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Abstract

Fibre reinforced polymer matrix composites are used frequently in aerospace applications.
Manufacturers of aerospace components favour composites over traditional metallic alloys due to
their light weight, high modulus, corrosion resistance and fatigue resistance. Advantages of
composites for non-structural interior components over metallic include: ease of manufacturing
for single parts of complex geometry as opposed to assemblies, cheaper manufacturing of a limited
series of parts and composites greatly reduced noise, vibration and harshness. However,
manufacturing interior composite components requires critical attention to detail during the
preforming stages and handling of dry fabric textiles. Since these components are handmade they
often yield lower profits and therefore efficient preforming is critical. Designing draping strategies
for industrial liquid composite moulding processes requires a significant amount of time and
testing, in simulation and also working on physical moulds. Mould and part surfaces are often
defined by a number of geometric features, labelled base surfaces in the context of this thesis,
which can be used to quickly probe multiple draping strategies and identify the best one.
Traditionally, trial and error work is performed over a full mould surface until a working or

acceptable draping strategy is found, rarely identifying the best strategy.

The work in this thesis presents the initial development stages for a draping predictive tool aimed
at quickly probing multiple draping scenarios in simulation prior to receiving moulds and
identifying the best draping strategy for industrial non-structural aerospace composites. A multi-
parameter remodelling tool — the conical frustum — was developed for uniformly identifying base
surfaces through 12 geometric parameters linked into a database of in-plane shear and yarn

orientations results. The development of the database is discussed, detailing Taguchi methods of
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experimental design used for developing linear functions from the database results, which allow

interpolation of results on base surfaces that do not directly exist within the database.

This thesis also includes major developments for the core draping algorithm used for linking
individual base surface results together when probing draping strategies. Further investigations
were performed on unique elements of in-plane shear behaviour that are encountered during
draping, so that these could ultimately be considered during the development of this version of the

draping algorithm whilst others may be included in future developments.
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1 Introduction

1.1 Background on composite materials

A composite material is a material made of two or more distinct materials with vastly different
properties which, when combined, produce a material with properties that differ from those of the
individual component materials. The individual materials remain distinct from one another within
the finished material thus differentiating composite materials from solid solutions or mixtures [1].
For a composite featuring two main phases, these are often termed the reinforcement and the

matrix.

Composite reinforcements can take a variety of different forms including fine particles,
discontinuous chopped fibres, long continuous fibres or woven fabrics, as well as other forms,
Figure 1-1. In this thesis, reinforcements in the form of fabrics are the main focus. Long continuous
fibres feature high modulus, high tensile strength, and low density when compared to other
engineering materials, Table 1-1. Such fibres often have very small diameters, typically 10 um or
less. Smaller diameter fibres offer an increase in surface area per unit mass for fibre-matrix
interfacing, resulting in better load transfer between matrix and fibres, a reduction in bending
radius causing less fibre breakage during handling, a decrease in the amount of defects on the
surface of a fibre and a higher strength [2]. Dry fibres and fabrics are capable of withstanding large

tensile loads but buckle under very low compressive loads.
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Figure 1-1: Composite reinforcement types [3]

Table 1-1: Engineering properties for select materials

Materials Density (g/cm3) | Tensile Strength (MPa) | Young’s Modulus (GPa)
Ti-6Al-4V Titanium [4] | 4.41 1200 119
4132 Alloy Steel [5] 7.85 1210 210
Carbon Fibre [6] 1.77 4205 239
Glass Fibre [7] 1.54 3310 68.9

Fibre reinforcements are infused with a liquid matrix that cures into a solid polymer holding, the
fibre in place. The matrix restricts fibre movement, transfers the loads to the fibers and allows for
parts to be constructed with directional properties [8]. The matrix also protects the fibres from
environmental hazards. A polymer matrix is commonly an epoxy or another thermosetting or

thermoplastic resin thus these composites are often referred to as polymer matrix composites

(PMCs).

Early applications of PMCs in aircrafts used boron fibre and carbon fibre reinforced epoxies for
many wings, fuselage components, and other structural components. This reduced the weight by
up to 30% for these components when compared to the metallic components used and allowed

flexibility in manufacturing [9]. High specific stiffness and strength, along with relative ease of



manufacturing and ability to adjust final part properties to specific applications, has led to a major
increase in the use of composites. Major examples of composite applications include commercial
airplanes such as Boeing 787 Dreamliner and Airbus A350. These aircrafts feature 53% [10] and
50% [11] of composite materials by structural mass, respectively. Other advantages of PMCs over
common engineering materials include relatively low tooling costs, corrosion resistance, and

exceptional design flexibility.

1.2 Project overview and contributions

This section explains the project overview, outlines the main objectives for this work and

highlights terminology used throughout this thesis.

The overall focus of the project is the manufacturing of non-structural composite aerospace
components made by liquid composite moulding (LCM) processes. The parts are all thin shells
with varying degree of complexity. As part of these processes, a significant amount of time is
dedicated to the design of methods used for cutting and forming 2D textiles into 3D components,
defined as preforms. One or more textile patterns consisting of multiple, stacked textile plies with
the same outlines and laid with the same yarn orientations are draped on a mould as the first step
to the manufacturing of composite components. To position and conform these plies onto a mould,
a manual method known as draping is used. Ideally, a single pattern would be used for making an
entire preform, but often this is not possible due to the complexity, geometric features and size of
the corresponding part. Properties of the fabrics that determine its propensity to drape include
resistance to in-plane shear and to bending, as well as stability, which all influence results to

different degrees depending on the geometric features found on the mould. Some element of



behaviour can become problematic in complex cases. Details of the industrial process can be found

in the Master’s thesis of Sébastien Gagné [12].

By designing a robust draping strategy, which consists of a series of steps to be followed by
technicians in order to drape patterns on a mould, parts can be manufactured more quickly. The
draping strategy must also enable low variance so that reproducible, high quality parts can be
manufactured. Other considerations include the choice of the fabric to be used, which is also

dependant on mechanical requirements on the final component.

Industrial partner Hutchinson Aéronautique et Industrie operates in a competitive industrial space
where predicting design, manufacturing and preform quality is crucial to building competitive
quotes for new clients. A client submits a CAD model of a part and Hutchinson must create a quote
very quickly, outlining key preforming characteristics as well as costs, to successfully and
profitably secure the client. The production of a quote requires that draping strategies be designed;
this can be difficult in the case complex components, without a physical mould being available.
The goal of the project, which is the context that defines this thesis, is to develop a predictive
software tool that can design draping strategies quickly for new and existing parts [12]. The

predictive draping tool will:

e Identify a preform design that will streamline the manufacturing process and make it
reproducible;

¢ Identify the steps necessary for manufacturing the part, and communicate the procedure to
technicians clearly through plybooks;

e Choose a fabric that is most suitable for the draping challenges induced by the geometric

features specific to the part - this point is not addressed in this thesis;



e Identify a preforming strategy with low variability and high final part quality.

Draping software already exists that is capable of assisting towards defining draping strategies.
However, once a part is received these simulations are no better than trial and error on a physical
mould. The number of possible draping scenarios for an individual mould is very high; attempting
to test all of them and identify the best one would be extremely time consuming. A draping strategy
that stands out after a few trials with such software is most likely to be chosen because it works
and, not necessarily because it is the best. The approach developed for this project and developed
in this thesis moves all the simulation work ahead of receiving the geometry. The surfaces are
expressed so that an algorithm can probe very quickly through a very large number of scenarios,

identifying the best one amongst them.

In this work, complex mould surfaces are split into individual geometric features labelled base
surfaces. These base surfaces are readily identified in CAD models by lines and edges drawing
distinct differences between features. Edges common to neighbouring surfaces are used as direct
links between the base surfaces, so they can be used in writing explicit expressions of draping
strategies. Draping strategies are designed by sequencing transitions between individual base
surfaces through common edges. Transitions occur sequentially until all the mould is draped or a
pattern reaches its drapability limit. Each base surface induces unique draping properties
quantifiable through draping simulations. Each base surface is also identified through vertices,

lengths and radii which can be characterized into a set number of geometric parameters.

Base surfaces are labelled in this work as flat, single curvature and double curvature, each capable
of featuring a level of twist, as highlighted in Section 3.1. Base surfaces are parameterized using
the conical frustum, a parameterization tool devised as a part of this thesis work and used for

structuring a database of shear and yarn orientation results (Database A) that is part of the
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predictive tool. Database A contains results from draping simulations for individual base surfaces
generated using varying conical frustum geometric parameters and as well as draping parameters
such as drape starting position, drape starting orientation, fibre spacing and initial angle between
warp and weft yarns. The conical frustum parameters act as direct links between geometric features

on the defined as real geometric parameters, and results contained in the database.

Database A will contain a very large number of results, even for a low number of geometric and
draping parameters. Any draping strategy would involve many different combinations of these
parameters and require to a large amount of information to be considered, hence readily available.
To compile a complete database, an unrestricted array of shear results would have to be generated
for any set of geometric and draping parameters, even if any parameter was documented at only
two modalities. In order to address efficiency, Taguchi methods were used, allowing a drastic
reduction in the number of simulations required in order to populate the database and provide a
clear framework as to what information needs to be quantified, and what information is less
important. Furthermore, Taguchi methods lead naturally towards linear functions used for
interpolations between database results, which are required since it is extremely unlikely that all
surfaces encountered in a specific industrial case will be represented exactly in database results.
Database population is a continuous process, and filling the database will eventually require a
scripted, automated process. However, a minimally populated version is very useful especially if
the modalities of parameters are selected, once all the above elements are assembled. The
predictive tool uses the database and geometric information gathered from the mould surface to

probe all draping strategies quickly, identifying the best one.

This thesis details solutions for a first phase of the predictive tool development featuring:



e Proposing a formalism specifying geometric and draping parameters used for building
Database A; the conical frustum, along with a hierarchy for its geometric parameters;

e Identifying specific modalities used in Database A;

e Selecting and quantifying output responses from draping simulations performed on base
surfaces;

e Performing draping simulations following Taguchi plans, beginning the construction of
Database A and developing linear functions for the interpolation of results;

e Establishing precise procedures for quantifying the link between base surfaces in the

mould.

Rather than assessing draping scenarios using the full mould, investigating draping behaviour over
individual base surfaces and linking their results allows numerous draping strategies to be probed
quickly. This predictive tool will drastically reduce the time required for designing draping
strategies, assisting Hutchinson in producing quotes for better parts more quickly and more

reliably.

1.3 Section summary

This thesis is organized into 10 chapters and 6 appendices. Chapter 1 provides background on

composite materials, detailing some industrial use.

Chapter 2 is a literature review, focusing mainly on manufacturing methods for composites,
specifically prior to resin injection, deformation modes of dry fabrics, factorial design plans and a
comprehensive review of the principles behind Nottingham Drapelt, the draping software used

extensively in this thesis.



Chapter 3 evaluates geometric features commonly observed on industrial mould surfaces. The
development of a multi-geometric parameter characterization tool, the conical frustum, is
presented in this chapter. Details of the steps required for identifying and calculating geometric

parameters of the conical frustum from geometric features on mould surfaces are presented.

Chapter 4 presents a hierarchy of geometric parameters defining the conical frustum. Two mould
surfaces are decomposed into individual base surfaces, and calculations for their conical frustum
parameters are performed. Through these calculations, specific conical frustum parameters are
identified that change more frequently than others, thus establishing a core conical frustum
featuring a smaller number of parameters which can be used for modelling most base surfaces

using a reduced number of geometric conical frustum parameters.

Chapter 5 details draping simulations performed, which were planned following Taguchi methods
for experimental design to evaluate the effects of geometric and draping parameters on in-plane

shear.

Chapter 6 uses the results from Chapter 5 towards building Database A, a database of in-plane
shear and yarn orientation angles extracted from draping simulations. Results put into the database
lead to the development of linear functions for in-plane shear, warp orientation and weft orientation
angles at different locations on base surfaces as a function of conical frustum parameters and

draping parameters.

Chapter 7 discusses the linking of base surfaces and phenomena found in specific cases. Topics
include shear progression, effects of subsequent double curvature configurations and the effect of

angles between surfaces.



Chapter 8 presents the draping algorithm developed for this thesis. It outlines the organization and
definitions of draping strategies, how conical frustum parameters are used to probe the database,
how connections are made between base surfaces, and presents a method for consolidating

multiple boundary conditions.

Chapter 9 presents a demonstration of the draping algorithm uses a physical mould surface. The
demonstrator shows how base surfaces are used to calculate conical frustum geometric parameters
and how those parameters are used with linear functions and draping parameters to probe draping

strategies.

Finally, Chapter 10 provides an overview and conclusion on the contributions this thesis has

towards the project, details current work being performing, and suggests directions of future work.



2 Literature Review

2.1 Introduction

Draping composites using the fishnet algorithm is a well-established method for predicting
composite deformation, thus new methods in literature have not been thoroughly investigated but
have consistently used the fishnet algorithm since its conception. The methods presented later in
this thesis use the kinematic draping algorithm as it exists following a new technique for
quantifying their results, using individual geometric features found on mould surfaces to link
together a full draping strategy rather than attempting to cover a full surface with a single pattern.
As such, this section is used to present background information on preform architectures, fabric
deformation, draping algorithms and composite manufacturing, as well as highlight the main

features of factorial experimental designs used in this work.

2.2 2D textile reinforcements

For composite components to be manufacturing using LCM processes, fibre reinforcements often
need to be joined into sheets labelled preforms. Performs are classified into different types based
on their manufacturing process and final 2D architecture including stitched textiles, knits, weaves,
and braids. Such reinforcements are labelled as fabrics and are commonly supplied in large rolls

and manufactured out of various grades of glass and carbon fibres.

To achieve a fabric architecture, individual fibres are first assembled into tows, untwisted bundles
of fibres, or yarns, twisted bundles of fibres. Stitched textile reinforcements feature warp and weft
yarns that do not overlap one another but are held together with non-structural stitched threads.

These reinforcement types are identified as non-crimp fabrics (NCFs) since the yarns do not
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interlace with one another, therefore remaining essentially flat. Layers of unidirectional fabrics are
often stacked and stitched together using a lockstitch; an upper and lower thread entwined, holding
layers of reinforcements together, as seen in a standard sewing machine. Different stitching

patterns can be used influence the deformation of the stitched fabrics, Figure 2-1.

RRRE

Figure 2-1: Different stitching patterns

P10

Knit reinforcements are identified as warp knits and weft knits. Warp knits are differentiated by
the stitching pattern used to hold the layers of fabric together and are classified as NCFs. Similar
to stitched reinforcements, warp knits use non-structural threads to hold layers of fabric together.
The major difference between stitched reinforcements and knits is that knits interlace around yarns
following a specific pattern that avoids piercing though the yarns and is dependent on the
orientations of the layers being stitched together. Figure 2-2 shows an example of a tricot stitch

warp knit without and with layers of yarns.
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Figure 2-2: Warp knit without yarns (left); warp knit with yarns (right) [13]

Weft knits do not use non-structural stitched reinforcements but interlock yarns into a specific
pattern. This technique is frequently used in knitting wool or cotton but has been applied to fibre
reinforcements in composites. Weft knits do not feature any warp yarns but follow a repeating
pattern of weft yarns horizontally and vertically, producing a fabric from a single yarn, Figure 2-3.
Weft knits are not commonly used in manufacturing composites since they typically lead to a lower
fibre volume fraction in the final component. NCFs and weft knits are not discussed further in this

thesis.

Figure 2-3: Plain weft knited fabric [14]

Woven bidirectional fabrics feature warp yarns that run the entire length of the fabric, and weft
yarns that are interlaced under and over the warp yarns. The overlaps in the reinforcements creates
crimp in the individual yarns since they are forced to bend around one another thus differentiating

these reinforcement types from NCFs, [15]. Several different weave patterns exist including plain
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weaves, satins, and twills, which are classified by the interlacing pattern of the warp and weft
yarns, Figure 2-4. It is also possible for triaxial weaves to exist in applications where textiles are
required to be close to isotropic. These weaves deform differently from bidirectional weaves and

therefore are not discussed further in this thesis.

Figure 2-4 Weave patterns: (a) plain weave (one warp over one weft), (b) 4 harness satin (one
warp over three weft) [16]

Braided textiles consist of three or more intertwined yarns that form a continuous tubular structure,
Figure 2-5. To create a braided textile, the tubular section if typically slipped over a mould of the
desired shape or braiding is performed around the mould. Since braided textiles feature multi-axial
yarns, deformation modes are different than those found in stitched fabrics, knits and weaves hence

braids are not discussed further. The focus in this thesis is woven bidirectional fabrics.

Figure 2-5: 2D braided pattern [17]
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2.3 In-plane shear of woven dry fibre reinforcements

When draping fibre reinforcements onto mould surfaces, any change in curvature will cause
changes in fibre orientations, fibre volume fraction and permeability, leading to non-homogenous
mechanical properties in the final component [18]. Forming over complex geometries requires a
degree of in-plane shear so the fabric can conform to the surface. However, this can quickly lead
to wrinkling and resin flow issues. Manufactures are not only concerned with the mechanical
performance of the final composite but also with how easily it is to process and drape the fabrics,
and with the overall cost of the entire manufacturing process [19]. When considering draping, in-

plane shear is the primary mode of fabric deformation.

The analysis by Mack and Taylor [20] provides a more in-depth understanding on draping woven
fabric over complex geometries. The proposed pin-jointed net model assumes a pinning effect at
the cross over points of warp and weft yarns, much like pin joints with straight, rigid bars whilst
yarns are under axial tension. These pin joints allow the warp and weft yarns to rotate around these
joints, which effectively correspond to yarn crossovers inducing in-plane shear onto the fabric,
Figure 2-6. This mechanism is what allows 2D textiles to be draped over 3D surfaces such as a
hemisphere, solely by yarn rotation at the crossovers. Shear angle f§ can easily be calculated using

the spacing between the individual yarns.
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(b) (©)

Figure 2-6: (a) Initial angle between warp and weft, (b) weave shears (c) weave locking angle is
reached [21] [22]

In plane shear has a limit known as the locking angle, denoted by S, in Figure 2-6 c¢). When the
locking angle is reached, the interaction between yarns causes an increase in load between the
yarns. Without room for deformation in-plane, the build up of compressive forces causes fibre
buckling, ultimately leading to wrinkling [23]. The locking angle of woven fabrics is dependent
on the weave pattern and mechanical properties of the fibres. Fabrics can tolerate relatively high
amounts of in-plane shear before reaching their locking angle. This fabric dependent property is
typically measured using biased extension and picture frame tests, between 20° and 65° [24] [25]
[26]. In general fabrics with more loose weaves such as satins and sateens tend to reach higher
levels of shear prior to reaching their locking angle. Figure 2-7 shows a series of different woven
fabric types, along with differences between an unsheared state and the point at which the fabrics

their locking angle.
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Plain Weave

(b)

5 Harness Satin

(a)

Figure 2-7: Fabric during shear: (a) unsheared state (b) locking shear angle, for different types of
fabric [27]

High amounts of shear and wrinkling lead to defects in composite parts such as unwetted fibres,
due to resin flow issues, or resin rich areas where fibres did not conform to the mould surface. To
ensure complete fibre wetting and no wrinkling, draping strategies need to be designed to ensure
excellent coverage with minimal shearing. However, in order to produce composite components
quickly, this stage of the manufacturing process needs to be performed before receiving a physical

mould.
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2.4 Draping algorithms

To assist in manufacturing composite components, in-plane shear mechanics over mould surfaces
have been used to develop draping algorithms. These draping algorithms assist in predicting shear

behaviour of ideal woven structures.

