several anomalous events may occur when mapping a mesh point in a given ply of
woven cloth composites between 2-D and 3-D spaces [4]. The first set of events occurs
when the shear limits between threads are exceeded during the deformation. The limits
in terms of the thread angle between horizontal and vertical threads, called the locking
angle (or “jamming” angle), are predetermined for each material that is used for the
fitting process [9]. In other words, as long as the thread angle at the mesh point
stays between a certain minimum (¥, ) and maximum (Y,,..) value, the ply behaves
acceptably. Once the thread angle goes beyond the limits, the ply may begin to behave

in an unacceptable manner.
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For example, if the angle goes below ~,,;,, “wrinkling” occurs and eventually the
composite may be torn apart. Similar events may happen when the angle exceeds
Ymaz- 1N either case, excessive shear deformation indicates a possible anomalous event.
On the other hand, there are situations in which the composite cannot be fitted to a
surface because of its local high concavity or convexity. This produces a phenomenon
called “bridging” (“void”) or “breakage.”

Obviously, the anomalous events stated above are undesirable and should be avoided
if possible. In general, the difficulty of predicting and preventing anomalous events in-
creases in proportion to the complexity of the given 3-D surface shape to be fitted, the
complexity of the material properties of the given 2-D ply of woven cloth composites,
and the complexity of the initial conditions for the fitting. Here we limit our attention
to the anomalous events caused by excessive shear deformation. In this way, predict-
ing anomalous events becomes relatively straightforward, since only the thread angle
limitations require consideration.

Dart insertion, which is the central focus of this paper, provides one approach to
preventing anomalous events caused by excessive shear deformation. This method is
quite effective when the material undergoes minimal shear deformation or when the
surface 1s highly curved. Additional methods for preventing anomalous events are
presented in [4].

There are two problems related to dart insertion: (1) where darts should be inserted,
and (2) what shapes they should be. Ideal dart insertion would prevent all anomalous

events, using the simplest-shaped darts.

Where Darts Should be Inserted

The solution to the problem of dart location becomes tractable if we limit our attention
to anomalous events caused by excessive shear deformation. With this limitation, the
problem can now be rephrased as one of identifying the region in which excessive
shear deformation exists. In essence, darts should be inserted where excessive shear
deformation is likely to occur, under given initial conditions. We hereafter refer to such
a region as a critical region. Critical regions are classified into two types: (1) lower
critical regions, in which the thread angle of every mesh point is less than 7., and (2)

upper critical regions, in which the thread angle of every mesh point is greater than
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Ymaz-

In order to identify the existence of a critical region, we start by generating an
initial fitting, given appropriate initial conditions [3]. Then we can either plot the
distribution of thread angles between the weft and the warp at each mesh point, or
shade each mesh point a color associated with the thread angle. When the thread angle
at a mesh point exceeds the minimum locking angle (7,.i,), we mark the mesh point,
or shade it a suitable color, such as red. Similarly, when the thread angle exceeds the
maximum locking angle (7,q2), we mark the mesh point, or shade it a suitable color,
such as blue. Otherwise we skip the mesh point, or shade it another color, such as
green. Of course, we can continuously color every mesh point by interpolating two
extreme colors for the locking angles. Finally, by tracing the marked mesh points, we

can identify critical regions.

What Darts Should be Inserted

Once critical regions have been identified, the type of darts that best fit into each critical
region must be determined. If a critical region is completely inside the given rectangular
ply, trimmed darts are the only choice. If, on the other hand, a critical region touches
the boundary of the ply, either stitched or trimmed darts may be applicable. This
restriction results from the assumptions used in our models of stitched and trimmed
darts.

Next, the shape of each dart must be determined. The optimal shape is the simplest
one that removes all critical regions with the simplest shape. Another optimality
criterion may include the ease of inserting darts. Intuitively, the less ragged the shape
is, the better it may be. It is difficult to determine the optimal shape, because the shape
of the critical region provides little insight into the optimal shape of the dart to be
inserted. Usually, a dart whose shape is smaller than the critical region is sufficient. In
order to find the optimal shape, we employ a strategy based on a relaxation technique.
In other words, we start with a dart of a certain shape that includes a part (or the
whole) of the critical region. Then, we successively modify the shape so that in each
step we can decrease the critical region until none is left.

An important component of our relaxation technique is a good initial dart speci-

fication. If we start with an arbitrary-shaped polygonal cut, gaps and overlaps may
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Figure 8: An example of the insertion of a polygonal cut: (a) fitting example in which

a gap and an overlap occur, and (b) the plane development pattern

occur at the same time, as shown in Figure 8. Similarly, if we start with an arbitrary-
shaped stitched dart, a solution to the mapping calculations may not always be found
[3]. On the other hand, if we start with a linear cut inserted into a critical region, the
result of the fitting may produce either a gap or an overlap, but not both. This can
be explained by the fact that a lower critical region is caused by a surplus of woven
cloth material, while an upper critical region is caused by a shortage of it. This is an
important property that is useful for determining the optimal shape for a dart. It may

be formally stated as follows:

Property 1 If a linear cut is inserted into a lower critical region, the fitting result
may produce an overlap. If a linear cut is inserted into an upper critical region, the

fitting result may produce a gap.