2.4.1 Kinematic draping algorithm

For draping textiles, the main assumption is that the woven textiles acts much like a fishnet; a
square mesh made of inextensible segments. These segments correspond to yarns running in two
directions, warp and weft, which are originally orthogonal [28]. The kinematic algorithm is
dependent on creating orthogonal geodesics, which cross each other at the start of draping.
Geodesics, defined as a local length-minimizing curves that preserve a direction on a surface [29],
project constrained warp and weft yarn paths over the mould. Stemming from the fishnet algorithm
the kinematic draping algorithm was developed by Robertson et al. [30] using a hemisphere and

follows five assumptions laid by Mack and Taylor:

1. Fibres are inextensible;

2. Fibre crossovers act as pin joints with no slip;

3. Fibre segments are straight between joints;

4. Uniform surface contact is maintained between yarns;

5. The geometry and fabric layer are infinitely thin.

As the geodesic moves over the surface, individual node locations are calculated and represent the
fabric weave geometry using bilinear patches attributed to an ideal fabric behaviour over the

surface [31]. The result from the draping algorithm is a shear pattern that can be used for predicting
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the outcome of draping fabrics over geometric features. Applications for this kinematic algorithm
extended into industries where forming fabric over complex surfaces was needed. Further details
on the kinematic drape algorithm specifically for Nottingham Drapelt software is presented in

Section 2.4.4

Figure 2-8: Kinematic drape algorithm [32]

2.4.2 Energy drape algorithm

Kinematic draping algorithms work very well for symmetric shapes however for non-symmetric
geometry, yarn path generation can be limited. The energy drape method uses finite element
simulations as an approach to overcome the problem above [33]. Still using the kinematic draping
method, the strain energy required to produce each mapping result is calculated. The mapping that
results in the lowest strain energy is assumed to represent the actual behaviour of the fabric. This
method may overcome the unsymmetrical geometric problems but increases the computation time.
Unlike the kinematic method, this method does not rely on initially determined geodesics to extend
over the surface. Instead, these lines are determined as the coverage progresses allowing the

simulated fabric to move more freely.
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2.4.3 Nottingham Drapelt

Developed at the University of Nottingham, Drapelt is a software package that allows draping
simulations to be performed on surface meshes. A kinematic draping algorithm [34] and a energy
draping algorithm [33] are used to simulate deformation of woven fabrics. Fibre rotation at the
warp and weft crossover points (nodes) is the only mode of deformation assumed for these

algorithms.

2.4.4 Nottingham kinematic draping algorithm

This section outlines the kinematic draping algorithm that Nottingham Drapelt uses to project
shear patterns over geometric surfaces. The algorithm uses initial fibre spacing S and known node
positions along constrained fibre geodesics to calculate the coordinates for subsequent nodes over
the entire surface. Nodes are identified with indices (m, n) starting at (0,0), the point of intersection
of the two constrained fibres. A point of intersection of two spheres with the geometry surface is
used to calculate (m, n) repeatedly until the entire surface is covered. Each sphere has a radius of

the initial fibre spacing S, which are centred at adjacent nodes (m -1, n) and (m, n-1), Figure 2-9.

(m,n) at the point
of intersection of
spheres with surface

Figure 2-9: Determination of node position [34]
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The adjacent nodes begin along the constrained fibres and therefore are always known. The
portions of the surface identified by the four nodes are represented by bilinear patches. A reduction
in initial fibre spacing yields refined results of the shear pattern for the surface. The equations for
the spheres, the parametric equation of the bilinear patch with corner points P,,,, and the equation

of the plane containing the patch are as follows:

(xm,n - xm—l,n)z + (ym,n - ym—l,n)z + (Zm,n - Zm—l,n)2 = §? (1)

(xm,n - xm,n—l)z + (ym,n - ym,n—l)2 + (Zm,n - Zm,n—l)2 = §? (2)

Plu,v] = (1 —u)(1 — v)Pyo + u(1 — v)P;y + (1 — w)vPy; + uvPyy,
3)
u,v €[0,1]

AXmn + bYmn + €2y =d (4)

where coefficients @, b and ¢ can be calculated using and d is calculated by substituting P;; into

Equation 4.

a
( b ) = (oo — Poo) X (Pos — Poo) 5)

c

Combining equations 1, 2 and 4, the given node (m, n) locations calculated for the known positions
of nodes (m-1, n) and (m, n-1). As mentioned, the calculation begins at the intersection of the
constrained fibre paths thus nodes (0, 0), (0, 1), and (1, 0) are known, therefore coordinates for
node (1, 1) may be calculated. The process is repeated until the surface is completely covered
producing a shear pattern for the specified orientation and starting position of the constrained

fibres. Once a shear pattern is generated, Nottingham Drapelt allows shear angles and warp and
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weft orientation vectors at every element on the surface to be extracted which is used extensive

throughout this thesis.

2.5 Manufacturing composites

Production of composites can be distinguished into two major types, starting with the
reinforcement type selected for draping. Using fibre reinforcements with pre-impregnated resin
(prepregs) that is allowed to partially cure can be draped onto a mould surface benefiting from low
void content, uniform fibre alignment, and ease of handling [35]. This identifies one major type of
composite manufacturing processes. The other classification for composite manufacturing uses

dry fabric layup is identified as liquid composite moulding (LCM) and is the focus in this thesis.

LCM benefits from higher manufacturing rate, extended fabric shelf life, lower manufacturing
costs and higher flexibility during draping when compared to prepreg. LCM is also more
economical than prepreg based manufacturing processes and offers a more practical option for

manufacturing small series of components quickly without loss of component quality.

PMCs are manufactured using LCM in two major steps: fibre reinforcement positioning and resin
infusion. The first step involves arranging reinforcements into patterns that are capable of
conforming to the geometric features of open or closed moulds. The geometric features of a mould
are dictated by the final component design. Once the reinforcements are positioned, resin is infused
into the reinforcement, most often using a liquid thermosetting resin which bonds to the
reinforcements, solidifying into a single rigid component [36]. Two major LCM processes, resin
transfer moulding (RTM) and vacuum assisted resin transfer mould (VARTM), are detailed in the

following sections.
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2.5.1 Resin transfer moulding

Resin transfer moulding is a low-pressure injection process. Dry fibre reinforcements, single layer
or multilayer fabric stacks are draped into an open mould. Once the fabric is conformed to the
surface, the mould is closed, and resin is commonly injected at a constant flow rate with a
volumetric pump. This closed mould process yields good surface finishes on both sides of the final
component. However, issue may arise during resin injection since the mould is closed. After the
mould is filled, resin flow is halted and cure initiates. The final step in RTM is demoulding, which

can be performed once the resin is sufficiently cured [37].

/J \¥ Part removal
A ==

1. Preform manufacturing 5. Demoulding and final processing

Resin

——

2. Lay-up and draping

4. Resin injection and cure

g

3. Mould closure

Figure 2-10: RTM process [38]

2.5.2 Vacuum assisted resin transfer moulding

Vacuum assisted resin transfer moulding (VARTM) is widely used for composite manufacturing,
due to its flexibility and scalability. The process is capable of manufacturing complex components

with outstanding quality at a much lower cost than RTM. VARTM uses a single-sided mould

22



surface with the following components: fibre reinforcement, peel ply, flow distribution medium
and helical tubes. All these layers are sealed under a plastic film or silicon vacuum bag as shown
in Figure 2-11. A vacuum is applied under the bag, drawing resin into the reinforcement. A
maximum pressure difference of 1 bar is reached from the applied vacuum causing resin flow to
be slow, hence the flow distribution medium is need. The flow distribution medium has high in-
plane permeability and promotes resin flow through the fibres, allowing the resin to gradually
infuse into the reinforcements. Once the resin has flowed through the length of the assembly, it is
left to cure under vacuum. Afterwards the parts are demoulded, producing a final composite
component.

Outlet (vent) Inlet (resin inflow)

connected to Environmental pressure (1 bar) connected to a

vacuum source l l l l l l l l resin reservoir
V Helical tubes \% 5 /Vacuum bag
- < | Flow distribution medium

LLLELLLLLEEELLLLEELLLLL Lttt LLt bttt LLtbttiittttitttttiittttitliititititily
----------------------- ===-1+— Peel ply

Fibre preform / ' {—I\i\i\
[ M \ [/

/
Resin flow front
(parabolic)

Mould

Major flow directions
of resin particles

Sealing tape

Figure 2-11: VARTM process [39]

2.6 Statistical experimental design

Traditionally, design of experiments (DOE) is a statistical approach to investigate a system or a
process that allows conclusions to be drawn on the significance of input variables to out, either as

their own influences or the interactions between variables or factors [40]. This idea originated in
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the 1920s in England when R.A. Fisher decided to vary all factors simultaneously rather than
individually, calling it factorial design [41]. A factorial design involves a fixed number of levels
or values for a number of factors run in all possible combinations. The factors for the experiments
can be qualitative or quantitative allowing in-depth studies to be performed. Two level factorial
designs are especially useful since relatively few runs need to be performed per factor,
observations are easily interpreted and additional results can easily be added to the experimental
space [42]. As the number of factors increases the process of studying the effect of each factor
becomes time consuming thus people like R.L. Plackett, J.P. Burman [43] and G.Taguchi have
developed methods that assist in minimizing the work required in a multifactorial experiment. For
example, if an experiment containing two levels and has 15 different factors, 21> = 32,768

experiments would need to be performed to have a complete set of data.

2.6.1 Plackett-Burman screening designs

Screening designs refer to experimental designs that can be applied when a large number of input
factors need to be examined, identifying which have the greatest effect or are the most important
to the results or responses of interest. Determining which factors play a larger role can assist in
reducing the factors used in further experiments. The goal is to minimize the number of
experiments whilst maximizing the information gained from those experiments. Another important
feature of screening designs is of structure of information. Experimental sample space is well

defined so that additional experiments can be easily added and conclusions are well defined.
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R. L. Plackett and J.P. Burman developed a popular class of screening designs that allows for
factors with larger or small effects on the final results to be separated. Characteristics outlined in

[43] for these designs include:

a) Each factor in a particular experimental design will have a prime number of levels, L;

b) The number of runs for a design must be a multiple of L?;

c) All main effects factors are estimated equally — no predictions on which factor will have
the greater effect needs to be performed;

d) All main effects factors are estimated to be independent of each other. Although
interactions between factors may have some effect, the main factors do not influence one

another.

A critical step in building a screening design is selecting the factors and defining levels and
responses to be measured in the experiment. Selection is based on the experience of the individual
or group performing the study, and is guided by the response that is desired for the experimental
space [44]. More information is gained from the experiment when the experimental space is
explicityly understood, and the desired outcome of the screening designs is well defined. Factor
levels need to also be selected so that experiments have a good amount of variation. Too small of
a factor range results in small response variation whereas too large of a range may result in
identifying all factors as important. Both qualitative and quantitative results are obtainable from
these types of experiments. After factors and their levels are chosen, a design matrix is generated
for the Plackett-Burman screening design. Table 2-1 shows a 12-run two level design with 11
factors. Columns represent each of the factors, with the elements of the column represent the high

(+1) and low (-1) levels or modalities set for each factor. Each row in the table represents a single
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run. Each run leads to a result that is used for calculating responses identifying which factors are

and are not main effects.

Upon calculating all the results from each run in the Plackett-Burman design table, contrasts for
each factor are calculated. Contrasts are used for making comparisons between runs. The design
tables are created so that the modalities in each column sum to zero, allowing contrasts to be

calculated for each factor using Equation 6.

Table 2-1: Example of a 12-run Plackett-Burman design [45]

Trial X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11
1 + - + - - + + - +
2 + + - - - - + + + —
3 - + + + - - - + + +
4 + — + + — + — — — + +
5 + + - + + - + - - - +
6 + + + - + + - + - - -
7 - + + + - + - - - - -
8 - - + + + - + + - + -
9 — — — + + + - + + — +
10 + - - + + + - + + -
11 - + - - - + + + - + +
12 - - - - - - - - - - -
k
= g (6)
j=1

where ¢; is the level for run j and p; is the results for run j. After the contrasts are found, the

determination of significant factors is completed using multifactorial analyses of variance

(ANOVA).

ANOVA analyzes the variation in experimental outcome in order to determine the contributions
of the given factors to the variance [46]. Used in conjunction with Plackett-Burman designs

ANOVA assists with distinguishing which factors are main effects and which are interactions of
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main effects. Using the sum of squares for the contrasts, Equations 7 and 8, Scree plots can be

developed for the sum of squares allowing a comparison of the results to be performed.

s5(0) = —— )
~ Adjustment term
L&
Adjustment term = EZ ¢;? (8)
j=1

Scree plots are graphical tools used for analyzing sums of squares displaying which factors have
more effects on the results than others. “Scree” is defined as the rubble or loose stone lying on the
slope at the base of a cliff [47], accurately describing the visual representation of this plot. Scree
plot display contrast results in descending order of magnitude. The cliff peak represents any of the
contrasts that have a large effect on the results, where the cliff height is representative of how large
the effect is. The rubble at the base of the cliff represents contrasts that do not present a large effect

on the contrasts, Figure 2-12.

0.006

0.005

0.004

SS (C)

0.003

0.002 r

0.001 |

Figure 2-12: Scree plot [48]
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The sum of squares is the estimation of variance for the contrasts therefore inflated results
presented within the Scree plots represent contrasts that exhibit more variance and can be
confirmed to have a larger effect on the results. The only way to confirm that the contrast are main
effects is to perform a subsequent experiment with the same factors and different modalities. If the

contrasts remain high across both Scree plots, then it is likely that it represents a main effect.
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3 Evaluating Geometric Features

This section describes the procedure used for the identification of geometric features found on
industrial mould surfaces and the process in which these features are remodelled for draping
simulations. A remodelling tool is introduced in Section 3.2 that is used as a direct link between
CAD model parameters and a database of in-plane shear results built from draping simulations

performed on parameterized geometric features.

3.1 Base surfaces

Industrial moulds are made of a number of geometric features quantified through various
geometric parameters that have design specific values. Lengths and radii define either tight
corners, flat segments, or long, smooth arcs that make up the complex geometry of moulds and
final components. These individual geometric features are labelled as base surfaces in the approach
developed in this work, and they are identified as either flat, single curvature, or double curvature,

Figure 3-1.

Single Curvature

Double Curvature

Double Curvature (Sphere)

(Saddle)

Figure 3-1: Flat, single curvature and double curvature base surfaces
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Flat surfaces are defined by straight edges containing an area that resides on a single plane. At any
single point on a flat surface, there is no curvature. Single curvature surfaces are defined as having
curvature in a single plane at any single point on the surface. Observing a segment of single
curvature between two planes connected by two straight edges, the radius of curvature can increase
or decrease and is still labelled single curvature, Figure 3-2. At any point on single curvature, one
direction devoid of curvature can always be identified. Finally, double curvature surfaces are
defined as having curvature in two planes at any single point on the surface. Double curvature
surfaces are observed in two configurations labelled as, spheroid or saddle as illustrated in Figure
3-1, the main difference being the sign or direction of the two radii that are defined at any point on
that surface. In similar fashion to single curvature surfaces, double curvature surfaces can have a

varying radius between two planes found on the surface, Figure 3-2.

Figure 3-2: Tapered single curvature (left) and tapered double curvature (right): R; < R,

The three base surface types identified can all have a degree of twist associated with them. Twist
can be defined as a degree of angular rotation between opposing ends of an individual base surface
and can occur in conjunction with each base surface type. These are defined with the prefix twisted

before each base surface label, Figure 3-3.
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Figure 3-3: Twisted flat (left), single curvature (centre), double curvature (right) base surfaces

3.2 Defining the conical frustum

3.2.1 Introduction

Individual base surfaces control the extent of in-plane shear generated when draping a fabric. In
order to determine the extent of shear in each case, draping simulations are performed on
parameterized base surfaces with results compiled in a database (Database A) and used when
building draping strategies. In order to build the database, models of base surfaces must be built
allowing a direct link between base surface results and parameters obtained from CAD models of
parts or measurable on physical moulds. In order to structure and populate the database whilst
accurately building base surfaces, a multi-parameter base surface remodelling tool — the conical
frustum — was devised. In an initial phase, prior to any specific cases being tackled, the conical
frustum is used for modelling base surfaces, allowing draping simulations to be performed and a

database populated. The parameters by which is the conical frustum is defined enable base surfaces
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on moulds to be directly linked to database results and allow specific base surface results to be

probed.

3.2.2 12 parameter conical frustum

A breakdown of the 12 parameters used by the conical frustum is presented in this section,
followed by a description of the method in which the conical frustum is used for building base

geometries.

A traditional conical frustum is defined as a portion of a cone that lies between two parallel planes,
removing the tip, Figure 3-4. For present use, alterations were made and a number of parameters

were added so that flat, single curvature and double curvature surfaces may be generated, with and

<y
N/

Figure 3-4: Traditional conical frustum

without a degree of twist.

Rather than using parallel circles, the conical frustum can be generalized to using ellipses 1 and 2
to define two planes with centres C; and C, respectively, Figure 3-5. These ellipses can be out of

alignment with one another, both in terms of the planes on which they are defined and in terms of

their major and minor axes. The distance between the centres of the two ellipses is defined by |L|,
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where vector L always points from C; to C,. Tilt angles 8, and 8, are specified by unit vectors E
and N—z normal to ellipses 1 and 2, which always point outward from the respective ellipses and
away from Z, Figure 3-5. In industrial cases, this almost always causes 6; to be greater than 6,
since N—z is nearly generally parallel to L. E and N—z are defined as independent variables for each

of the two ellipses with the tilt angles defined by the angle between L and Fl, and L and N—Z,

respectively.

Four points are defined on the conical frustum: points A and B located on the edge of ellipse 1,
and points C and D located on the edge of ellipse 2. The major radii are defined by m and IR—ZI,
where R—l points from C; to A, and R—z points from C, to C. Similarly, the minor radii are defined
by m and Ir—zl, where 7; points from C; to B, and 7, points from C, to D. R, and 7; are orthogonal,
as are R—z and 7. In practice, it is decided by the whomever is performing the calculation whether

a base surface has measurable elliptical radii |R; | and m The radii of the ellipses must be known
explicitly prior to proceeding with ellipses in the model; otherwise constant arcs are assumed
between points A4 and B on ellipse 1, and between points € and D on ellipse 2. In general, these

radii are not explicitly defined as the major and minor radii of their respective ellipses, but rather
the radius to each point on the curved edge. This means that |R,| is the radius to A4, |ry| is the

radius to point B, |R,| is the radius to point C and Ir—zl is the radius to point D. To determine which
points on the base surface are assigned A, B, C and D, A and B, and C and D, if possible, will
always be assigned along arcs. Straight edges will always connect between points A and C, and B

and D.
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The straight edges of the cone connecting the ellipses in the classic frustum are replaced with arcs

of radii Cy and C, connecting points A and C, and B and D, respectively. Connecting radius Cj is
defined on a plane including points A, C and the midpoint of L,and connecting radius C, is defined

on a plane including points B, D and the midpoint of L.

Figure 3-5: Conical frustum geometric parameters

Angles f; and S, are used for denoting the angular area of the conical frustum. If ellipses are
decided upon for modelling, f; and f3, are initially assumed to equal 90° and the angles are initially
defined between the major and minor radii of each ellipse. These angles can be redefined and
recalculated based on the portions of the ellipses used for modelling the base surfaces, if necessary.
Calculations for the ellipse sections is found in Section 3.2.3. When a constant radius of an arc is
assumed for connecting points A4 and B, on ellipse 1, and € and D on ellipse 2, 5; and 8, can be
calculated since they are defined by the points 4 and B, and C and D. This calculation is presented
in Section 4.2.3 as well. Finally, a is the twist angle defining the rotation of twist between the

major radii on each plane.
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The 12 geometric parameters of the conical frustum are summed up as:

e Radii for the points A, B, C and D for ellipses 1 and 2 |?1|, |?2|, |71| and | 73]
e Connecting radii Cy and C;,

e Distance between ellipses |Z |

e Sectioning angles ; and S,

e Tilt angles 8, and 6, (defined by E and N—z)

e Rotation angle a

3.2.3 Remodelling base surfaces using the conical frustum
The conical frustum parameters were defined in Section 4.2.2. This section outlines how each of

these conical frustum parameters is calculated in order to remodel base geometries. Vectors 71,

—_

T, Ry, Ty, Z, E and N—z are mainly used for calculating conical frustum parameters and base
surface specific variables such as radii, lengths, angles and point positions. Other important
features of base surfaces that are used in the calculations are the arc lengths labelled S;; along the
edges of a base surface, that extend between points i and j. Furthermore, the coordinates of the

midpoints of these arcs labelled M;; are also needed in the upcoming calculations, Figure 3-6.

A macro in the CAD software SolidWorks, developed by Fabien Salles at Hutchinson
Aéronautique et Industrie, is capable of quickly probing a mould surface, extracting all vertex
coordinates, arc lengths, and arc midpoint locations used in the calculations that follow. The

macro, presented in Appendix F, always extracts 4, B, C, D, all M;js and all §;;s, and it is capable

of extracting |F1|, 1711, |R—2|, |75], Cg, and C,. On industrial surfaces, explicit radii may not be
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available in the CAD model and therefore the radii need to be calculated in such cases. The point

and arc length extraction step is crucial as all of these variables are used for calculating the conical

frustum parameters.

A= XY, Z,) R, Cg (X1, Y1,2,)

SCD

C= (Xc' Yc’Zc)

Figure 3-6: Base surface arc lengths and midpoints

Standard vector Equations 9 and 10 are used for defining the vector direction and magnitude for

any vectors calculated in this section, substituting the appropriate points where necessary.

Ry = (RlxiRly' Ri) = (Xa— X, Y4 —Y1,Z4 — Zy) )

|Ry| = VX4 = XD)2 + (Y — Y2 + (Z, — Z,)? (10)

where (X4, Y4, Z,) and (Xg, Yg, Zg) are the coordinates of vertices 4 and B, and (X;,Y;, Z,) are the
coordinates of centre point C;. The coordinates of centre point C, are identified by substituting

vertex coordinates for points 4 and B, with vertex coordinates for points C and D and by using

|?2| and |7;|. At this stage the locations of the centre points are unknown and need to be

36



calculated. Two methods are outlined in section 3.2.3.1 of this thesis for calculating these centre

points.

From a CAD model or from a physical mould, vertex coordinates for A, B, C and D are extracted
and translated into a local coordinate system where D is the origin, prior to any other calculations.
This is done by taking the coordinates for the other points and subtracting the location of point D,
effectively translating point D to the origin and the other points to their relative distances from the
new origin without changing the surface orientation, Figure 3-7. Moving into a local coordinate
system assists in simplifying the calculations. Figure 3-7 labels these new points as A, B', C' and
D’ only to show that the translation occurs; however, for the remainder of calculation development
the points are still referred to by their original labels, knowing that they have been translated to a

different position.

Figure 3-7: Base surface coordinate system translation

3.2.3.1 Calculating centre points C; and C,
This section presents two methods for calculating centre points C; and C, and sectioning angles

B and B,. The remaining conical frustum parameters |Z |, 0., 6, and « are all calculated in the
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same manner following either Method 1 or Method 2. Centre point calculations constitute the

groundwork in the process in which f; and 3, are calculated.

Method 1 uses an assumption that the arc between two points, Sy5 for example, has a constant
radius, therefore setting |R—1| = |r;|. Method 2 uses an assumption that the arc is defined by an

ellipse where the maximum and minimum radii for that ellipse are known.

Method 1: Constant arc radius

As mentioned above, method 1 assumes a constant radius for any arc between two conical frustum
points, Figure 3-8. This assumption sets |R—1| = || for ellipse 1, and |R—2| = |r,| for ellipse 2,
effectively making them circles. In order to remain consistent in this text, the ellipses will preserve

their ellipse label. A number of arc specific variables are calculated so that the radius of the arc
can be calculated. First, vector AB pointing from A to B along with its magnitude |E| are
calculated using Equations 9 and 10. In a similar way, vector MB pointing from the end point of
the arc B to the midpoint of the arc My, along with its magnitude |W| are calculated. Using
Equation 11, distance |WAB| from Myp to the midpoint of AB labelled W,g can be calculated.

For a uniform arc radius, the intersection of |M Wys | with W, will be perpendicular, allowing the

remaining calculations in this method to yield a single centre point for the solution. Finally, the

radius of the arc is calculated using Equation 12. This process is then repeated for each edge of the
base surface interchanging the respective points, arc lengths and arc midpoints, calculating|?1|,
|R—2|, Cr and C,.. Since a constant arc is assumed at the start of method 1, |R—1| = |r;| and |R—2| =
|72 1.
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Figure 3-8: Arc radius

2
MW,5| = j IMBI? (@) (an

N 7

7l = 12
R | 2 8|MW ;]| (12)

Now that the radii for the arcs are known, the centre points C; and C, can be calculated. The

calculation for the centre points is typically performed with a portion of MATLAB Script 1, Figure
3-9. Script 1, found in Appendix E, performs all the calculations required for determining |R—1| and
|R—2|, however, it is especially needed for the calculation of the centre points. The script uses three
sets of Equation 10, the vector magnitude equation, pointing from the centre point to each point
on the arc. Since the coordinates for each point are known, and the radius of the arc is known,
MATLAB can solve the three equations simultaneous, producing a uniquely defined centre point
of the arc. If radii |R—1|, 1711, |R—2|, |75], Cr, C, are extracted using the SolidWorks macro the radius

calculations do not need to be performed; only the centre point calculation portion of Script 1 are

needed.
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A = [43.5;26.18;18.93];

M AB = [44.08;25.6;17.01];
B [46.36;25.78;15.88];

R .

’

syms x1 yl zl

eql = (A(l) - C1(1))"2 + (A(2) - Cl(2))"2 + (A(3) - C1l(3))"2 - magR1l"2

egq2 = (B(1l) - C1(1))"2 + (B(2) - Cl1l(2))"2 + (B(3) - C1(3))"2 - magR1l"2

eq3 = (M AB(1) - C1(1))"2 + (M AB(2) - Cl(2))"2 + (M AB(3) - Cl1(3))"2 - magR1l"2
soll = solve(eql,eq2,eq3);

x1l = round( soll.X1l );
yl = round ( soll.Y1l );
z1l = round ( soll.Zl);

Figure 3-9: Portion of MATLAB Script 1 for calculating centre points (Method 1)
Since arc lengths are extracted from the base surface, section angles ; and [, can be calculated
using Equation 13.

Sap
2m|R, |

p1 = 360 (13)

In practice Method 1 is almost always used except on base surfaces that are explicitly defined

using ellipses.

Method 2: Elliptical arc radius

For a base surface that is defined by elliptical arcs, |R—1| and |R—2|, and |7;| and |7, | must be known
prior to proceeding. For these cases they may be the major and minor radii for each ellipse
however, calculations for section angles 5, and 8, will confirm this. For ellipse 1, points A, B and
M, would be extracted using the same macro in SolidWorks. Since the distance from centre, C;

to Mg is unknown, an alternative approach is used for calculating C;.
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To begin, vectors AM,z and AB, pointing from A to Myp and from A to B respectively, are
calculated using Equation 9, Figure 3-10. These vectors will be used for defining the plane in

which points A, B and My are on. To determine the equation for a plane, Equation 14, the vector
Fl normal to the plane needs to be calculated. This is achieved taking the cross product, Equation

15, of vectors AM,p and AB:

MAB

AB AM Ny

€ = (X1» Y1»Z1) |1—?:| A

Figure 3-10: Plane vectors and normal vector

a(x —xo) +b(y —yo) +c(z—2,) =0 (14)

where a, b and c are the respective x,yand z components of the normal vector Fl =
(Nix, N1y, Nyi;), x, y and z are the coordinates of any point in the plane, and x,, Yo and z, are the

coordinates of any known point in the plane, in this case either A, B or Myp.

E = m x AB = (N1x,N1y; le) (15)
Niy = (AMAB,y * AB, — AMyg , * ABy) (7a)
Nyiy = (AMyp,, ¥ ABy — AMyp x * AB,) (7b)
Ni; = (AMapx * ABy — AMyp, * AB,) (7¢)
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Once Fl is known, the equation for the plane can be finalized by inputting (le, le,le) =
(a,b, c), and (xq,¥0,Zo) = (Ax, Ay, Az). If either of the other points are used for (xo, Yo, Zo), the

same equation for the plane is defined.

Now that the plane equation is known MATLAB Script 2 found in Appendix E calculates the
centre point. Similar to Script 1, Script 2 calculates all the conical frustum parameters. It uses three
equations to solve for the three coordinates of C;. Vector magnitudes for points A and B, Equation
10, are used since |R—1| and |77| are known. The equation for the plane is defined by N; and A.
Centre point C; coordinates (X;,Y;,Z;) are substituted into the plane equation as (x,y,z). The
plane equation ensures that the solution produces points that lie on the plane while the vector

magnitude equations ensure that the point is located at the centre of the ellipse.

Script 2 initially yields two possible solutions for the centre point; one solution is the actual centre
of the ellipse whilst the other is the centre of another ellipse with the same major and minor radii.
Solution 1 and solution 2, S; and S, respectively, are observed on the same plane with the same
points A and B, Figure 3-12. Drawing a line between points A and B shows that solutions 1 and 2
are mirrored about this line, validating the possibility of two solutions. To determine which

solution is correct, known point M,z defined on the desired ellipse is used. For the correct solution,
the straight line distance from actual centre point C; to midpoint Mg, labelled |m|, will always
be greater than the distance from the mirrored solution centre point S, labelled |§|, Figure 3-12.

Distances |m| and |§| are calculated in Script 2 using the vector magnitudes, Equation 10. The

mirror line causes the mirrored centre point/solution to move closer to midpoint of the actual
ellipse. Script 2 performs a check, comparing the distances from both solutions and chooses the

centre point with the greater distance to M. This entire process is repeated for ellipse 2.
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syms X1 Y1 Z1

A= [-1;11;3];

M AB = [0.136;10.691;1.659];
B = [0;10;0];

Cl = [X1:Y1:;Z1)

magRl = sgrt(6):
magrl = sgrt(5):;

Rl =12 - Cl;
rl =B - Cl;
vM = M A8 - Cl;

AM =M 2B - A
BB =B -1

BM =M 2B - B
BA=4A-B

N = cross (AM,AB)
egl = N(1)*(X1-A(1)) + N(2)*(Y1-R(2)) + N(3)*(Z1-A(3))

eq2 R1(1)"2 + R1(2)"2 + R1(3)"2 - magRl"2;
eg3 = rl1(l)"2 + rl(2)"2 + rl(3)"2 - magrl”"2;

soll = solve (eql,eq2,eg3);
x1l = (s0ll.Xl)
= (soll.Yl)
zl = (soll.Zl)

<
™
|

$Check Location of Mab

magMARBl = sqgrt((M AB(1l)- x1(1))"2 + (M AB(2)- yl(1))"2 + (M_AB(3)-zl1l(1))"2
magMRB2 = sqgrt((M AB(1l)- x1(2))"2 + (M AB(2)- y1(2))"2 + (M_AB(3)-zl1(2))"2

if gt (magMABl,magMAB2)
Cl = [x1(1);yl(1):;z1(1)]
end

Figure 3-11: MATLAB Script 2: Portion for calculating centre point (Method 2)
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Figure 3-12: Script 2 solutions (left); correct solution identification (right)

3.2.4 Calculating the remaining conical frustum parameters

The main difference between method 1 and method 2 for calculating the centre point of ellipses is
that in method 1, no radii are extracted for the base surface - only arc lengths. This leads to the

mandatory assumption that the arc that passes through the three points is of constant radius and
calculations for the centre point can proceed. If the radii |E|, 711, |R—2|and |7, |are all known,

Method 2 is used.

Once the centre points are known for each ellipse, calculations for section angles 8, and 3, can be
calculated. As mentioned in Section 4.2.2, the radii |E|, 1711, |R—2|and |7,| as the radius to points
A, B, C and D respectively. Values of ; and 3, will confirm, for an elliptical curvature, if |R—1|and

|71, or |R—2|and |7;|are orthogonal and will be equal to 90°. B; and B, are calculated using

Equations 16 and 17, after applying either method 1 or method 2 to calculate the centre points

C;and C,.
R 71
p1 = cos™! <_1 i) (16)
|R1||7'1|
Ry "7 = Ryy *7ix + Ryy ¥y + Ry x 1y, (17)
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Normal vectors Fl and N—z are needed for calculating tilt angles 6, and 8, and twist angle a. If

Method 2 was used for calculating the centre points, these vectors are already available. If Method
1 was used, Fl and N—Z are calculated using the cross product, Equation 15, substituting vectors
m and AB for R—l and 77, or R—z and 7,. The reader may recall that these normal vectors point
out from the surface and therefore, N—z = R—l X 171, N—2 =7, X R—z Once E and N—z are calculated,
Equation 2 is used for calculating 8; and 6, with E and L for ellipse 1, and N—z and L for ellipse
2. Fl and N—z are explicitly defined for the planes of the base surface, whilst 8; and 8, are defined
using these normal vectors. Finally, the twist angle a is calculated using a set of extra vectors
defined with respect to L. These vectors are found by taking the cross products R—1 x L and
R—2 x L, Equation 15. Angle « is defined between these two vectors, and is calculated using

Equations 16 and 17. Since these vectors are both perpendicular to L as result of the cross products.

a comparable relative rotation angle between these two vectors is directly linked to the rotation

angle about L between R—l and R—z, Figure 3-13.

Figure 3-13: Rotation angle a
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3.2.5 Calculating the conical frustum parameters using Method 1

The following is an example for how the conical frustum parameters are calculated using Method
1 for a base surface, Figure 3-14. Table 3-1 lists the vertex coordinates and arc lengths that have
been extracted from a CAD model for this base surface using the SolidWorks macro found in
Appendix F. Points appear twice on the table to represent what is extracted after the macro is run.
Since points are extracted along each edge and point A, for example, is shared by two edges, it

appears twice in the table. For this base surface, |RT|, 711, |Rj|, |75, Cr and C, were not extracted,

therefore a constant radius is assumed. This assumption sets |RT| = |r;] and |Rj| = |r,]. All

conical frustum parameters are calculated by running MATLAB Script 1. The full script used for

this example can be found in Appendix E.

Figure 3-14: Base surface for example 1
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The first step of Method 1 is to determine the radii for each of the edges. All the extracted points

are first translated into a coordinate system where D is at the origin. The new points are found in
Table 3-2. Next, vectors E, @, ﬁ, and AC and their magnitudes, |E|, |@|, |ﬁ|, and |R|
between all the conical frustum vertices are calculated using Equations 9 and 10. For each edge,

Equations 11 and 12 are used for calculating each radius along their respective base surface edge;

|R—1| for edge AB, C, for edge BD, |R—2| for edge CD and Cy for edge AC.

Table 3-1: Example vertices and parameters for Method 1

Extracted Coordinates Conical Frustum
Parameter | x y b4 Vertex Labels
Vertex 1 3 10 -5 B
Vertex 2 | 4.468 | 11.4 |-0.987 Myp
Vertex 3 | 2.823 | 12.608 | 3.019 A
Vertex 4 | 8.192 0 5.736 C
Vertex 5 | 7.096 | 7.253 | 5.643 My
Vertex 6 | 2.823 | 12.608 | 3.019 A
Vertex 7 | 8.192 0 5.736 C
Vertex 8 9.99 0 0.436 Mcp
Vertex 9 8.66 0 -5 D
Vertex 10 | 8.66 0 -5 D
Vertex 11 | 6.83 | 5.566 | -5.908 Mgp
Vertex 12 3 10 -5 B
Sip 9.184
Sic 14911
Scp 11.345
Sep 11.982

Now that the radii are known, centre points C; and C, are calculated: C; = (-11, 11, 4) and C, = (-

9,0,5). B; and [, are calculated using the arc lengths extracted from the surface and Equation 13,

p, = 81° and 5, = 65°. L is calculated between the centre points: L= (2, -11, 1). Normal vectors
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N; and N, are obtained using the cross product, Equation 15, between R;and 7; and between 75

and R—z, respectively. Fl and N—z are used for calculating tilt angles 6; and 6, using Equations 16

and 17. Rotation angle « is calculated using Equations 15, 16, and 17. 8; =165°, 8, =11°, and

= 4°. Table 3-3 lists all the conical frustum parameters for this base surface.

Table 3-2: Translated coordinates for

example 1
Translated Coordinates Conical
Frustum
X Y Z Vertex Labels
-5.66 10 0 B
-4.192 | 114 4.013 Myp
-5.837 | 12.608 | 8.019 A
-0.468 0 10.736 C
-1.564 | 7.253 | 10.643 My
-5.837 | 12.608 | 8.019 A
-0.468 0 10.736 C
1.33 0 5.436 Mcp
0 0 0 D
0 0 0 D
-1.83 | 5.566 | -0.908 Mgy
-5.66 10 0 B
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Table 3-3: Conical frustum parameters for

example 1
Conical Frustum

Parameter Value
|R—1| 6.48 mm
|?1| 6.48 mm
|?1| 10.01 mm
|?1| 10.01 mm
Cg 12 mm
Cg 12 mm
1Ll 11.22 mm
b1 81°
B, 65°
0, 165°
0, 11°
a 4°




3.2.6 Calculating the conical frustum parameters using Method 2

The following is an example for how the conical frustum parameters are calculated using Method
2 for a base surface, Figure 3-15. Table 3-4 lists the vertex coordinates, arc midpoints and radii
that have been extracted from this particular base surface. Data extraction typically includes arc
length. Since Method 2 does not use arc length, they are not listed. All conical frustum parameters
were calculated by running MATLAB Script 2. The full script used for this example can be found

in Appendix E.

Figure 3-15: Base surface for example 2
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Table 3-4: Example vertices and parameters for Method 2

Extracted Coordinates Conical Frustum
Parameter Vertex Labels
X y z
Vertex 1 0 0 -0.5 D
Vertex 2 | 1.069 0 -0.423 Mcp
Vertex 3 2 0 0 C
Vertex 4 0 0 -0.5 D
Vertex 5 | 0.405 | 5.015 | -0.553 Mgp
Vertex 6 0 10 0 B
Vertex 7 0 10 0 B
Vertex 8 | 0.136 | 10.691 | 1.659 Mg
Vertex 9 -1 11 3 A
Vertex 10 2 0 0 C
Vertex 11 | 1.108 | 5.57 1.85 My
Vertex 12 -1 11 3 A
|R| 245 cm
A 2.24 cm
|?2| 2 cm
|75 | 0.5cm
Cr 25cm
C, 25cm

Both planes are defined by elliptical curves by the user in this example, meaning that §; and £,
are 90°, which will be confirmed later, and the major and minor radii for both ellipses are explicitly
known. Vertices are labelled with the appropriate conical frustum labels A, B, C, D, Myp, Mgp,
M.p, and M. This is achieved by ensuring that the largest arc length or straight length distance
between vertices is associated with |Z| This sets vertices 1 and 3 as A and B, and 2 and 4 as C and

D. Next, the vertices are translated to a local coordinate system where vertex D is the origin. The

new coordinates are in Table 3-5.
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Table 3-5: Translated coordaintes for

example 2
Translated Coordinates Conical
Frustum

X Y % | Vertex Labels

0 0 0 D
1069 | 0 |-0423 Mcp

2 0 0 C

0 0 -0.5 D
0.405 | 5.015 | -0.553 Mgy

0 10 0 B

0 10 0 B
0.136 | 10.691 | 1.659 Myg

-1 11 3 A

2 0 0 C
1.108 | 557 | 185 Mc

-1 11 3 A

Table 3-6: Conical frustum parameters for

example 2

Conical Frustum Parameter | Value
|R—1| 2.45 mm
R 2.24 mm
|R—1| 2 mm
|R—1| 0.5 mm
Cr 25 mm
Cr 25 mm
m 10.18 mm
B 90°
B2 90°
0, 152°
0, 13°
a 57°

The values for A, B, My and C, D, Mp are used in MATLAB Script 2 for calculating the centre

points of the two ellipses: C; = (-1.98, 9.93, 1.53) and C, = (0, 0, 0.5). During this stage, normal

vectors E and N—Z are calculated to define the plane equations. Once the centres of both ellipses

are known, vectors R, , 77 , R, , 7, and L are calculated using Equation 9: R, = (1, 0.5, 2.5), 77 =

(2,-0.5,-0.5), R, = (2,0, 0), 75 = (0, 0, -0.5) and L = (2, -10.5, -0.5). Normal vectors N; and N,

are used for calculating tilt angles 6; and 6, using Equations 16 and 17. Rotation angle « is

calculated using Equations 15, 16, and 17. 8, =152°, 0, = 13°, and @ = 57°. 8; and 3, are checked

using Equations 16 and 17, and confirmed to be equal to 90°. Table 3-6 lists all the conical frustum

parameters for this base surface.
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3.2.6.1 Sample calculations performed by Script 2 from example 2
For calculating the equation of the plane that A, B, M, lay on:
AB = (AB,, AB,, AB,) = (B, — Ay, By — Ay, B, — A,)
AB = (1,-1,-3)
AM,; = (1,—-0.31,—1.34)
F1 = m x AB = (Nlm le'le)
Nix = (AMyg, * AB, — AMyp , * AB,)) = —0.41
Ny = (AMyp , * AB, — AMyp , x AB;) = 1.66
Ny, = (AMyp . * ABy — AMyg, * AB,) = —0.69
Plane Equation
Nyx(x— A + Nyy(y — 4,) + Ny,(z— 4,) =0
—0.41x + 1.66y — 0.69z —16.25 =0

Solve uses following three equations and produces two solutions, S; and S,, for C;

m = ((Ax - Xl)z + (Ay - Yl)z + (Az - Zl)z)l/z

—_—

2 1/2
rl = ((Be = X002 + (B, = 11)” + (B, — Z,)?)
—0.41X, + 1.66Y, — 0.69Z, — 16.25 = 0
S, = (—1.98,9.93,1.53)

S, = (1.08,10.97, 2.19)
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Script compares the distances to M,z using vector equations;

ISIMABI = 2.22

ISIMABI = 1.11

|SiMyp| > [SiMygl, - S1 =C;

Section angle f3; is calculated using R—l and 7; which can be calculated since C; is known;

R,-7
p1 = cos™t <_1 i>=90°
|R1||T2|

Ri"1p = Ry *Tix + Ry ¥y + Ry x 1y,

Tilt angle 0, is calculated, after C, is calculated therefore L is known:

0, = cos™! <E£>
[Ny |L|

NyL= Nyg#*Ly+Npy*L,+ Ny, *L,

0, = 152.63°

Calculating twist angle a:

L (RxD)(RxD)
a= cos”! <|<R77L)||<R7xz)|

) = 66.06°
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4 Hierarchy of Parameters

This section outlines the tools used and steps taken for breaking down two different moulds into
base surfaces, so that conical frustum parameters may be calculated. Mould decomposition can be
performed on physical moulds using a number of measuring tools, or on CAD models of the

moulds using SolidWorks or similar CAD software.