By taking advantage of this property, we have developed an algorithm for determin-
ing the optimal shape for a dart when only lower critical regions exist. As shown in
Figure 9, a linear cut is inserted into each lower critical region in the first stage of the
algorithm. It should be noted that this algorithm does not cover the case in which a
linear cut is inserted into an upper critical region. As stated in Property 1, a gap
may occur when a linear cut is inserted into an upper critical region. In this case, all

that is needed is to prepare another ply and patch up the gap with it. More details of
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the algorithm, especially on the removal of overlaps, will be given in the next section.

Before proceeding to the description of overlapping removal algorithms, it should be
remarked that finding the best initial linear cut is still an open problem. As seen in
our initial experiments, however, a good solution is obtained when the initial linear cut
goes through a critical region and reaches slightly into the surrounding normal region
where the shear deformation is within the allowable limits. See Figures 17 (b) and

19 (d) for examples of our experimental cut insertions.

OVERLAPPING REMOVAL ALGORITHMS

As explained in the previous section, overlaps may occur in the fitting result when a
linear cut is inserted into a lower critical region. In regard to fitting a 2-D ply of woven
cloth composites to a real 3-D surface, minor overlaps are frequently observed and
acceptable. Major overlaps, however, cause serious problems, since they may change
the surface profile (called the IML or Inside Mold Line) and alter the uniformity of
structural reinforcements. Our goal is therefore to remove major overlaps and find the
optimal shape for a dart that is to be inserted into a lower critical region.

As shown in Figure 9, our fundamental algorithm for removing overlaps includes two
major steps: (1) finding overlaps and (2) updating the shape of the dart. The other
two steps in Figure 9, “select an overlapping mesh point from the Overlapping Point
List (OPL),” and “remove the mesh point,” will be described along with the second

major step.

Finding Overlaps

The first major step toward determining the optimal shape of a dart to be inserted
into a lower critical region is to find overlaps. Assuming that both the 2-D and the
3-D deformed woven cloth composites are approximated by a collection of triangles, as
shown in Figure 10, overlaps in the fitting result may be found with a point-triangle
location algorithm in 3-D space. Specifically, every mesh point is tested for inclusion
in each triangle in 3-D space. An overlap is identified if the projection of the mesh
point ‘P’ onto the plane formed by three mesh points, A, B, and C, is located inside
triangle ABC, as shown in Figure 11.

15
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Figure 10: Triangular mesh approximation for finding overlaps

This simple algorithm works well as long as the distance between adjacent mesh
points is sufficiently small and the thread segment between them can be regarded
as a straight line, as we have assumed for our woven cloth model. In terms of the
computational complexity, if we have m x n mesh points for the woven cloth composite,
we need O((mn)?) time to find all the overlaps. In order to improve the efficiency of
finding overlaps, we may use a hierarchical data structure for keeping track of mesh
points[4]. This data structure should provide the computational speed-up needed to

make processing of high density meshes practical.
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Figure 11: A point-triangle inclusion test, where the projection of mesh point P is

located inside triangle ABC

Figure 12: (a) A typical overlapping situation, (b) non-safe removal, and (c) one correct

solution to overlap removal

Updating the Shape of a Dart

Once overlaps are found, we have to remove them and update the shape of the dart.
Removing overlaps may initially seem an easy matter. However, we cannot simply
remove all the overlapping mesh points. Suppose, for instance, we have a situation in
which overlaps occur, as shown in Figure 12 (a). If we simply remove all the overlapping
mesh points, the result in Figure 12 (b) is produced, and a new gap is opened. The
removal of an overlapping mesh point is called safe if it does not open a gap whose
size is larger than the distance between adjacent mesh points. In other words, if an
overlapping mesh point lies on the border of the actual shape of the material, then its
removal is “safe.” Figure 12 (c) shows one of the valid ways of removing the overlaps
in this example, by applying a sequence of safe removals. Note that there are many

valid answers.
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The differences between valid answers result from the different sequences in which
mesh points may be selected in the checking of overlaps. It is therefore necessary to
resort to a particular optimizing strategy during overlap removal. The optimization

criteria that we use include the following alternatives:
1. Minimize the shear deformation in the resulting woven cloth
2. Minimize the raggedness of the darting edge
3. Increase the symmetry along the cut