4.1 Mould decomposition

A first mould decomposition exercise was performed on physical moulds. Two moulds shown in
Figure 4-1 were decomposed into their base surfaces allowing the conical frustum geometric
parameters to be calculated for all of their base surfaces. These first sets of geometric parameters
assisted in identifying which of the 12 conical frustum parameters vary most frequently. The first
mould, labelled FR, is a simple shape with mainly flat and single curvature surfaces. The second
mould, labelled BD100, provides a more complex surface highlighting more doubly curved
features towards the base. For both of these moulds, measurements on the physical moulds were
performed using a MicroScribe contact coordinate measurement machines (CMM) along with

radius gauges.
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Figure 4-1: FR (left) and BD100 (right) moulds

4.2 Measurement tools

Measurements for the moulds were taken using metal radius gauges for radii less than 5 mm, a
digital INSIZE radius gauge for radii 5 — 700 mm (Figure 4-2), as well as a MicroScribe G2 CMM

for measuring points on the surface (Figure 4-4).

Span Number
Radius

Main Body

Jaw

Jaw Span

Figure 4-2: Metallic and INSIZE digital radius gauges
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All radius gauges can be used for internal or external radii. The digital radius gauge is used by
attaching the desired jaw onto the main body and adjusting the span number to the corresponding
jaw span. Before each use, the radius gauge must be zeroed on a flat surface, Figure 4-3. Once a
zero is set, the desired radius is measured by placing the main body in the centre of the arc and
pushing the jaw pins onto the surface. Measurements were made at three different locations along

the same curve.

 CINSIZEY

Figure 4-3: Zeroing radius gauge (left) and radius measurement (right)

The MicroScribe G2 3-D digitizer is a precision contact-based desktop coordinates measuring
machine used for capturing data points off physical objects. Instructions for using the MicroScibe
are available in Imane El Karafi’s undergraduate thesis [49]. The G2 model has a maximum reach
of 1270 mm and a point accuracy to 0.38 mm. It allows for individual points to be selected on a
surface relative to an origin found within the stylus holder or set by the user. To set a new origin,
first a point is chosen on the mould surface. Next a plane of reference is set, by choosing first a
point in the desired x-direction followed by a point in the desired y-direction. There is no limit to

the distance required for defining the direction, but accuracy is increased by selecting points that
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are further away from the designated origin. After a xy plane is defined, the MicroScribe sets the
normal to this plane as the positive z direction. Since the conical frustum uses vertex coordinates
as a basis for most calculations, this tool is incredibly useful in the rare cases where a physical
mould is available without a CAD model. The coordinates of individual points were extracted from
each mould using the MicroScribe Utility software, allowing a list to be generated in a Microsoft

Excel spreadsheet.

WRIST ASSEMBLY LOWER ARM
Wrist Roll Joint SEGMENT
Wrist Housing
Wrist Patch Joint

ELBOW ASSEMBLY
Lower Elbow Housing
Elbow Joint

Upper Elbow Housing

UPPER ARM
SEGMENT

STYLUS ASSEMBLY
Stylus Body

Stylus End Cap
Stylus Tip

Stylus Holder

SHOULDER ASSEMBLY

Shoulder Housing

Shoulder Joint

Shoulder Upright (“Tombstone”)
Counterweight

BASE ASSEMBLY
Base Joint
Base/Housing

Figure 4-4: MicroScribe G2 component diagram [50]

4.3 FR mould decomposition

The first mould decomposed into base surfaces was the FR mould. As stated above, this mould’s
surface featured a limited number of simpler base surfaces, mainly flat and single curvature. First,
individual base surfaces were identified and labelled as they were encountered. A total of 13
distinct base surfaces were identified: five flat surfaces, six single curvature surfaces and two
double curvature surfaces, Figure 4-5. Next, the MicroScribe CMM was used for extracting vertex

coordinates for 23 independent points, setting point 1 as the origin. Following point extraction,
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radii and length measurements were taken for all base surfaces using a ruler and a digital radius

gauge. Arc lengths are not measured during this process.

Figure 4-5: FR mould base surface (left) and vertex identification (right)

Next, the 12 geometric parameters of the conical frustum were calculated for each base surface
using the vertex coordinates and measured data. For conical frustum calculations, each base
surface must have three or four vertices. In the case of base surface 1 which features 7 vertices,
the surface had to be split so that conical frustum parameters could be calculated, Figure 4-6. The
original surface was split in four base surfaces using sections of edge 4-21 perpendicular to the x-

axis, adding three new vertices between vertices 4 and 21, directly in line with vertices 9, 14 and
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17. The resuliting surfaces were then relabelled as base surfaces 1-1, 1-2, 1-3 and 1-4. These new
vertices were added along a common edge shared by base surface 7 adjacent to base surface 1.
These vertices do not need to be considered when listing the vertices for the conical frustum
calculations, as edge 4-21 is straight. In cases where the edge may be curved, if the radius remains
constant through all additional vertices only the end vertices need to be considered for the base

surface.

Figure 4-6: Surface splitting and additional points

With the mould surface fully decomposed into base surfaces, conical frustum calculations are
performed of each base surface. Table 4-1 lists all the base surfaces types and their associated
vertices with the appropriate conical frustum labels. Table 4-2 lists all the conical frustum

parameters for each base surface.
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Table 4-1: FR mould base surface vertices

S Vertex Coordinates Conical Frustum
" y z Vertex Label
B 0 1.5 2.5 A
3 0 35 4 B
1-1 Flat 24 7 10.5 4 D
5 ] 35 4 C
5 ] 35 4 A
2 7 105 4 B
12 Flat 25 11.25 10.5 4 D
14 11.25 55 4 C
14 11.25 55 4 A
25 11.25 10.5 4 B
1-3 Flat 26 13 10.5 4 D
7 13 5.75 4 c
7 13 5.75 4 A
2% 13 105 4 B
1-4 Flat 1 20 10.5 4 D
20 20 5.75 4 c
B 0 1.5 2.5 A
‘ 3 0 35 4 B
2 Single Curvature 9 7 3.5 4 D
3 7 1.5 2.5 C
3 7 1.5 2.5 C
3 Double Curvature 9 7 3.5 4 A
11 7.85 1.6 2.5 D
11 7.85 1.6 2.5 A
‘ 5 - 35 4 B
4 Single Curvature 2 11.25 5.5 4 D
13 12 4 2.5 C
13 12 4 2.5 C
14 11.25 55 4 A
5 Double Curvature 7 13 5.75 4 B
16 13 4.25 2.5 D
16 13 425 2.5 A
‘ 7 13 5.75 4 B
6 Single Curvature 20 20 5.75 4 D
19 20 4.25 2.5 C
" 0 10.5 4 A
‘ 5 0 12.5 2.5 B
7 Single Curvature by 20 12.75 2.5 D
21 20 105 4 c
1 0 0 0 A
P 0 1.5 2.5 B
8 Flat 3 7 1.5 2.5 C
7 7 0 0 D
7 7 0 0 ¢
‘ 3 7 1.5 2.5 A
9 Single Curvature Bl 785 1.6 2.5 B
10 785 0.1 0 D
10 785 0.1 0 A
11 7.85 1.6 2.5 B
10 Flat 13 12 4 2.5 C
2 12 2.5 0 D
12 12 2.5 0 C
. 13 12 4 2.5 A
11 Single Curvature 16 13 425 2.5 B
s 3 2.75 0 D
15 3 2.75 0 A
16 13 4.25 2.5 B
12 Flat 19 20 4.25 2.5 C
18 20 275 0 D
5 0 12.5 2.5 A
G 0 14 0 B
13 Flat 23 20 14.25 0 c
2 20 12.75 2.5 D




Table 4-2: FR mould conical frustum parameters

Base Surf Conical Frustum Parameters
ase Surface [Ri| | 173l | [Ry| | I75] | Cg C, |L] B4 B, 04 0, a
1-1 F o0 o0 o0 o0 o0 00 7 n/a n/a 180° 0° 0°
1-2 F 0 o0 0 o) o 0 4.37 n/a n/a 165° 25° 0°
1-3 F 0 o0 0 0 3.5 o0 1.75 n/a n/a 176° 14° 0°
1-4 F o0 o0 o0 o0 o0 00 7 n/a n/a 180° 0° 0°
2 SC 2.5 2.5 2.5 2.5 0 0 7 60° 60° 180° 0° 0°
3 DC 0 0 3 3 2.5 2.5 2.5 n/a 18° n/a 0° 0°
4 SC 2.5 2.5 2.5 2.5 o0 o0 4.75 60° 60° 180° 0° 0°
5 DC 3.5 3.5 3 3 2.5 2.5 2.5 29° 18° 126° 64° 0°
6 SC 2.5 2.5 2.5 2.5 0 0 7 60° 60° 180° 0° 0°
7 SC 2.5 2.5 2.5 2.5 o0 o0 20 60° 60° 180° 0° 0°
8 F o0 o0 o0 o0 o0 00 7 n/a n/a 180° 0° 0°
9 SC 2.5 2.5 3 3 o0 o0 2.69 20° 16° 158° 22° 0°
10 F 0 0 0 o0 o0 0 4.8 n/a n/a 180° 0° 0°
11 SC 3 3 3 3 o0 0 3.2 24° 20° 141° | 49° 0°
12 F o0 o0 o0 o0 o0 00 7 n/a n/a 180° 0° 0°
13 F 00 00 00 o0 o0 00 20 n/a n/a 180° 0° 0°
* F — Flat, SC — Single Curvature, DC — Double Curvature
** All radii and lengths in centimetres

From the calculations of the conical frustum parameters, one can observe that parameters that are
capable of having different values within a single base surface often do not change. Looking

specifically at the use of circles instead of ellipses, all the base surfaces found on the mould FR do
not have different values for |R—1| and |17 ], or |R—2| and |7,| values, meaning ellipses were not used.

For flat base surfaces all radii are infinite, causing the sectioning and twist angles to become

obsolete. The only conical frustum values that were needed for modelling flat base surfaces are
infinite radii, the distance between the centres of edges AB and CD, |Z | and the opposing tilt angles.
The tilt angles in flat base surfaces directly influence one another always summing to 180°, Figure
4-8 in section 5.5. Double curvature base surfaces present differences in |R—1|, |R—2|, and ||, [73]

but maintain a constant connect radius causing Cr = C,.. From the decomposition of mould FR it

can be noted that many base surfaces are described by similar or the same geometric parameters.
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4.4 BDI100 mould decomposition

A similar method for mould decomposition was followed for mould BD/00. However, the
symmetry found on this mould required that only half of the surface be broken into base surfaces
as the results can be applied to both halves, Figure 4-7. The MicroScribe CMM was used for
extracting 46 vertices, including 8 additional for split flat surfaces, leading to 24 base surfaces.
Radii were measured using the digital radius gauge, even the very large ones. In some cases where
the radius gauge could not be used, a third point was extracted so that the radius could be

calculated.

Figure 4-7: BD100 symmetric half-mould decomposition

As observed with the FR mould, the BD100 mould presented similarities in the repetitive nature
of the conical frustum geometric parameters. The list of base surfaces and associated vertices and
conical frustum vertex labels in a format similar to Table 4-1 can be found in Appendix D. The

conical frustum parameters are presented in Table 4-3 below.
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Table 4-3: BD100 mould conical frustum parameters

B f Conical Frustum Parameters
ase Surface |Ry| | |71l | [Ry] | |72l | Cg C, |L] B4 B, 04 0, a
1-1 F o0 o0 o0 © o 00 23 n/a n/a 180° 0° 0°
1-2 F 00 00 00 o0 o0 00 1.42 n/a n/a 180° 0° 0°
1-3 F o0 o0 o0 © o o 6 n/a n/a 180° 0° 0°
1-4 F o0 o0 o0 © o o 10.89 | n/a n/a 180° 0° 0°
2 SC 0.32 | 0.32 | 0.32 | 0.32 00 00 23 90° 90° 180° 0° 0°
3 F o0 00 o0 © o 00 23 n/a n/a 180° 0° 0°
4 SC 1.2 1.2 1.2 1.2 00 00 23 30° 30° 180° 0° 0°
5 F o0 00 o0 © o 00 23 n/a n/a 180° 0° 0°
6 SC 1.11 1.11 1.11 1.11 00 00 23 88° 88° 180° 0° 0°
7-1 F 00 00 00 o0 o0 00 7.15 n/a n/a 161° 19° 0°
7-2 F 00 0 o0 00 9.5 o0 5.2 n/a n/a 169° 11° 0°
7-3 F 00 00 00 00 o0 o0 12 n/a n/a 180° 0° 0°
7-4 F 00 00 00 00 8.65 o0 8.65 n/a n/a 154° | 26° 0°
8 SC 1.35 1.35 1.35 1.35 o0 00 21.5 90° 90° 180° 0° 0°
9 F 0 0 0 © © o0 6.25 n/a n/a 180° 0° 0°
10 DC 1.25 1.25 1.42 142 | 032 | 0.32 | 0.32 90° 90° 180° 0° 0°
11 SC 1.11 1.11 1.25 1.25 00 00 0.85 90° 90° 180° 0° 0°
12 DC 0 0 1.11 1.11 1.25 1.2 1.11 n/a 90° n/a 0° 0°
13 SC 1.11 1.11 1.25 1.25 00 00 1.62 | 74.5° | 74.5° | 154° 17° 6°
14 DC 1.11 1.11 5 5 1.11 1.35 | 295 | 111° | 38° 113° | 67° 47
15 SC 1.35 1.35 1.35 1.35 00 00 9.11 45° 55° 155° | 25° 3°
16 DC 9.5 9.5 10.85 | 10.85 | 1.35 | 1.35 1.35 35° 35° 180° 0° 0°
17 SC 1.35 1.35 1.35 1.35 00 00 12 90° 90° 180° 0° 0°
18 DC 8.65 | 8.65 10 10 1.35 | 1.35 1.35 90° 90° 180° 0° 0°
19 SC 10 10 10 10 00 00 6.25 90° 90° 180° 0° 0°
20 F 00 00 00 o0 o0 00 6.25 n/a n/a 180° 0° 0°
21 SC 10.85 | 10.85 | 10.85 | 10.85 00 00 6.25 35° 35° 180° 0° 0°
22 F 00 00 00 o0 o0 00 6.25 n/a n/a 180° 0° 0°
23-1 F 5 5 00 00 5 00 1.7 n/a n/a 117° | 63° 0°
23-2 F 00 00 00 o0 o0 o0 10.15 | n/a n/a 100° | 80° 0°
23-3 F o0 00 o0 © o o 10.89 | n/a n/a 180° 0° 0°
24 SC 0.32 | 0.32 | 0.32 | 0.32 00 00 10.89 | 90° 90° 180° 0° 0°
*F - Flat, SC - Single Curvature, DC - Double Curvature
** All radii and lengths in centimetres

4.5 Hierarchy of parameters: Five parameter conical frustum

The conical frustum can be used for modelling any base surface. However, many base surfaces
encountered on the two decomposed moulds discussed in the previous pages were observed to be
relatively simple. This suggests that many base surfaces can be expressed by varying only some

of the geometric parameters of the conical frustum, while the full list of geometric parameters and
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flexibility of the conical frustum remains useful for a smaller number of scenarios. Establishing an
order of importance or a hierarchy of parameters in the sense of those that are more often changed,
allows geometric parameters of more importance to be featured in a core version of the conical
frustum. From a more general perspective, this may be very useful because it allows a database to

be populated with an initial focus on base surfaces that are more frequently encountered.

To establish a hierarchy of parameters, conical frustum parameters were analyzed based on how

frequently their values changed and on their difference from one another, specifically for major
radii |R—1| and |R—2|, minor radii |7;| and |75, connecting radii C and C,, and sectioning angles 3,
and f3,. It is important to note that the sequence in which the parameters are listed does not directly

correlate to their overall importance as geometric features; the sequence solely represents the

relative frequency of change.

Looking at flat base surfaces found on the two moulds, the parameter that varied most consistently
was the distance between the centres of edge AB and CD, |Z | Since the radii of the circles are
infinite on flat base surfaces, the centres of edges AB and CD, where the centres would be for a
base surface with measureable radii, are used for calculating |Z|, Figure 4-8 . The infinite radii
cause twist angle a, and sectioning angles [; and [, to become obsolete. In most cases, tilt angles
6, and 6, remain constant at 180° and 0° respectively. When flat base surfaces are split so the
conical frustum parameters can be determined, lengths of edges tend to vary, Figure 4-8. In the
cases where the lengths of edges AB and CD are different, this causes the centres to be out of line
resulting in a change in tilt angles 8; and 6,. These changes aren’t causing any tilt out of the flat

base surface plane, and therefore do not directly affect the base surface type.

64



|Ry| = Iri] = o

CR:C-,«:OO

|R;| = Ir3] = 0

6, < 180°
92 > ()0

Figure 4-8: Uniform flat base surface (left); “titled” flat base surface (right)

During mould decomposition it was observed that a number of conical frustum parameters

remained constant. Twist angle @ remained constant at 0° (no twist) in all but three base surfaces

on the BD100 mould. For these two relatively simple moulds, twist is not a commonly repeating
feature suggesting that on simpler, more common features such as edge and corner fillets, twisted

base surfaces will not be encountered.

Most single curvature surfaces correspond to a portion of a full cylinder, setting the major radii
|R—1| and |R—2| equal to their respective minor radii |r;| and |r;|. Similarly for double curvature
surfaces, spherical features corresponding to corners enable radii to become equal, as well as
sectioning angles f; and 8, and connecting radii C; and C,. All base surfaces in moulds FR and

BD100 featured tilt angles 6; and 6, that nearly always remain opposite to one another, except for

three cases, surface 5 on mould FR, and surfaces 13 and 14 on BD100 .

With a number of geometric parameters unchanged and equal, a simplified five parameter conical

frustum shown in Figure 4-9 can be used in modelling most base surfaces. These five parameters

are |F1|, |R—2|, Cg, B and |Z| The core conical frustum does not eliminate the other seven
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parameters, but sets their values equal to parameters that exist within the same plane, to values that

are opposite from one another (tilt angles only), or to zero:
* |R1| = |7l
o |R2| = ||
* CR = Cr

e Bi=p;
e 0,=180°6,=0°

e a=0°

Cal

IIIIIIIIIIIIIIIII.......
...
"
L]

"%...,_____ _/ﬁ /

Figure 4-9: Five parameter core conical frustum
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5 Basic conical frustum draping simulations: Taguchi study

The chapter discusses draping simulations performed using Nottingham Drapelt with simulation
parameters selected using Plackett-Burman/Taguchi methods for experimental design. These
simulations were performed in order to analyze both geometric and draping parameters, which
change over a mould for different draping scenarios. In this work, the effect of geometric and
draping parameters on shear angles were investigated and introduces the fundamentals of in-plane
shear. Full database population including a more in-depth look at in-plane shear is discussed in

Chapter 6.

5.1 Draping parameters

Alongside geometric parameters, draping parameters must be considered when performing
draping simulations. As the simulations reported in this work were performed using Nottingham

Drapelt, four variable draping parameters were identified:

e Draping starting position P
e Starting yarn orientation Og
e Initial angle between warp and weft yarns (pre-existing shear) w

e Fibre spacing S

These parameters were used for structuring the database, alongside the geometric parameters of
the conical frustum. The draping starting position refers to the entry point as the fabric enters a
base surface. When linking multiple base surfaces through common edges, the starting position

dictates how the fabric moves onto the adjacent base surface. Starting yarn orientations can vary
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along a common edge between two base surfaces when in-plane shear is observed. The starting
yarn orientation along each edge of a base surface is expressed as warp and weft yarn orientation

vectors extracted from draping simulations, Figure 5-1.
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Figure 5-1: Draping parameters: Starting position and orientation

The initial angle between the warp and weft yarns at the starting position quantifies pre-existing
shear present in the fabric as it enters a base surface, Figure 5-2. Moving from base surface to base
surface will induce in-plane shear, especially in instances of double curvature. These angular
changes between the warp and weft yearns occur following the pin-joint mechanism discussed in
Section 2.4.4. Considering the behaviour of fabrics that have already undergone a degree of shear
prior to moving into an adjacent surface is essential in developing predictions over multiple
connected base surfaces. Parts are normally draped with a fabric that is not sheared initially, hence
the initial angle in practice is generally zero - in the case of a simulation that aims at covering a
full part. However, the approach developed in this thesis, multiple simulations are performed in
order to populate a database of results that apply to individual base surfaces. When covering a full
part, numerous base surfaces are covered sequentially. Other than at the very start, most base
surfaces will be draped with an initial angle that is different from zero as a result of the shear

induced by other base surfaces prior in the sequential process of draping the full part. Therefore,
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this characteristic is seldom use in traditional draping simulation where a trial and error simulation
approach is used in attempting to drape a full part all at once. However for the current approach,
the initial angle is critically relevant. Finally, fibre spacing was included so that all variable
parameters in Nottingham Drapelt were investigated, but results presented in Section 5.6
confirmed the expected findings that this draping parameters does not affect in-plane shears angle

or yarn orientations.
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Figure 5-2: Draping parameters: Initial angle between the warp and weft, and fibre spacing

5.2 Design of experiments

To analyze which parameters had the greatest effect on in-plane shear, the effects of the individual
geometric and draping parameters need to be quantified. To do this, two levels were set for each
of the parameters so that base surfaces could be generated from the 12 conical frustum geometric
parameters, and draping simulations could be applied to the generated base surfaces. As a result
of performing all the combinations what is known as a full factorial of experiments, simulations

in this case, would be completed.

When considering performing a full factorial of experiments, the reduction in geometric
parameters established by a hierarchy of parameters, discussed in Chapter 4, assists in reducing

the total number of draping simulations. Using the 12 conical frustum geometric parameters, 212 =
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4096 base surfaces could be generated, without even considering the draping parameters. In total,
216 = 65 536 simulations would need to be performed for a full factorial. Reducing to 5 geometric
parameters, 2° = 512 simulations would be needed when draping parameters are included.

Achieving this is time consuming, hence a fractional plan featuring specific runs was chosen.

As per Taguchi methodology discussed in Section 2.6, the resolution of the database can be
increased on an ongoing basis using the 12 parameter conical frustum, by running more
simulations. For this work it was decided that 16-runs would be used for the analysis on the 9
factors. This reduces that amount of work required very significantly but confounds the effects of
several interaction of factors. The patterns of confounding between the main effects of parameters
and the effects of interaction are explicit and known precisely, as per Taguchi methodology. The
simulations were performed following a basic 16-run 2-level Plackett-Burman design with nine
factors. Instead of designing the simulation plan, existing, well-established screening tables
existing in literature were used. The experimental design presented in Table 5-1 was adapted
directly from [51]. From this table, interactions can be observed between the parameters however
more interactions are present and discussed in Chapter 6. The + and — in the table represent the

two levels used for each of the parameters and their selected values.

Upon completing this initial experimental design, another plan was performed to clarify and
further confirm the findings. This is achieved using a reflected run where the design is mirrored,
selecting all the modalities other than those used in the first plan. This reflected study can
determine whether responses are affected by main factors or by confounding factors, relieving
some of the confounding found in the initial plan. The reflected study also allows factors that
exhibit very strong or weak effects to be removed so that a comparison can be performed between

the other factors.
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Table 5-1: 16-run design experiment for the analysis of geometric and draping parameters

Contrast and Confounding Factors
A B C D G H K M N
Run :32
-BC -AC HK -CG -CD -CK -CH -CN -CM
-MN

2 - - - - - + + + +
3 - - - + + + + - -
4 - - - + + - - + +
5 - + + + - - + + -
6 + + + - + - - +
7 - + + - + + - + -
8 - + + - + - + - +
9 + + - - - - _ T T
10 + + - - - + + - -
11 + + - + + + + + +
12 + + - + + - - - -
13 + - + + - - + - +
14 + - + + - + - + -
15 + - + - + + - -
16 + - + - + - + + -

5.2.1 Input Factors

For this experimental simulation plan nine binary factors were used; the five geometric parameters

of the basic conical frustum and the four draping parameters highlighted in Section 5.1. These

factors are presented in Table 5-2.

Table 5-2: Taguchi experimental design including parameter modalities

Conical Frustum and Draping Taguchi Modalities

Parameters Parameter - +

Radius of circle 1 |E| A 0cm 2cm
Radius of circle 2 |F2| B I cm 2cm
Distance between circles |Z| C 0.5cm 2cm
Radius connecting circles Cp D 2 cm 20 cm
Sectioning angle G 45° 90°
Draping starting position P, H Centre of base surface Centre of longest edge
Starting fibre spacing S K 1/20 of longest edge 1/50 of longest edge
Angle between warp and weft w M 90° 60° (30° of shear)
Starting yarn orientation O, N 0° 45°
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The modalities of the geometric parameter were chosen so that the single curvature and double
curvature base surfaces could be modelled for the experimental plans. Near flat surfaces are
represented in the selection of the modalities however from the definition in Chapter 4, they cannot
be considered flat. Flat surfaces do not affect shear thus they were not considered for modelling in
this experiment. Similarly, single curvature typically does not affect shear either, however testing

the behaviour of these surfaces after shear is applied is useful when linking the surfaces. The radius
of circle 1 |R—1| was given a minimum of 0 cm so that double curvature corners could be built,

Figure 5-3. With no radius, the top circle becomes a single point connected to the 2" circle by

radius Cp, and therefore is always represented by the two points C and D from the conical frustum.

Figure 5-3: Double curvature base surfaces

The maximum radii for both circles were set to the same value so that single curvature base
surfaces could be modelled when the connecting radius Cy is set to its maximum of 20 cm, Figure
5-4. This value was set much larger than any other radii so that a straight line could be
approximated, in comparison to other radii. Since the maximum distance between circles is set to

2 cm, a radius 10 times that length effectively simulates a straight edge.

In the case where |R—1| = 0 cm, the large connecting radius generates surfaces that are near flat,

especially when both minimum values for |Z | and S are used. In comparison to the other single
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curvature and double curvature base surfaces these surfaces have a very low amount of curvature

and are expected to behave as flats.

Figure 5-4: Near-flat and single curvature base surfaces

Double curvature surfaces always induce in-plane shearing during draping and they contribute
directly to the amount of shear on the base surface. An increase and decrease in curvature for
constant values of four out of five geometric parameters is expected to show a respective increase
and decrease in shear. For example, as the arc lengths increase for a base surface based on the
increase of sectioning angle 3, the observable shear will be greater than the observable shear on a

base surface with a smaller § as an effect of increased curvature. The maximum and minimum
modalities of both § and |Z | were set to observe the effect of changing the arc lengths, especially

for double curvature features, Figure 5-5.

Figure 5-5: Increasing base surfaces surface curvature
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For the draping parameters, the drape starting position will almost always be along a common edge
between base surfaces thus the middle of the longest edge is chosen. A central draping point is a
good representation when considering the first base surface to be draped in a draping strategy.
Since fibre spacing is a variable parameter in Nottingham and it is used for completeness. It is
expected to have no effect on the shear results. As stated in Section 5.1 the angle between the warp
and weft quantifies the amount of shear on the fabric prior to draping. It is a very useful parameter
since in most cases the fabric will be sheared prior to entering an adjacent base surface when
building a draping strategy. This parameter is expected to have a large effect on the shear response
in this experiment since it is applying 30° of shear. When performing draping simulations with a
starting angle between warp and weft yarns greater or less than 90°, Nottingham calculates shear
based on the starting orientation and does not include the additional shear. Post-processing
techniques outlined in Appendix C discuss the necessary steps for calculating the actual shear
angle. The images in the following sections do not display this adjustment. Finally, yarn starting
orientation can contribute to the total shear on a surface. The most common draping orientations

are 0/90° and +45° thus those values were selected as starting orientation for this experiment.

5.3 Draping simulations

A total of 32 base surfaces were modelled using ANSYS Mechanical APDL following the steps
described in Appendix A. This modelling work built 16 double curvature, 12 single curvature and
4 near-flat base surfaces. Model numbers and base surface types were assigned to each base surface
and linked to the appropriate draping parameters for the 16 runs in this experimental simulation
plan, Table 5-3. Models that were created but not used in this initial draping experiment and group
of simulations are used at a later point in the thesis, during database population discussed in
Chapter 6.
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ANSYS models enable precise node locations to be determined so that the centres of base surfaces
and the midpoint of the longest edge can be identified for the simulation starting positions. These
locations were used in Nottingham Drapelt when performing draping simulations so that the
correct starting position were used. For each draping simulation, the maximum, minimum, average
and absolute average shear angles over all elements were calculated from exported direction vector
files (.mdv). The file listed warp orientation vectors and weft orientation vectors pointed in the
same direction for each element dependent on the starting orientations if the simulation. Appendix

C details how each orientation vector was used to calculate shear angles for each base surface.

In the direction vector files, shear angles were denoted as positive or negative. A positive shear
angle refers to angles calculated between the warp and weft yarn vectors decreasing from 90°,
whereas a negative shear angle refers to angles between warp and weft yarn vectors increasing
from 90°. Shear is always measure from warp to weft. For example, if an expressed a shear angle
of 10°, the angle between the warp and weft vectors would be 80°. Similarly, for a shear angles of
-10°, the angle between the warp and weft vectors would be 100°. The average and average of the
absolute shear angles quantify overall shear over a base surface. When these values are equal of
similar, the variation of shear over the surface is limited. A positive or negative average shear is
directly influenced by the base surface and whether a position or negative shear is induced.
Traditionally for double curvature surface, saddle configurations tend to induce negative shear
whereas sphere configurations induce positive shear. A great absolute shear than average shear
suggests that there is a great amount of san increase in both positive and negative shear, resulting
in more overall shear on the surface. The post-processing steps for the simulations can be found in

Appendices B and C.
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Table 5-3: 16-run draping simulations

Draping Parameters Model Base
Run Starting Point Fibre Spacing Angle between Fibre Number Surface
Warp and Weft | Orientation Type
1 Centre of Base Geometry 1/20 Longest Edge 90° (no shear) 0° 1 DC
2 Middle of Longest Edge 1/50 Longest Edge 60° (30° of shear) | 45° 1 DC
3 Middle of Longest Edge 1/50 Longest Edge 90° (no shear) 0° 4 NF
4 Centre of Base Geometry 1/20 Longest Edge 60° (30° of shear) | 45° 4 NF
5 Centre of Base Geometry 1/50 Longest Edge 60° (30° of shear) | 0° 26 NF
6 Middle of Longest Edge 1/20 Longest Edge 90° (no shear) 45° 26 NF
7 Middle of Longest Edge 1/20 Longest Edge 60° (30° of shear) | 0° 27 DC
8 Centre of Base Geometry 1/50 Longest Edge 90° (no shear) 45° 27 DC
9 Centre of Base Geometry 1/20 Longest Edge 60° (30° of shear) | 45° 21 DC
10 | Middle of Longest Edge 1/50 Longest Edge 90° (no shear) 0° 21 DC
11 | Middle of Longest Edge 1/50 Longest Edge 60° (30° of shear) | 45° 24 SC
12 | Centre of Base Geometry 1/20 Longest Edge 90° (no shear) 0° 24 SC
13 | Centre of Base Geometry 1/50 Longest Edge 90° (no shear) 45° 14 SC
14 | Middle of Longest Edge 1/20 Longest Edge 60° (30° of shear) | 0° 14 SC
15 | Middle of Longest Edge 1/20 Longest Edge 90° (no shear) 45° 15 DC
16 | Centre of Base Geometry 1/50 Longest Edge 60° (30° of shear) | 0° 15 DC
*NF = Near-flat, SC = Single Curvature, DC = Double Curvature

5.3.1 Runs #1 and #2

The first draping simulations were performed on a double curvature base surface, Figure 5-6. In
run #1, in-plane shear is more spread out around the central starting point. Limited values of
maximum and minimum shear, 2.3° and -4.3° respectively, were observed due to the small surface
area in comparison to the surface radii. In run #2, a maximum in-plane shear of 37 © occurs on the
opposite side of the base surface from the starting point. The large shear is inherently caused by
run #2 starting with the angle between the warp and weft at 60°. A sectioning angle f of 45° causes

the small surface area, directly influencing the total in-plane shear.
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Figure 5-6: Runs #1 and #2 draping simulation results

5.3.2 Runs #3 and #4

Runs #3 and #4 were performed on a large, near-flat base surface, Figure 5-7. The only observable
shear is due to the initial angle between warp and weft set to 60° in run #4 resulting in maximum
and minimum shear angles of 30° each. In both simulations the angle between warp and weft

remains constant over the entire surface.

Figure 5-7: Runs #3 and #4 draping simulation results
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5.3.3 Runs #5 and #6

Runs #5 and #6 exhibit results similar to those seen in run #3 and #4. The flat surface generates
no additional shear in both cases, Figure 5-8. For run #5 maximum and minimum shear angles of
30° and 29° respectively were observed. For run #4, a single maximum and minimum shear angle

of 0° was observed.
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Figure 5-8: Runs #5 and #6 draping simulation results

5.3.4 Runs #7 and #8

Runs #7 and #8 were performed on a large double curvature surface, Figure 5-9. Run #7 shows a
large amount of shear along the opposite edge from the starting position, with a minor amount of
shear along the third edge. The maximum and minimum in-plane shear for run #7 is 35° and -2.5°
respectively. Shear is more distributed in run #8 with a central starting point, showing minimal
amounts of shear along each edge, in comparison to run #7. The maximum and minimum shear

angles for run #8 were 8.5° and -17° respectively.
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Figure 5-9: Run #7 and #8 draping simulation results

5.3.5 Runs #9 and #10

The model used for runs #9 and #10 is a small double curvature base surface, Figure 5-10. With a
small distance between circles, |Z|, connecting radius Cy acts as a nearly straight edge causing the
surface to appear as single curvature. Run #9 returns a maximum shear angle of 32° and a minimum
of shear angle 29° due to the starting angle between warp and weft orientations. For run #10, no
in-plane shear is observed.
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Figure 5-10: Runs #9 and #10 draping simulation results
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5.3.6 Runs #11 and #12

A single curvature base surface was used in run #11 and #12, Figure 5-11. As observed in the
previous runs, single curvature base surfaces did not add any additional shear over the surface. A

maximum shear angle of 31° was found in run #11 and no shear was observed in run #12.

Figure 5-11: Runs #11 and #12 draping simulation results

5.3.7 Run #13 and #14

Runs #13 and #14 were performed on a large single curvature base surface, Figure 5-12. The
results, as expected, remain similar as for runs #11 and #12. No in-plane shear was present in run
#13 and a maximum shear angle of 30° was observed in run #14 due to the angle between the warp

and weft.
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Figure 5-12: Runs #13 and #14 draping simulation results

5.3.8 Runs #15 and #16

Finally, runs #15 and #16 used a double curvature base surface, Figure 5-13. The change in starting
orientation and position between the two runs led to significant differences in shear distribution
over the surface. Similar to other runs with in-plane shear, run #15 exhibited maximum and
minimum shear angles of 9° and -24°, respectively on the edge directly opposite from the starting
point. Run #16 exhibited a similar trend with maximum and minimum shear angles of 39° and 5°

respectively, that are reached at opposite ends of the base surface.
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Figure 5-13: Runs #15 and #16 draping simulation results
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5.4 Discussion

The results obtained from the draping simulations are presented in subsequent tables. Table 5-4
shows the maximum, minimum, average and absolute average shear angles for each of the runs.
As expected, the near-flat and single curvature base surfaces did not contribute to in-plane shear;
they only acted as transferring surfaces for the sheared fabric. Runs 3, 4, 5, 6, 9, 10, 11, 12, 13,
and 14 were all performed on models that were either near-flat or single curvature surfaces. The
only observable shear on these surfaces was due to the starting angle between the warp and weft
yarns. The remaining runs were all performed on double curvature models that contributed more

in-plane shear over the surfaces.

Table 5-4: Basic 16-run Taguchi simulation results

Shear Angle (°)
Run Maximum | Minimum Average Absolute
Average
1 2.33 -4.28 -0.12 0.81
2 31.76 2291 29.21 29.21
3 0.57 -0.69 -0.04 0.21
4 30.64 29.69 30.17 30.17
5 30.33 28.77 29.94 29.94
6 0.60 -0.38 0.10 0.18
7 35.91 -2.53 22.54 22.52
8 8.54 -17.47 -0.15 3.10
9 32.47 29.14 30.45 30.45
10 0.09 -0.74 0.56 0.94
11 31.21 28.32 29.14 29.14
12 1.38 -1.48 -0.01 0.54
13 0.33 -1.09 -0.21 0.27
14 30.76 28.90 29.84 29.84
15 9.09 -24.18 -5.66 8.43
16 39.89 5.71 25.92 26.04

The base surfaces with the greater curvature always generated a greater amount of in-plane shear.

In-plane shear was still present in the smaller base surfaces such as Run #1 for example but did
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not reach the same maximum as observed in the larger base surfaces. These surfaces have more
curvature causing the fabric to continue to shear. The geometric parameters correlate directly to
the change in surface area and define explicitly different base surface. Draping parameters,
excluding fibre spacing also cause a change in shear. Fibre spacing appears to affect only the
allowable covered surface in the simulations, resulting in some surfaces having more accurate or
extensive results than others. Further statistical investigation is reported below to confirm which

of the nine parameters have the largest effect on in-plane shear.