It may not be possible to implement an algorithm that satisfies all of the above opti-
mizing criteria simultaneously. For this reason, we have implemented several different
algorithms to correctly remove overlaps. For every method, we maintain a common
data structure called an overlapping point list (OPL), which is a list of mesh points that
are found to overlap a part of the woven cloth fitted to a surface mold. The following

is a list of the methods and characteristics that we have implemented:

e Sequential Method:
The first mesh point in the overlapping point list is selected and tested to de-
termine whether it can be safely removed. If so, the mesh point is removed and
the shape of the dart together with the OPL is updated. This can be imple-
mented with a FIFO (First-In First-Out) or LIFO (Last-In First-Out) strategy.
This method is easy to implement, and it is usually guaranteed that criterion 2
of the optimization can be satisfied, because of the structured method used to
create the OPL, which successively processes one row of mesh points at a time.
However, it is not usually guaranteed that optimization criteria 1 and 3 can be

satisfied.

e Random Method:
With this method, we randomly select a mesh point from the OPL and test it to
determine whether it can be safely removed. On average, this method guarantees

that optimization criterion 3 can be satisfied, but not necessarily criteria 1 and

2.

e Cut Distance Priority Method:
With this method, the OPL is sorted according to the distance from the cut

18



inserted. The mesh point closest to the cut is first selected and tested for safe
removal. This method guarantees that optimization criteria 2 and 3 can be

satisfied, but not necessarily criterion 1.

e Thread Angle Priority Method:
With this method, the OPL is sorted according to the values of thread angles
(7). The mesh point whose cos~y is largest is first selected and tested for safe
removal. This method guarantees that optimization criterion 1 can be satisfied,

but not necessarily criteria 2 and 3.

The choice of method depends on what optimization criterion is considered most
important for the current configuration. For instance, if criterion 1 is considered most
important, the thread angle priority method is the best choice. If criterion 2 is consid-
ered most important, the cut distance priority method or the sequential method may
be the best choice.

In the next section, we present several fitting examples in which one or more darts
are inserted. Particular attention is paid to what kind of methods for removing overlaps
are used and what kind of optimizing criteria are sought when darts are inserted into

lower critical regions.

EXAMPLES

Here we describe several examples of fitting a 2-D ply of woven cloth composites to
surfaces modeled by NURBS (Non-Uniform Rational B-Spline) surfaces [10], in which
dart insertion has been applied.

The first example is a fitting to an object with a convex corner. Figure 13 shows a
fitting of a woven cloth composite ply onto an object with a convex rounded corner.
The initial conditions for the fitting are specified by three parameters: a starting point
(Ps), a base path (or a guideline), and a sweeping direction. These are specified in
both 2-D and 3-D spaces. The starting point in this example is on the Z axis, and
the base path is specified in such a way that it is aligned with the curve on the X7
plane, and the sweeping direction is in the positive Y direction. As can be seen from

the result, the thread angles become very small around the corner most distant from
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Figure 13: Fitting to an object with a convex corner

the starting point. Figure 14 (a) shows the plane development pattern corresponding
to the fitting. Figure 14 (b) shows the distribution of thread angles, projected above
the associated plane development. It is clear from Figure 14 (b) that there are some
mesh points whose thread angle is almost zero, and thus we cannot avoid anomalous
events such as wrinkles in the critical region.

In this example, some thread angles in the critical region become less than the
allowable minimum (%), and therefore it is classified as a lower critical region. In
order to intuitively identify the critical region, we shade each mesh point a different
color according to its thread angle value. Figures 15 (a) and (b) show the results
corresponding to Figures 13 and 14 (a), respectively. In Figure 15, the variable T
attached to the color bar represents the thread angle +, and the lower critical region
is colored red. In addition, the red lines in Figures 15 (a) and (b) represent the base
path for the fitting.

Note that throughout the examples we have assigned colors as follows: red is assigned
when 7 = 0 degrees, green is assigned when v = 90 degrees, blue is assigned when
v = 180 degrees, and an interpolated color is assigned in hue space[l1] for intermediate

values of v. With this rule, a mesh point takes on a reddish color when ~ becomes
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Figure 14: (a) Plane development pattern generated from a fitting for a surface with
a convex corner, and (b) the distribution of thread angles at mesh points projected

above the plane development

lower than approximately 30 degrees, which allows us to visually interpret the point
as lying in a lower critical region. Although we can shift the color distribution for fine
tuning, the above rule is reasonable, since most commercial fabrics “lock” or “jam” at
angles less than 35 degrees [9].

The important feature of this example is that the critical region has a symmetrical
shape. 1t is therefore possible to insert either a stitched dart or a polygonal cut.
Figure 16 (a) is the result of fitting a woven cloth composite ply with a stitched dart,
and Figure 16 (b) is the 2-D plane development. It should be noted that a small
proportion of the critical region still has reddish colors after insertion of the stitched
dart.