The main factors affecting in-plane shear were identified using Scree plots of the sum of square
estimated contrasts SS(C). Scree plots for all responses are shown in Figure 5-14. All the plots
have the same appearance with factor A, the initial angle between warp and weft yarns, showing
a significantly large effect on in-plane shear. This result was expected since changing the initial

angle between the warp and weft directly shears the fabric.
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Figure 5-14: Basic 16-run shear angle Scree plots

Since factor M overshadows the other factors in Figure 5-14, another set of Scree plots excluding
this factor were produced, Figure 5-15 revealing the effects of the remaining factors. In all cases
factors D, C and G all have a significant effect on shear angle. Factors D, C and G are all geometric
parameters linked to defining double curvature base surfaces and surface with higher curvature.
Factor D, the radius Cy connecting the circles, dictated whether flat, single curvature or double
curvature base surfaces were generated. With a greater number of double curvature surfaces

featured in the runs, factor D is observed to have the second largest effect on in-plane shear. Both
factors G and C, the sectioning angle f and the length between circles |Z| respectively, directly

influence the overall curvature of base surfaces. Double curvature leads to increased shear over

the surface, hence these parameters having a significant effect on overall in-plane shear.
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Figure 5-15: Basic 16-run shear angle Scree plots, M removed

5.5 Follow up study: Reflected runs

A follow up study was performed using the same geometric and draping parameters. A similar two
level 16-run design was used inverting all the maximum and minimum modalities as outlined in
Table 5-5. This classic investigation technique is known as performing a fully reflected simulation
plan [46]. By inverting the modalities of the factors, the second study could confirm the results
obtained in the initial plan and dictate if the contrasts are main effects or interaction of factors.
Furthermore, all simulations and data extracted performed during these experiments were added

to Database A.
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Table 5-5: 16-run design experiment for fully reflected study

Fully Reflected Contrast and Confounding Factors
A B C D G H K M N
Run :gg
-BC -AC HK -CG -CD -CK -CH -CN -CM
-MN
R1 + + + + + + + + +
R2 + + + + + - - - -
R3 + + + - - - - + +
R4 + + + - + + - -
RS + - - - + + - - +
R6 + - - - + - + + -
R7 + - - + - - + - +
R8 + - - + - + - + -
R9 - - + + + + + - -
R10 - - + + + - - + +
R11 - - + - - - - - -
R12 - - + - - + n T T
R13 - + - - + + - T _
R14 - + - - + - + - +
R15 - + - + - - T T i
R16 - + - + - - -

5.5.1 Runs #R1 and #R2

The first set of reflected runs were performed on a large single curvature base surface, Figure 5-16.
No additional shear occurred on this surface. The maximum and minimum shear angles observed
in Run #R 1 were 31° and 28° respectively and were caused by the starting angle between the warp

and weft yarns.

Figure 5-16: Runs #R1 and #R2 draping simulation results
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5.5.2 Runs #R3 and #R4

In run #R3 shear was distributed on opposite ends of the double curvature base surface, Figure
5-17. In similar fashion in run #R4, shear reached a maximum at locations on the surface furthest
from the starting position. Maximum shear angles of 32° were reach in #R3 and 18° in #R4. For
#R3, a minimum shear of 19° was observed suggesting that a larger degree of negative shear
occurred in this case since the starting angle between the warp and weft was 30°. Simulation #R4

returned a minimum shear angle of -19°.
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Figure 5-17: Runs #R3 and #R4 draping simulation results

5.5.3 Runs #RS and #R6

Run #RS5 returned a maximum and a minimum shear angles of 6° and -4°, respectively on the
double curvature base surface, Figure 5-18. The starting point limited the amount of shear that
occurred as shear was more evenly distributed over the surface. Simulation #R6 showed a trend
similar to that observed with nearly every double curvature case where the maximum and
minimum shear angles occurred at opposite ends of the base surface at points furthest away from
the starting point. The maximum and minimum shear angle are 32° were 21° respectively,

suggesting a larger amount of negative shear.
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Figure 5-18: Runs #R5 and #R6 draping simulation results

5.5.4 Runs #R7 and #R8

The single curvature base surface contributed no addition to shear in runs #R7 or #R8, Figure 5-19.
As observed with all cases so far, the single curvature surface carried the shear induced at the

starting angle between warp and weft yarns.

Figure 5-19: Runs #R7 and #R8 draping simulation results

5.5.5 Runs #R9 and #R10

The near flat base surface represented in runs #R9 and #R 10 did no contribute any additional shear,

Figure 5-20. Any observable shear was due to the initial angle between warp and weft yarns.

88



Shr Ang
0to 90
(Degrees]

l 35.00

26.25

Shr Ang
0to 90
(Degrees)

I 35.00

26.25

17.50 17.50

Figure 5-20: Runs #R9 and #R 10 draping simulation results

5.5.6 Runs #R11 and #R12

A narrow double curvature base surface was simulated in runs #R11 and #R12, Figure 5-21. As
observed in many other runs, low curvature surface, limited the amount of shear over the surface.
Simulation #R11 reached maximum and minimum shear angles of 7° and -16° respectively, and
simulation #R 12 reached maximum and minimum shear angles of 43° and 17°. For #R12, an equal

amount of positive and negative shear was observed based on the draping starting point.
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Figure 5-21: Runs #R 11 and R12 draping simulation results

5.5.7 Runs #R13 and #R14

A double curvature base surface was featured in runs #R13 and #R 14, Figure 5-22. The maximum

and minimum shear angles in #R13 were 34° and 22° respectively, suggesting slightly more
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negative shear. Maximum and minimum shear angles in #R14 were 13° and -4° respectively. As
seen in most double curvature surfaces, maximum or minimum shear occurs at points further from

the starting point, and shear is distributed over the entire surface.
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Figure 5-22: Runs #R13 and #R14 draping simulation results

5.5.8 Runs #R1S and #R16

Near flat surfaces simulated in runs #R15 and #R16 further confirmed such surfaces do not
contribute to shear, Figure 5-23. These surfaces exhibited no additional shear, as observed with
every near flat base surface in these simulation plans, carrying only the preliminary shear induced

by the starting angle between the warp and weft.
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Figure 5-23: Runs #R 15 and #R16 draping simulation results

5.6 Discussion

As observed with the basic runs, the reflected runs demonstrated similar behaviour. Near flat and
single curvature base surfaces did not contribute any additional shear over the surface but simply
carried the initial shear over the surface. Double curvature base surfaces caused shear to occur,
typically in greater amounts further away from the starting point. Surfaces with higher curvature
also tend to produce a greater amount of shear as there was more curvature. Table 5-6 presents all

the shear responses calculated through the new simulations.

Statistical analysis using Scree plots of SS(C) was used in a similar manner for interpreting the
results from the fully reflected simulation plan, Figure 5-24. As observed in the basic runs, factor
M had the greatest effect on shear, confirming that the initial angle between the warp and weft
yarns is a main effect. Knowing that the shear is carried through flat and single curvature base
surfaces and added onto double curvature base surfaces is very useful, especially once results begin

to be linked when developing strategies for complete parts.
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Table 5-6: Fully reflected 16-run Taguchi experiment results

Shear Angle (°)

Run Maximum Minimum Average Absolute

Average
#R1 31.33 27.39 29.65 29.65
#R2 1.76 -1.62 0.00 0.55
#R3 32.6 19.02 27.27 27.27
#R4 17.92 -17.93 0.00 5.077
#RS 5.7 -3.84 0.36 2.063
#R6 32.02 21.55 27.78 27.78
#R7 0.17 -0.12 0.00 0.044
#R8 30.03 29.21 29.84 29.85
#R9 1.25 -0.79 0.116 0.31
#R10 30.94 29.57 30.20 30.20
#R11 7.19 -15.65 -0.27 342
#R12 43.22 17.13 30.11 30.11
#R13 34.97 22.55 29.06 29.06
#R14 13.44 -4.52 0.64 1.73
#R15 30.08 29.53 29.97 29.97
#R16 0.11 -0.35 -0.03 0.07

As discussed for the basic runs, a second set of Scree plots, where factor M was removed revealed
a more useful comparison between the remaining factors, Figure 5-25. Factors D, C and G stood
out as having a greater effect on maximum and minimum shear angles. Regarding the draping
starting point factor H, it was observed that shear was distributed over the surfaces differently

depending on whether the starting point was at the centre of the base surface or at its edge.
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Figure 5-24: Fully reflected 16-run shear angle Scree plots

Relating back to the original results, each of these factors dictated if a base surface was nearly flat,
single curvature or double curvature, and was directly connected to the overall amount of curvature
for each base surface. The initial simulation results present clear evidence that double curvature
base surfaces generate shear, and that near flat and single curvature surfaces do not, as expected.
These observations assist in drastically reducing the total number of simulations required for
populating the database, which is further discussed in the following section. The factors that appear
to have no effect on shear; A, B, H, K and N would normally all be eliminated from further
investigations. However, factors A and B are both geometric parameters required by the conical
frustum to generate base surfaces, thus they are kept in the simulation plans. Factors H and N,

draping starting position and draping starting orientation, may not show importance when

93



considering individual base surfaces. However, considering the overall draping strategy and
linking individual base surface results, orientations and starting positions become important thus
these factors as are kept in the simulation plans. Finally factor K, fibre spacing, simply presented
more refined results from the draping simulations and therefore the minimal effects presented in
the Scree plots are an accurate representation of the importance of fibre spacing. Details on the

final decision for fibre spacing are presented in Chapter 6.
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Figure 5-25: Fully reflected 16-run shear angle Scree plots, M removed
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6 Database population using the basic conical frustum

6.1 Introduction

For the draping algorithm to probe through draping scenarios quickly, a database of shear results
must be generated. Database A was constructed using a near full factorial experimental plan similar
to those discussed in Chapter 5. The parameters with the largest effects on in-plane shear were
identified as the angle between the warp and weft yarns, followed by geometric parameters Cg, 5
and |Z| Shear angle results provide a useful base for populating Database A since shearing during
draping can lead to wrinkling, however it alone cannot be relied upon to quantify accurately the

behaviour of fabrics as they are being draped thus warp and weft yarn orientations are also

extracted from the base surface simulations.

When considering the draping algorithm discussed in Chapter 8, the linking of base surface results
cannot be done in a meaningful way when considering only the shear angles. As a mould surface
is progressively covered, the orientations of warp and weft yarns along the edges of individual
base surfaces will change, depending on the yarn starting orientations, base surface types and the
amount of shear caused by the different base surfaces. Yarn orientations along the edges of a given
base surface will be carried into adjacent base surfaces and will directly influence the shear
behaviour over these adjacent base surfaces. If yarn orientations were not considered when moving
into adjacent base surfaces, orientation angles along the base surface edges would essentially be
reset for each base surface sequentially encountered in a single strategy. In reality, yarn
orientations along base surface edges continue into adjacent base surface as the full mould surface
is draped, continuing along the same angles. Therefore, incorporating yarn orientation angles in

Database A is essential to probing multiple draping scenarios.
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Direction vector files (.mdv) were exported using Nottingham Drapelt, which provide warp and
weft yarn orientation vectors for each element on the simulated base surfaces. The vectors are
useful for calculating warp and weft yarn orientation angles along the edges of the base surfaces.
Since the edges link the base surfaces, orientations of the yarns with respect to the connecting
edges enable the draping algorithm to connect base surface results through smooth transitions. The
warp and weft orientation angles are also directly related to in-plane shear angles, which remain
important in developing draping strategies. The process in which the yarn orientation angles and

shear angles are calculated from warp and weft orientation vectors is found in Appendix C.

6.2 Database population

A full factorial experimental plan featuring all combinations of modalities for the conical frustum
geometric parameters and draping parameters would involve 21 = 65536 simulations.
Considering that performing this number of simulations would take a significant amount of time,
and that results from the experimental simulation plans using the five-parameter conical frustum
are available, the five parameter conical frustum was used as a starting point to begin populating

Database A.

The majority of base surfaces encountered in practice can be represented using the core conical
frustum parameters based on the original mould decomposition presented in Section 4.1. For
draping parameters, fibre spacing was set at a constant value for database population that allowed
for good surface coverage without a significant increase of the time needed for the simulations to

run.
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The full factorial simulation plan was reduced down to 28 = 256 simulations needed for
populating the database making the simulation and data extraction procedure more manageable.
Database population is a continuous process and since it is designed using Taguchi method and
factorial plans, additional results can easily be added to the existing database. Results obtained
from the simulation plans used in Chapter 6 indicated that near flat and single curvature base
surfaces do not contribute to shear, hence results such surfaces are already known. Therefore,
simulations on these surfaces do not need to be performed further reducing the total number of
simulations needed down to 128. Upon completing each simulation in Nottingham Drapelt, data
was extracted from .mdv files, organized and compiled into MS Excel. The procedure for running
draping simulations is detailed in Appendix B and instructions for processing the .mdv files can

be found in Appendix C.

6.3 Developing linear functions of results

Since Database A was populated using Taguchi methods, linear functions can be developed from
the results. Each linear function represents an individual result; maximum, minimum or average,
of shear angle, warp orientation angle or weft orientation angle along a single base surface edge.
These functions enable linear interpolations between results to be accessed for base surfaces
defined by parameter values that lie between the minimum and maximum modalities outlined in
Chapter 6. Although the sample space for the functions is constrained and delimited by the input
parameters, the functions are very useful, and they will become more refined as the database is

further populated.
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In practical use within the probing of draping strategies the relevant linear function can easily be

selected based on the base surface type, and on which edge is being interrogated. For example, a

double curvature base surface is identified and given conical frustum vertex labels A, B, C and D

as discussed in Chapter 3, Figure 6-1. The edges are labelled based on the end points connected to

each edge: AB, BD, DC and CA. A linear equation can be identified for a specific result (maximum,

minimum or average shear angle, warp orientation or weft orientation) along any of the edges for

a base surface that can be created within the maximum and minimum modalities of the core conical

frustum geometric parameters, that generates a four-edge base surface. Similarly, linear functions

were developed for each output variable and edge of base surfaces with three edges: AD, DC, and

CA.

Figure 6-1: Four-edge base surface and three-edge base surface

A line plot for the average shear angle along edge DC, for a base surface with three edges, is

presented in Figure 6-2. For the line upcoming line plots, the horizontal axis is each simulation run

performed during database population and the vertical axis is the shear angle results for each run.

The peaks and valleys in the line plot are due to the angle between the warp and weft, yarns adding
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30° of shear to some of the results based on the experimental simulation plan used for populating
the database, which include parameter M discussed in Section 5.2.1. Plots similar to this were
made for each of the database results; maximum, minimum and average shear angle, warp
orientation angle and weft orientation angle, for all individual edges on base surfaces featuring

three edges and four edges.
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Figure 6-2: Average shear angle database results for a three edge base surface

To build the linear functions, responses were calculated for each set of individual geometric and
draping parameters, as defined by their specific modalities for each simulation. Using edge DC for
each base surface with three edges and specifically looking at the average shear angle along that
edge, results from each run were used for calculating specific responses for each parameter. This
was achieved by multiplying the result from the simulation to each modality specific to that
particular simulation. Table 6-1 shows the first three simulations, the parameter modalities and
their respective responses. The average for the responses was calculated for each parameter and
used as a constant in the linear function. The linear function uses a sum of these averages,

multiplied by their respective parameter modalities, to produce the results found in the database.
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Table 6-1: Edge DC simulation results, modalities and responses

Edge DC Average Run Specific Parameter . .
Shear Angle Results Modalities Run Specific Parameter Responses (radians)
Sim.| Radians | Degrees | A|B|C|D G HM|N| A B C D G H M N

-0.07 -3.87 |-1(-1|-1|-1|-1 -1{-1]10.07 | 0.07 | 0.07 | 0.07 | 0.07 |-0.07|{0.07| 0.07

1
0.00 -0.19 |-1(-1{-1|-1|-1|1|-1|11]0.00]|0.00|0.00|0.00]|0.00/0.00|0.00|0.00
0.39 2225 |-1{-1|-1|-1|-1|1|1]-1}-0.39]|-0.39-0.39(-0.39]-0.39 | 0.39 |0.39|-0.39

The first linear function used only the main effects of the parameters in the simulation plan, causing

the function to calculate coarsely inaccurate results when compared to those found in the database,

Figure 6-3. This occurred because interactions between the parameters were not considered in this

particular iteration of the functions. The addition of constants to the linear functions that quantify

the effect of interactions between the parameters lead to better defined and more accurate

functions. The interactions are defined as the following:

Interactions of two parameters: AB, AB, AG, AH, AM, AN, BC, BG, BH, BM, BN, CG, CH,
CM, CN, GH, GM, GN, HM, HN, and MN;

Interactions of three parameters : ABC, ABG, ABH, ABM, ABN, ACG, ACH, ACM, ACN,
AGH, AGM, AGN, AHM, AHN, BCG, BCH, BCM, BCN, BGH, BGM, BGN, BHM, BHN,
CGH, CGM, CGN, CHM, CHN, CMN, GHM, GHN, GMN, and HMN;

Interactions of four parameters: ABCG, ABCH, ABCM, ABCN, ABGH, ABGM, ABGN,
ABHM, ABHN, ACGH, ACGM, ACGN, ACHM, ACHN, ACMN, AGHM, AGHN, AGMN,
AHMN, BCGH, BCGM, BCGN, BCHM, BCHN, BGMN, BGHM, BGHN, BGMN, CGHM,
CGHN, CGMN, CHMN and GHMN;

Interactions of five parameters: ABCGH, ABCGM, ABCGN, ABCHM, ABCHN, ABCMN,
ABGHM, ABGHN, ABGMN, ABHMN, ACGHM, ACGHN, ACGMN, ACHMN, AGHMN,

BCGHM, BCGHN, BCGMN, BCHMN, BGHMN, and CGHMN;
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e Interaction of six parameters: ABCGHM, ABCGHN, ABCGMN, ABCHMN, ABGHMN,
ACGHMN, and BCGHMN;

e Interaction of seven parameters: ABCGHMN.
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Figure 6-3: Average shear angle results and linear function (main effects only)

As the effects of interactions were added to the linear function, changes became progressively
more difficult to observe due to factor M dominating the results, Figure 6-4. Changes in the
function beyond interactions of three parameters become unobservable, which can be attributed to

the increasing accuracy of the linear functions.

In order to better observe the effect of adding the interactions between parameters to the function,
factor M was removed, Figure 6-5 a), making the difference between the simulation results and
linear functions become more prominent. As interactions effects were added, the linear functions
became more refined, and completely aligned with the simulation results which can be seen in
Figure 6-5 b) — f). It is important to note that since factor M was removed for this later comparison,
the maximum number of parameter interactions only reach a total of six rather than seven as above;
however, a clear increase in linear function accuracy can still be observed. For the final linear
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functions to be used in the algorithm, factor M is included since the contributions of shear are
sequentially added as a draping strategy is developed. All functions for all other results and all
other edges were developed in a similar manner. For each edge of the base surfaces, there are nine
individual results, each represented by a different linear function. Some base surfaces feature three
edges and some feature four edges, leading to a total of 63 linear functions for Database A. All
linear functions take the same, uniform basic form. What changes from one function to the next is
the coefficients of the functions, which are all obtained by performing simulations planned through
Taguchi designs. It was decided that information at specific points along each edge were more
important than the average, minimum and maximum values. Since Database A contains
information at these points, functions for the end points and midpoint of each base surface were
created as well, following the same procedure as the other linear functions. Chapters 9 and 10

demonstrate why specific locations are more useful than averages, maximums and minimums.
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Figure 6-4: Line plot comparison: a) interactions of 2; b) interactions of 3; c¢) interactions of 4
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7 Unique in-plane shear occurrences

Upon populating Database A, shear behaviour through transitions along common edges between
adjacent base surface types was investigated so that a better understanding of connections between
surfaces could be established. It was known from previously reported simulations, Chapter 6, that
flat and single curvature base surfaces do not cause any additional shear to fabrics, hence linking
the results across these surfaces types causes no additional shear. However, upon introducing
double curvature surfaces, the behaviour through simple transitions across common edges between
base surfaces is disrupted with fibre orientations and shear angles. These changes have a direct

influence on the fabrics behaviour when linking results between surfaces.

7.1 Shear progression

7.1.1 Defining shear progression

Results obtained for draping a double curvature base surface show a varying yarn orientations and
shear angles along the surface edges. These changes are caused by the fabric shearing over the
surface so that it can be covered without issues. Considering a transition into another adjacent
surface, along the common edge the warp and weft yarn orientations will vary between the two
end points of that edge, and that variation will be carried from the initial surface into the adjacent
surface. Single curvature base surfaces are often adjacent to double curvature base surfaces and do
not affect in-plane shear, on their own. Nevertheless, when linking base surface results moving
into a single curvature base surface from a double curvature base surface, varying shear angle and
yarn orientations will lead to a continued change of shear angles and fibre orientation into the

adjacent single curvature surface. This phenomenon is labelled as shear progression. Shear
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propagates or progresses into the single curvature surface until a maximum shear angle,, normally
the shear limit of the fabric, is reached (Figure 7-1). Shear progression can occur when

transitioning from:

e Double curvature sphere configuration into flat base surfaces;

e Double curvature saddle configuration into flat base surfaces;

e Double curvature sphere configuration into single curvature base surfaces;

e Double curvature saddle configuration into single curvature base surfaces;

e Double curvature sphere configuration into double curvature saddle configuration base
surfaces;

e Double curvature saddle configuration into double curvature sphere configuration base

surfaces.
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Figure 7-1: Shear progression

The limit of shear progression is defined mainly defined by the degree of curvature over the double
curvature surface and the angle between surfaces, that latter of which is discussed in Section 7.3.

The following sections use the results available from draping simulations, warp and weft
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orientation vectors and shear angles to develop an analysis method for shear progression using

vector projection, and head-to-tail vector summation.

7.1.2 Vector projection

In order for shear progression to be considered by the algorithm when probing draping strategies,
a prediction method was developed and is reported in this section, enabling shear progression
occurrences to be noted, a maximum shear angle to be determined and a location of maximum

shear angle can be predicted.

Consider as an example a flat base surface with varying yarn orientations and shear angles along
a single edge. The orientation angles are calculated using warp and weft orientation vectors, which
are extracted from Drapelt draping simulations. Upon examining warp yarn orientations along the
edge and comparing them with those of a given yarn progressing through the surface, it is observed
that the latter undergoes the same changes in orientation as do the different warp yarns along the
common edge at their respective intersections with that edge. Each change of orientation along the
common edge is projected into the parallel yarns over the adjacent surface. Since no additional
shear occurs due to the surface being flat in this case, no additional orientation change occurs along
the remaining edges, or over the surface. From the instance that the warp yarns change along the
left side of Figure 7-2, it is can be observed that the weft yarns remain parallel below this starting

warp yarn over the flat surface.
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Changing orientation and shear

7
Warp yarns Warp yarns

Figure 7-2: Projected orientation change on a flat base surface

In the case of moving from a double curvature to a single curvature surface, similar changes in
warp and weft orientations are present. Due to surface topography, single curvature surfaces do
not induce any additional shear, so yarn orientation remain parallel upon entering the single

curvature from the double curvature surface as observed over flat surfaces, Figure 7-3.

Ultimately, results in Database A provide warp yarn orientations and weft yarn orientation vectors
for all individual elements along all edges of the base surfaces. Warp and weft vectors for each
element along the edge are used for projecting changes in orientations of yarns as they progress
onto the surface, therefore enabling predictions of magnitude and location of maximum shear
caused by shear progression. Considering the generalized case of moving from a double curvature
surface to single curvature surfaces and observing only the warp yarns as they moving first along
the common edge and second into the adjacent single curvature surface Figure 7-3. At each element
along the common edge, the warp yarn vectors express a change in orientation. Each of these
changes can be projected into the single curvature surface, at each instance where it does not

change. These are labelled vector progression paths which are visualisation aids for this process,

108



Figure 7-3. Along these individual vector progression paths, the warp yarn vectors do not change

as a results of the weft vectors “below” them, remaining parallel to one another. Similar vector

progression paths can be observed when considering weft orientations, as a result of warp

orientations remaining parallel.
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The maximum shear angle can be determined by considering that the warp orientation vector

Uyqrp and weft orientation vector uU,,.f; at opposite ends of the common edge ultimately meet at

a point over the surface base surface, Figure 7-4. These yarn orientations result from changes in

orientations observed across the common edge, and therefore the angle between these vectors
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denotes the maximum shear angle, Figure 7-3. This is calculated using Equation 16, substituting

Uparp and Uy,er, for Ry and 7.
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Figure 7-4: Max shear angle

To determine the location of maximum shear, a head-to-tail summation of warp or weft vectors is
used. The calculation begins along the common edge at the element with the least amount of shear
and with the warp orientation vector nearest parallel to the common edge, Figure 7-5. The head-
to-tail summation simply adds the orientation vectors in sequence as they appear along the
common edge to the end of the common edge. The result of this summation is a single vector
pointing to the location of maximum shear from the starting element. Alternatively, weft

orientation vectors can be used.
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Figure 7-5: Head-to-tail vector summation

In reality, maximum shear will often occur much closer to the common edge than the vector
projection predicts, since the physical locking angle is typically much lower for a real
reinforcement fabric. The head-to-tail summation procedure is informative, nevertheless for cases
where the maximum shear angle is less than the physical locking angle of the fabric being draped,
in cases similar to that present in Figure 7-5 which has different orientation angles entering a
double curvature. The procedure is also useful in cases where it will predict the locking of fabric,
as this would determine the extent and end of a physical pattern that could be draped over the

preform.
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7.1.2.1 Alternative head-to-tail summation

A similar procedure was used for predicting more accurately where the maximum shear angle will
occur. Rather than using exclusively the vectors for predicting the location, a combination of
vectors and shear angles are used in this procedure. The original procedure did not consider the
contribution to shear caused by the change in warp and weft orientation vectors along the common

edge.

Recall from the previous section that warp vectors are projected from along the common edge into
the adjacent single curvature base surface, Figure 7-3. Each vector projected onto the adjacent
surface is considered a step in shear progression. It was also observed that the weft vectors
following “below” the projected warp vectors remain parallel to each other. Shear progression
shear angles on the single curvature surface for each step is calculated using changing warp
orientation vectors and constant weft orientation vectors following the first vector progression
path, Figure 7-6. Shear is also calculated between the warp and weft vectors along the common

edge.

In order to consider the contribution from both the shear progression and the originally
unaccounted for varying shear angle along the common edge, the difference between the two sets
of shear angles is taken. Warp vectors along the common edge are matched with projected warp
vectors along the vector progression path at each step of shear progression. The shear angle values
that have matching warp vectors are subtracted from one another. This difference quantifies the
amount of shear unaccounted for in the original head-to-tail vector summation. These differences
are added back to the shear along the weft vector progression path. Head-to-tail vector summation
is performed following the same steps as the previous procedure, taking the newly calculated shear
angles into consideration. A maximum shear angle equal to 90° or to a defined maximum locking
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angle will be encountered during this summation, leading to the identification of a location on the
base surface where that angle can be found. This location is always quantified by a vector pointing
into the adjacent surface from the common edge. An example of this calculation is presented in
section 7.1.3. Shear progression is a common occurrence that will be encountered during draping

and must be considered when probing draping strategies.
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Figure 7-6: Progressing shear angles (left), varying shear angle along common edge (right)

7.1.3 Head-to-Tail Summation Example

In this example, two base surfaces defined by conical frustum parameters are found in Table 7-1.
Calculations for the maximum shear angle and location proceed as follows. The second, more
accurate head-to-tail vector summation technique is used for predicting the location of the

maximum shear angle.
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Table 7-1: Shear progression example: Core conical frustum parameters

Frus(iz::: I(,j;:;;?: ters Double Curvature | Single Curvature
|71| 2 cm 2 cm
|?2| 4 cm 2cm
|T| 2cm 10 cm

B 90° 90°
Cr 2 cm o)
/ v : /\ \ ;\
| /! IVAYA =
4 % N;; > Element 730 |/
Mea |~ % , < >D¥ Common
\\\\/1 7/ L edge
“1 Element 755 7’/7/ / B m&*
y o el A /7
y 7 Y
2] 4 ” 7 a ’7 / / /
/ 4 é\zé@/ _ )/ ///;é ; /| [\
VAN
A /Kzuaé \ N
Single curvature base surface

Figure 7-7:Single and double curvature model (left) shear progression (right)

For this example, element numbers are sequenced as presented in Table 7-2 from left to right along
the common edge; the warp vector for element 755 is nearly parallel to the common edge. This is

the starting vector for the head-to-tail summation.

Using the warp vector at element 730 and the weft vector at element 755, the maximum shear
angle can be calculated using Equations 16 and 17. These vectors are chosen since they are the last
instance of change for each yarn orientation across the common edge, as shown in Figure 7-8. The

maximum shear angle is equal to 86°.
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755 730

Figure 7-8: Maximum shear angle vectors

Table 7-2: Warp and weft yarn orientation vectors

Element Number Warp Vectors Weft Vectors Shear
x y z x y P4 Angle (°)
755 0.05 0.00 -0.50 -0.02 0.50 -0.06 7.02
753 0.05 0.00 -0.50 -0.07 0.48 -0.12 13.59
751 0.05 -0.01 -0.50 -0.11 0.44 -0.20 21.86
749 0.05 0.00 -0.50 -0.14 0.40 -0.26 29.38
747 0.05 0.00 -0.50 -0.16 0.35 -0.31 35.58
745 0.09 -0.06 -0.49 -0.14 0.26 -0.40 41.82
743 0.16 -0.12 -0.46 -0.10 0.17 -0.46 44.18
742 0.20 -0.13 -0.44 -0.09 0.13 -0.47 43.44
740 0.28 -0.16 -0.38 -0.06 0.09 -0.49 38.71
738 0.35 -0.16 -0.31 0.00 0.05 -0.50 35.50
736 0.41 -0.14 -0.25 -0.01 0.05 -0.50 27.56
734 0.45 -0.11 -0.19 0.00 0.05 -0.50 20.13
732 0.48 -0.07 -0.12 0.00 0.05 -0.50 13.55
730 0.50 -0.02 -0.06 0.00 0.05 -0.50 6.98

Next, shear angles within the single curvature surface are calculated using the warp vectors along
the common edge and the weft vector at element 755. The resulting shear angles are presented in
Table 7-3. The table lists the elements from which the vectors were taken at each step of shear

progression, and the shear angle calculated between the vectors.
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Once progressing shear angles are calculated, the difference between the shear angle along the
common edge and the progressing shear angles is calculated, Error! Reference source not found..
This difference, as mentioned in the last section is the shear angle attributed to the varying warp
and weft orientation angles along the common edge. The difference is then added back to the
progressing shear, and head-to-tail vector summation is used for determining the location of
maximum shear. Head-to-tail summation always adds the same orientation vector, warp in this
case, to the next vector in sequence. That sum is then added to the following vector until the
maximum shear angle or 90° is reached, Table 7-5, identifying the vector and therefore location of

the maximum shear angle caused by shear progression.

Table 7-3: Increasing shear angle into single curvature surface

WarpE\lfeeTteoI:'t N;IVT?te:’ec tor Progressing Shear Angle (°)
755 755 7.02
753 755 13.57
751 755 22.96
749 755 29.82
747 755 36.19
745 755 50.57
743 755 63.10
742 755 67.53
740 755 73.86
738 755 81.53
736 755 81.35
734 755 81.58
732 755 82.29
730 755 82.08
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Table 7-4: Shear progression difference

Warp Vectors Progressing

Element Shear Angle Along . .

Number N y Z Common Edge (*) Shea1(~°;&ngle Difference (°)
755 0.05 0.00 -0.50 7.02 7.02 0.00
753 0.05 0.00 -0.50 13.59 13.57 -0.03
751 0.05 -0.01 -0.50 21.86 22.96 1.10
749 0.05 0.00 -0.50 29.38 29.82 0.44
747 0.05 0.00 -0.50 35.58 36.19 0.62
745 0.09 -0.06 -0.49 41.82 50.57 8.74
743 0.16 -0.12 -0.46 44.18 63.10 18.91
742 0.20 -0.13 -0.44 43.44 67.53 24.09
740 0.28 -0.16 -0.38 38.71 73.86 35.15
738 0.35 -0.16 -0.31 35.50 81.53 46.03
736 0.41 -0.14 -0.25 27.56 81.35 53.80
734 0.45 -0.11 -0.19 20.13 81.58 61.45
732 0.48 -0.07 -0.12 13.55 82.29 68.74
730 0.50 -0.02 -0.06 6.98 82.08 75.11

Table 7-5: Maximum shear angle and head-to-tail vector summation results

He;d-to-taljl) Vector Szum Shear Angle at Vector Sum (°)
0.05 0.00 -0.50 7.02
0.10 0.00 -1.00 13.54
0.15 0.00 -1.49 24.06
0.20 0.00 -1.99 30.26
0.25 -0.01 -2.49 36.81
0.35 -0.07 -2.97 59.31
0.50 -0.19 -3.43 82.01
0.70 -0.32 -3.87 91.62

7.2 Effects of double curvature configurations

One of the main differences between spherical and saddle configurations is the method in which
shearing occurs. Recall from Section 5.3, positive shear is when the angle between the warp and
weft yarns becomes less than 90°, and negative shear is when the angle between the warp and weft
yarns becomes greater than 90°; and shear is always measured from warp to weft. The shear

induced by saddle double curvature base surfaces tends to counteract to shear induced by spherical
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double curvature. This leads to interesting shearing results when linking surfaces of these two
configurations. When near to or in direct contact, the opposing configuration tends to counteract

any shear that occurs on adjacent surface, Figure 7-9.
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Figure 7-9: Draping double curvature configurations simulation (left), physical surface (right)

The fabric is draped starting with no shear on the flat surface at the top of this feature. Shear is
observed to progress into the adjacent single curvature surface upon exiting the sphere
configuration double curvature, as expected. The fabric reaches a maximum shear angle over the
single curvature surface which is carried by the single curvature surface into the saddle
configuration, at which point shear effectively reverses and reduces. The fabric continues to shear
negatively upon exiting the saddle configuration, due to shear progression, until it reaches the
original starting state, with no shear. This feature is directly attributed to the shearing behaviour
featured on these surface types. This effect presents interesting insight on areas on moulds that

may assist in covering more area using fewer patterns.
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7.3 Angle between surfaces

Previous chapters in this thesis focused mainly on smooth edge and corner features. Sharp edges
and corners are avoided in design as they can become problematic during draping, in terms of
conforming the fabric to the feature. These features often force the use of darting, allowing the
surface to be covered without wrinkling but increasing production time since cuts have to be made
through the patterns. The effects of the angle between flat surfaces, as well as proposed solutions
for mitigating wrinkling and eliminating the need for darting, are presented in the following section
in the form of three cases; a sharp corner without chamfers, a single edge chamfer at a corner, and
two edges chamfered at a corner. Although it is not directly used in the current version of
algorithm, the mitigation technique labelled preliminary shear could be implemented in the final
version of the predictive tool. All calculations within this section are independent of conical
frustum parameters; any similar variables are not related to the conical frustum variables. The
techniques presented for analyzing the angle between surfaces may be used in conjunction with
the conical frustum. Calculations for the required angle of preliminary shear follow the discussion

of all cases investigated.

7.3.1 Case 1: Corner

Corners and edges that appear to have no fillets exhibit unique shearing characteristics that become
problematic during draping. The angles between the surfaces contribute to the fabric’s ability to
drape over all three surfaces, and determine how easy or difficult it is. Figure 7-10 shows a box

corner with flat surfaces AB, BC and AC, separated by edges A, B and C. The angles between
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surfaces AC and BC, AB and BC, and AB and AC are labelled a, 8, and y, respectively and start

at 90°. The angle between the warp and weft yarns is labelled w, and this also starts at 90°.

Figure 7-10: Box corner

When a fabric is placed on AB and draped over the edges in an attempt to cover all three surfaces,
the warp and weft yarn orientations present conflicts with alignment. Warp and weft yarns along
edge C attempt to become parallel to one another, Figure 7-11. Wrinkling is often a result of the
angle between the warp and weft either becoming too large or too small due to in-plane shear. This
this conflict can be attributed to a shear angle of 90°. In reality, a large wrinkle occurs that starts
at the corner of the feature, becoming larger as more fabric is draped over surfaces AC and BC,

Figure 7-11.

Another major issue with draping features such as this is that there is an excess of material. Since
the surface is already covered, the excess fabric must shear until it wrinkles and moves away from
the surface. In order to mitigate this, it is proposed that a degree of preliminary shear can be applied

to the fabric. By shearing the fabric directly along edges A and B in opposite directions (positive
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shear along edge A and negative shear along edge B), the fabric can conform to all three surfaces
without wrinkling. Figure 7-12 shows the fabric behaviour after shearing at 45° along both edges.
This will cause the excess fabric to be pressed smoothly onto the surface, rather than wrinkling off
the surface. Shearing at 45° along both sides yields a symmetric solution, with the amount of shear
on either side being the same. A non-symmetric solution is also viable, Figure 7-12 using 60° and
30° for example. An eventual physical limitation lies in the locking angle of the fabric. The degree
of shear to be applied to the edges must sum to the angle between the vertical surfaces along the

connecting edge which in this case is 90°.

Warp yarns Weft yarns

Figure 7-11: Angle between surfaces model (left) and physical draping results (right)

To test the preliminary shearing technique, a steel box measuring 3.8 x 3.8 x 10.6 cm was used
with a plain weave glass fabric. Coloured lines were added to indicate the warp (red) and weft
(blue) yarns more clearly. Green tape along the sample edges eliminated the amount of fraying
induced on these small samples. The tape did not effect the shear behaviour of the fabric but was

merely used for preserving the integrity of the samples. Small magnets were used for securing the
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fabric in place, enabling shearing to be performed directly along the edges A and B. Figure 7-13
shows a symmetric and a non-symmetric case tested. It is observed that the preliminary shear
technique allows for the fabric to conform to flat surfaces without wrinkling.

Warp yarns
Weft yarns

/" 30° Shear

45° Shear 2=’ alongedge 60° Shear c  alongedge

along edge C along edge

Figure 7-12: Symmetrical preliminary shear (left), unsymmetrical preliminary shear (right)

Figure 7-13: Symmetric (left) and non-symmetric (right) preliminary shear results
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7.3.2 Case 2: Chamfers along a single edge at a corner

Case 2 investigates the requirements for preliminary shear when a single edge at a corner is
chamfered. Angles a, B, and y need to be calculated based on the degree of chamfer, so that the
degree of preliminary shear along each edge can be determined. The amount of preliminary shear
required for the fabric to conform around the sharp edges is directly related to the angles between

the surfaces.

If a chamfer with angle labelled ¢ is along defined a single edge, Figure 7-14, the angle between
top plane AC and the angled plane, BC in Figure 7-14, y in this case, is progressively increased by
the chamfer angle from a starting value of 90°. Plane AC remains perpendicular to plane AB and
therefore the chamfer angle is simply added to 90°. Since the chamfer is only along edge B, a and

f do not change.

This case is interesting as adding a chamfer to one edge only requires preliminary shearing along
the edge that is not chamfered, edge A in this example. The fabric is able to move from AC to BC
without any conflicts in warp or weft orientations, Figure 7-15a). Once edge C is encountered on
surface AC, issues with fibre misalignment resulting in wrinkling occur, as observed in the original
case, but to a lesser degree. The angle between surfaces is now greater than 90° and therefore has
a lesser shear effect at the corner. To cover a set of surfaces like this, the total preliminary shear
applied along edge A is the angle that would enable weft yarns - in this case - to become
perpendicular to edge C, which is equal to the angular difference between 180° and y. Similar to
the previous example, magnets were used for holding the fabric in place during preliminary

shearing and the fabric did conform to the three surfaces without wrinkling, Figure 7-15b).
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Figure 7-14: Single edge chamfer

(a) (b)

Figure 7-15: Single edge chamfer (a) yarn misalignment (b) preliminary shear drape test

7.3.3 Case 3: Chamfers along multiple edges at a corner

In cases where there is chamfer along both edges A and B, Figure 7-16, more steps are required
for determining the preliminary shear angles for a symmetrical solution. Neither AC nor BC are
perpendicular to AB anymore, causing both angles fand y to change. Since fand yare defined on
their respective planes calculating them is no longer a simple addition of the chamfer angle.
Calculations for fand y are performed on their respective BC and AC planes. To begin, a cube is
drawn around the chamfered feature. Two triangles are projected onto the cube surfaces,
representing the area removed by the chamfer. These planes are labelled AC’ and BC’ for the

respective chamfer plane that the cube plane is facing.
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Figure 7-16: Uniform corner chamfer full body (left) and AC plane (right)

Figure 7-17b) shows specific labels for the triangle on the AC’ plane of the feature; C is the vertical
height of the chamfer, Ay is the length along the chamfer on plane AC that is perpendicular to edge
A, and A, is the distance from C; to the end of the triangle. Similarly for plane BC’, Figure 7-17¢),
By is the length along the chamfer on plane BC that is perpendicular to edge B, and B, is the
distance from C; to the end of the triangle. 8, is the angle from Ay to C on AC, and 65 is the
angle from By to C on BC. The actual values of the lengths do not need to be known for these
calculations. Equations 18 and 19, for angles y and 8 respectively, are solely dependent on the

chamfer angle and derived using fundamental trigonometric.