Alternatively, we can insert a polygonal cut. In this case, we apply the algorithm
outlined in Figure 9. Specifically, we first insert a linear cut instead of a polygonal cut,
as shown in Figure 17 (b), and obtain the fitting result shown in Figure 17 (a). It is
interesting that with the insertion of a linear cut, the part of the critical region with

reddish colors vanishes.

As predicted by Property 1, an overlap is observed in the fitting result in Fig-
ure 17 (a). By applying the overlapping removal algorithm based on the cut distance
priority method, we obtain Figure 18. Unlike the fitting result when a stitched dart is

inserted, Figure 18 (a) does not contain a critical region. Figure 18 (b) is the corre-
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Figure 15: Fitting results with colors based on thread angle values; (a) 3-D fitting and

(b) 2-D plane development pattern
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Figure 16: Stitched dart insertion: (a) 3-D fitting and (b) 2-D plane development
pattern with a stitched dart
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Figure 17: Linear cut insertion: (a) 3-D fitting and (b) 2-D plane development pattern

with a linear cut



Median

Figure 18: A polygonal cut obtained by applying the overlap removal algorithm: (a)
3-D fitting and (b) 2-D plane development pattern with a polygonal cut
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sponding 2-D plane development pattern. The minor overlap remaining in Figure 18 (a)
does not cause serious problems, as long as there is no gap.

The second example is a fitting to an object with a concave corner. Figure 19 (a)
shows the 3-D fitting result with colors based on the thread angles, and Figure 19 (c)
shows the 2-D plane development. Unlike the previous example, the results indicate the
existence of an upper critical region with blue colors. We can remove the upper critical
region by inserting a linear cut, as shown in Figure 19 (d), at the cost of producing a
gap in the 3-D fitting result, as shown in Figure 19 (b). Property 1 also predicts this
behavior. We therefore need two or more separate ply fragments to completely cover

the surface, given the same initial conditions for the first ply.

The last example is a fitting to a shoe-like object. Figures 20 (a) and (b) show the
fitting result and the 2-D plane development pattern, respectively. Two isolated critical
regions are clearly visible. Since neither of the critical regions is symmetrical, it is easier
to apply trimmed darts to the example. First, two linear cuts are inserted, as shown in
Figure 21 (a), and the fitting result corresponding to it is shown in Figure 22 (a). As
in the previous example, we have overlaps. We tested three methods for removing the
overlaps: (1) the sequential method (Figure 21 (b) for the final shape of the dart and
Figure 22 (b) for the fitting result), (2) the cut distance priority method (Figure 21 (c)
for the final shape of the dart and Figure 22 (¢) for the fitting result), and (3) the thread
angle priority method (Figure 21 (d) for the final shape of the dart and Figure 22 (d)
for the fitting result). In terms of thread angle values, method (3) produces the best
result. In terms of raggedness, methods (1) and (2) produce better results than method
(3). In terms of symmetry with respect to the linear cuts, method (2) produces the

best result.
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Figure 19: Fittings to an object with a concave corner: (a) 3-D fitting result with

no darts, (b) 3-D fitting result with a linear cut, (c) 2-D plane development pattern
corresponding to (a), and (d) 2-D plane development pattern corresponding to (b)
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Figure 20: (a) A fitting to a shoe-like object with colors based on the thread angle

values at each mesh point, and (b) the 2-D plane development



Figure 21: 2-D plane development patterns with trimmed darts: (a) insertion of two

linear cuts, (b) polygonal cuts obtained by the sequential method, (¢) polygonal cuts
obtained by the cut distance priority method, and (d) polygonal cuts obtained by the
thread angle priority method



overlap

Median

Figure 22: 3-D fitting results with trimmed darts: (a) insertion of two linear cuts,
(b) polygonal cuts obtained by the sequential method, (c¢) polygonal cuts obtained by
the cut distance priority method, and (d) polygonal cuts obtained by the thread angle
priority method
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CONCLUSIONS

We have considered the problem of suppressing anomalous events while fitting a 2-D ply
of woven cloth composites to a 3-D curved surface. We have presented several models
for darts and shown how the problem can be solved by inserting darts. We have also
stated the problems of positioning the darts and how to determine an optimal shape
for the darts in accordance with several optimization criteria. Our solution to these
problems involves first identifying critical regions where excessive deformation may
occur, then inserting a “linear cut” into each critical region, and finally traversing
overlapping mesh points along the linear cut. This algorithm is currently limited to
the “lower” critical regions of the fitting, and we need additional ply fragments to cover
the surface completely when “upper” critical regions are predicted. Our preliminary
computer simulations give encouraging results that support our models for darts and

our algorithms for overlap removal.
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