Yy =90+ 0., =90 + tan~1(sin(¢.)) (18)

B =90+ 8- =90+ tan"1(sin(¢p¢)) (19)
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(b) (c)

Figure 7-17: Chamfer analysis: (a) cube; (b) AC’ triangle projection; (¢) BC’ triangle projection

Figure 7-18: Double edge chamfer (a) yarn misalignment (b) yarn alignment (c) preliminary
shear test
7.3.4 Preliminary shear angle calculations for Case 1 and 3

Once y and S have been calculated (Case 3) or when they are known (Case 1), minimum
preliminary shear angles, 854 along edge 4 and 055 along edge B can be determined. These angles
represent the minimum amount of shear required for ensuring that no wrinkling occurs along edge

C. For symmetrical cases which are the simplest for fibre manipulation, s, = 055 = 6.
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Although not explicitly covered in any of the cases, angle @ on AB was taken into consideration
for these calculations. If the angle of the corner changes as defined by «, angles y and 8 change
as well, thus the inclusion of @ in the preliminary shear angle equations. In a similar manner to
Case 3, triangular projections of the missing corner feature caused by the chamfer are projected
off the chamfered feature. In these cases, there are four triangles used as opposed to the two used
in Case 3. Lengths and angles are once again used in trigonometric ratios to derive new equations,

20 and 21 for y and S respectively, including «.

sin

Yy =90+ 6., =90 + tan™! (¢(§) (20)
tan (2)
sin

B =90+ 65 =90+ tan~? (¢c) 21)

To ensure no wrinkling, warps yarn on surface AC must intersect with edge C at 45°. Similarly on
surface BC, weft yarns must intersect with edge C at 45°. This enables the angle between the warp
and weft yarns to equal 90° along edge C, ensuring that no wrinkling occurs. This means that the
shear angle is dependant on a portion of ¥y and f3, specifically 8., and 8.5 which are the same for

symmetrical solutions. Therefore, shear angles for each of the edges are determined using Equation

22:

s = 45 — O, = 45 — tan~! (—Sin("’;)> (22)

tan(3)
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Preliminary shear provides insight on techniques that could be used for mitigating or eliminating
wrinkling that may arise during draping. In reality, adding a series of magnets to the draping
process would not be ideal or even possible in most industrial applications. However, knowledge
that manipulating the fabrics and that applying shear in some areas may reduce shear in others is
extremely useful. Across large flat surfaces or large radii double curvature arcs, a degree of shear
may be applied to counteract some of the effects of a tighter base surface, effectively restoring the
fabric to its starting state. These particular effects require further investigation and are not used in

the first version of the draping algorithm.
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8 Linking base surface results: The draping algorithm

This chapter discusses the procedure in which the results from the database and linear functions
are used for probing draping scenarios. The chapters leading up to this outlined the conical frustum
—a 12 parameter tool developed to parameterized base surfaces and structure Database A. Database
A contains in-plane shear and yarn orientation angle results built using draping simulations that
followed Taguchi simulation design plans. Following the development of the linear functions
represent shear, warp yarn and weft yarn orientation angles as functions of geometric and draping
parameters, investigations were performed to gain a better understanding of how fabrics will move
between surfaces, which lead to the development of the draping algorithm — a series of definitions

and steps that uses all aspects presented in this thesis as a single function.

8.1 Draping algorithm overview

The algorithm as a whole id straightforward and it works as follows: for a given mould surface
known as a CAD model or a physical mould, vertices, lengths, arc lengths and radii are used for
identifying and decomposing the mould into base surfaces. From these variables, conical frustum
geometric parameters are calculated for each base surface. Draping strategies, further defined in
Section 9.2, identify a sequence of links between individual base surfaces that are consecutively
covered until the mould is completely covered. For a selected starting base surface and starting
draping parameters, conical frustum parameters for that surface are used in determining shear
angles and yarn orientation angles over the surface using the database and linear functions along
each of the edges. The shear angles as well as the warp yarn and weft yarn orientation angle results

along the edges of the base surface are used as input draping parameters for the next base surface
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listed in the draping strategy, which is defined by its own conical frustum parameters. This process
of using base surface specific conical frustum geometric parameters and resulting draping
parameters is repeated until the entire surface of the mould is completely covered or the drapability
limit of the fabric is exceeded, for each strategy. The entire process of linking base surface results

is repeated for all combinations of draping strategies until the best one is identified.

8.2 Definition of a draping strategy

When manufacturing composite components, technicians are often provided with a series of steps
that are followed to ensure excellent coverage of the mould surface. These steps vary from mould
to mould and are dependent on surface topography. Selecting a starting position, orientation and
finally the sequence to drape are all necessary in fully defining a single draping strategy. The aim
of this section is to define clearly what a strategy is, and how all the different possible strategies

for a given case are organized.

Consider a mould surface that contains two base surfaces labelled in Figure 8-1 a). Since there are
two surfaces, one will be the starting surface for draping and it will be covered completely first, as
a start. In order to drape both base surfaces, a single step is needed in a draping strategy connecting
base surfaces 1 and 2. Connections between base surfaces are labelled as the sequence in which
the connection is made. For Figure 8-1 a) there are two possibilities; 1-2 if surface 1 is the starting
surface, and 2-1 if surface 2 is the starting surface. Similarly in Figure 8-1 b) where there are three
base surfaces, if surface 2 as a covered to start, the possible strategies are as follows: 2-1, 2-3 or
2-3, 2-1. Two steps are required to cover these surfaces, in each draping strategy. The number of

steps for a draping strategy is defined by the total number of base surfaces minus 1. At a
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fundamental level, a draping strategy is defined as a sequence of steps, followed one step at a time
to cover a given mould surface with a single pattern. A draping strategy is made up of two core
components: the connections between base surfaces, and the sequence in which these connections
appear. Reliable and robust draping strategies are translated into plybooks, which are documented
steps that technicians use when draping a specific component. A plybook outlines starting position,

starting orientation and the steps needed to drape the part.

I €<> 2
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(a) (b)

Figure 8-1: (a) Connections between two base surfaces (b) Connections between three base
surfaces

In this work, two different strategy definitions 1 and 2 are established that both involve the

following features:

e Starting point is defined as the centre point on a single base surface, not as any other point
on the base surface, and there is only one starting surface;

e All surfaces are only covered once in a strategy and all strategies are probed at one time;

e Surfaces are exclusively covered from an adjacent surface that has already been covered;

e The surfaces are covered by moving through common edges only, not through vertices;
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e When covering a given surface, some of the adjacent base surfaces may already be covered
— in practice this affects the draping boundary conditions, which is discussed in Section
8.4;

e There is no method for distinguishing completely impractical solutions such as 7-8, 8-9, 9-

6, 6-3, 3-2, 2-1, 1-4, 4-5 shown as an example in Figure 8-2.
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Figure 8-2: Impractical draping strategy

Strategy definition 1 defines two different strategies that involve the same individual steps but in
a different sequence as two distinct strategies. For example, considering Figure 8-1 b) and starting
from surface 2: two possible strategies as defined by strategy definition 1; 2-1, 2-3 and 2-3, 2-1.
Definition 1 states that even though the individual steps are the same, the order in which these
steps appear, and therefore the order in which the surfaces are draped is different, thus the strategies
are different. Strategy definition 2 defines two different strategies that involve the same individual
steps but in a different sequence as a single strategy. Using Figure 8-1 b) again, 2-1, 2-3 and 2-3,
2-1 use the same individual steps, therefore the strategies as defined by strategy definition 2, are
the same. Alternative strategy definitions become useful when considering symmetric base
surface. In these cases, draping strategy definition 1 will probe a large number of draping strategies

where the same connections in a different order always yields the same result. By using definition
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2 in this case, processing time will be reduced by grouping all the draping strategies with the same

results into one strategy. For the draping algorithm in this thesis, strategy definition 1 is used.

8.3 Organization of surface connections

Once that strategies were defined, a method for organizing all the possible connections was
established. For a specific mould, a list of all possible surface connections can be made. Consider
a design with four base surfaces, Figure 8-3. For a single draping strategy only three connections

are needed but there are eight possible connections: 1-2, 1-4, 2-1, 2-3, 3-2, 3-4, 4-1, and 4-3.
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Figure 8-3: Base surface links

Since a draping strategy is a sequence of steps, each surface connection is assigned a sequence
number for a particular strategy. Depending on the starting surface, some of the connections will
never be used. If base surface 1 was the starting surface for example, links 2-1 and 3-1 would not
be used since surface 1 always starts covered. This method of defining draping strategies is very
useful, allowing tables to be generated outlining every possible draping strategy using all base
surface connections. With the sequence number known and the links defined, a table is generated
that lists any individual strategy for a set of base surfaces. Consider Figure 8-3; Table 8-1 lists all

possible draping strategies starting from base surface 1. The first column for a particular base

133



surface connection identifies whether the link is in that draping strategy (Y) or not (N). If it is, it
is assigned a sequence number (Seq. #), otherwise no value is assigned since that connection is not
used in that strategy. In the specific case of the example it is observed that links 2-1 and 4-1 are
never used if surface 1 is the starting surface. If every base surface is used as a starting point, this

set of base surfaces leads to a total of 36 draping strategies, as set under definition 1.

The table is very useful as it lists all possible strategies for a particular surface, and it can easily
link to Database A. Base surfaces are defined as surface variables such as, lengths, radii, arc
lengths, etc. that are used for calculating conical frustum parameters. The conical frustum
parameters are direct links to Database A and to linear functions where the shear angle and yarn
orientation results can be accessed. As each step in a sequence for a strategy is encountered, results

from Database A are continuously probed until all surfaces are covered, and final shear angles are

determined.
Table 8-1: Draping strategies starting from base surface 1
Base Surface Link
Draping 1-2 1-4 2-1 2-3 3-2 34 4-1 4-3
Strategy Seq Seq Seq Seq Seq Seq Seq Seq
YN YN PYNRE EYN PR YN R YN | R YN R YN
1 Yy [ 1| yYyl2 | N[ -]Y[3][N]-]NJ]-]INJ]-[NTJ-
2 Yy |1 |yl 2 | ~N]-[N[-|N]-]NJ-|NJ[-T]TY]3
3 Y[ 1 [ N] - N[-JTY[2][N]-]TY[3]NJ[-[NTJ-
4 Yy [1 [ Y |3 | N|]-]Y[2][N]-|N]-]NJ]-[NTJ-
5 Yy [ 2 ] Y I I N[ -]l Y[ 3 [ N[-[N]-]N]- NI -
6 Yy [ 2 ] Y I [ N[ - ]I N[ -[NJ-]NJT-INJ]-]TYT]3
7 N[ -1]Y I I N[ - I N[ -]Y[3[N]-]N]- ][N -
8 Yy [ 3 ] Y 1 [ N[ - N N | - | N -] NJ[-[NTJ-

All the possible draping strategies were identified manually for the case of a mould surface
featuring 7 base surfaces, Figure 8-4. 16 base surface connections were identified leading to a total
of 767 draping strategies starting from base surface 1. Ensuring that these strategies are organized

and easily accessed enables results to be probed, and the best draping strategy can be identified
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quickly. This reinforces the meticulous nature and usefulness of this project. The number of
possible draping strategies is very large for industrial components therefore accessing and probing
numerous possible draping strategies quickly allows for the design and preforming process time

to be reduced, ultimately reducing costs.

(3)

Figure 8-4: Mould with 7 base surfaces

8.4 Consolidation of boundary conditions

As the algorithm probes single draping strategies, shear angles and yarn orientation angles along
common edges are used as input values, or boundary conditions, for the next base surface in
sequence. Geometric conical frustum parameters do not change from draping strategy to draping

strategy; however, yarn orientation angles and shear angles do change.

The reader may recall that draping starting position, draping starting orientation and angle between
warp and weft yarns are used for structuring the database. When considering a draping strategy,
these draping parameters can be derived from the results along each base surface edge. These
newly derived draping parameters are then used on the next surface in the draping strategy

sequence until all surfaces are covered.
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As strategies continue to be probed and different boundary conditions are encountered, it is
inevitable that a draping strategy sequence will contain a surface in the sequence that has more
than one boundary condition. Consider a sequence 1-2, 1-4, 2-3,4-7, 2-5, 5-6, 5-8, 8-9 for Figure
8-5: Draping sequence boundary conditions. Base surface 5 has multiple boundary conditions after
the second step in the sequence, causing two different input orientations and shear angles along
two edges, Figure 8-5. Although surface 5 is being entered from surface 2, the results along the

edge between surfaces 4 and 5 cannot be disregarded.

7 8 9 7 8 9 7 8 9
1-2 1-4
4 5 6 4 5 6 4 5 6
¢ ¢
1 p 2 3 1 2 3 1 2 3

Figure 8-5: Draping sequence boundary conditions

Referring back to Chapter 5, draping simulations in Nottingham Drapelt are entered at a single
point and therefore results are presented in Database A using a single starting point. This means
that for cases such as this where there are multiple boundary conditions, the results along the
unbound edges (edges that have not been covered) must be a combination of the results from both
boundary conditions. Averages for shear, warp yarn orientation, and weft yarn orientation angles
are taken and applied to the centre of each constrained edge. This produces draping results from
each set of boundary conditions on the unbound edges. By taking the average of those results for

each edge, a final consolidated result remains.

Beginning with base surface 2 in Figure 8-5, warp and weft yarn orientation angles are available
to be used as input values at the midpoint and at the ends of the edge. Considering warp
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orientations, results exist for three points along the edge. Either the warp orientation at the centre
of the edge, or an average of all three warp orientations is used in the linear functions to determine
the final results for base surface 5, Figure 8-6 b). From base surface 2, warp orientation angles are
generated for the edges of base surface 5 that do not have boundary conditions. The same process
is performed for the weft orientation angles. Similarly for the other set of boundary conditions
from base surface 4, results for the edges without boundary conditions can be generated using the
midpoint input or an average of all three results along the edge. This leads to two sets of results
along the remaining edges of the base surface, Figure 8-6 c¢). The averages of these results are
taken to produce a solution for the surface in the sequence, Figure 8-6 d); the process is described
in Chapter 10. This does not provide any information about the shear pattern on the surface;
however, if the results along the edges remain within the fabric drapability limit, the process is
continued. During the population of Database A, all the results were compiled ensuring that warp
and weft orientation angles were calculated as always defined outside the surface, Figure 8-7. This

ensures that when averaging the results along the edges, that average orientations do not clash.
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Figure 8-7: Orientation angles along base surface edges
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9 Draping algorithm demonstration

Physical demonstrations of draping operations that follow a predicted draping strategy, performed
on a physical mould, enabled the validation of the method for consolidating boundary conditions
presented in Chapter 8. Draping on a physical mould also provided confirmation of predicted
results obtained using the draping algorithm. For these demonstrations, a physical mould was built
that featured three flat base surfaces, three single curvature surfaces and one double curvature
surface, similar to the case shown in Figure 8-4, Chapter 8. Figure 9-1 shows the mould
decomposed into individual base surfaces with conical frustum vertex labels and overall
dimensions. These were used for calculating the conical frustum parameters for each base surface
following the steps presented in Chapter 4. The physical mould was built using steel sheets so that
individual base surfaces connections could be performed following each step in a given draping

strategy sequence, applying magnets onto the fabric to hold it in place at each step.

Figure 9-1: Surface decomposition and vertex labelling
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9.1 Partial draping demonstrations

9.1.1 Draping starting direction

The draping algorithm requires starting directions for the warp and weft yarns to be defined so that
the yarn orientation angles can be calculated for each surface. Since warp and weft yarn orientation
angles are calculated using vectors, the angles are directly related to the directions along which the
yarns are extending. Establishing a starting direction ensures that the angles calculated are
appropriately referenced. Appendix C details how the warp and weft orientation angles are
calculated using orientation vectors extracted from simulations results, and base surface edges
which are identified using vectors following the same sequence for each base surface. Further
details on the draping algorithm calculations are presented in Section 9.3. After the starting surface
is selected and covered, results along the edges of that surface will be extracted from Database A
hence known, at which time warp and weft yarns starting direction are designated. For the cases
considered here, warp and weft yarns on the starting surface always begin orthogonal, and always
at the centre of the starting surface. The yarns spread over the starting surface until edges common
to neighbouring base surfaces are reached. At this stage, the warp yarns and weft yarns do not have
a designated direction of path along which to extend further; this is defined by the draping strategy.
The first connection made between two base surface, 1-2 in Figure 9-2, defines the starting and
travel direction of the warp yarns, weft yarns, or both. From the designation in Nottingham

Drapelt, the starting weft direction is always 90° counter clockwise from the warp starting
direction. Alternatively, the starting warp direction is always 90° clockwise from the weft starting

direction.

In the event that the first draping strategy connection is along an angled edge, or the starting

orientation is not 0°/90° for the first surface edges, the first base surface link still defines the starting
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direction for both yarns. For example, the draping sequence in Figure 9-2 is 1-2, 1-3. Since 1-2 is
the first step in the strategy, warp yarns move onto surface 2 first therefore defining the extending
direction for the warp yarns. Alternatively, the starting directions for the yarns in Figure 9-2 b)

simply follow the yarn paths as they follow connection 1-2 into surface 2.

Warp yarns Weft yarns

1-2 1-2
=
1 2 2
- I -
1-3 ¥ 1-3 '
3 3
Warp starting direction Warp starting direction
1-2 1-2
- : 7
1 L 2 \ 2
1-3H o 1-3
v Weft v Weft
3 starting 3 starting
direction direction
(a) (b)

Figure 9-2: Warp and weft starting orientations (a) aligned and (b) misaligned with edges

9.1.2 Demonstration 1 and 2

In order to test different draping strategies, partial draping strategy sequences were draped onto
the mould surface, to compare physical results with draping algorithm predictions and to validate
the consolidation of boundary conditions method discussed in Chapter 9. The first three steps for
six different draping strategies are presented in Table 9-1. Three more steps would be needed to

cover this mould completely but for the purposes of confirming algorithm results and
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demonstrating the consolidation of boundary conditions, only the first three steps were used for all

demonstrators.

A plain weave glass fibre fabric was cut into two patterns, Figure 9-3, so that the first two steps in
draping strategies 1 and 2 could be performed. A 1 cm x 1 cm grid was drafted on the patterns to
denote the warp (red) and weft (blue) yarns as well as allowing shear to be observed more easily.
These partial draping demonstrations confirmed the different boundary conditions introduced
when probing draping strategies step by step. The starting base surface for these demonstrators

was base surface 1 with warp and weft yarn orientations along edge AC at 90° and 180°

respectively.
Table 9-1: Partial draping strategies
Draping 1-2 1-4 2-3 3-2 34 4-3
Strategy Y/N | Seq.# | Y/N | Seq.# | Y/N | Seq.# | Y/N | Seq.# | Y/N | Seq.# | Y/N | Seq. #
1 Y 1 N - Y 2 N - Y 3 N -
2 N - Y 1 N - Y 3 N Y 2
3 Y 1 Y 2 Y 3 N - N - N -
4 Y 1 Y 2 N - N - N - Y 3
5 Y 2 Y 1 Y 3 N - N - N -
6 Y 2 Y 1 N - N - N - Y 3
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Figure 9-3: Pattern 1 (left); Pattern 2 (right)

Using pattern 1 for draping strategy 1, the first step draped the fabric from flat base surface 1 to
single curvature base surface 2. Results presented in Chapter 6 confirm that single curvature and
flat base surfaces do not cause shear, therefore no shear was observed during this step. Step 2 in
the sequence draped the fabric from single curvature base surface 2 over double curvature base
surface 3. The draping boundary conditions for the warp and weft orientations along edge AC of
base surface 3 are 90° and 180° respectively. These boundary conditions are defined using the
standard edge vector directions and the starting warp and weft yarn orientation directions, Figure
9-4. This caused similar amounts of positive shear and negative shear, following the definition
highlighted in Section 6.3 on edges CD and AD respectively. For the partial demonstration, shear
angles can be observed in Figure 9-5. Using pattern 2, step 1 in draping strategy 2 is similar to step
1 in draping strategy 1 — moving from a flat base surface to a single curvature base surface.
Boundary conditions for warp and weft orientation angles along edge AD for base surface 3 were
0° and 90° respectively. Strategy 2 lead to similar results for surface 3, causing positive shear and
negative shear along edges CD and AC respectively. Partial demonstration results using pattern 2

are shown in Figure 9-5.
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Figure 9-5: Pattern 1 (left) and pattern 2 (right) partial demonstration results

The partial draping sequence demonstrations allowed changes in yarn orientations to be observed
in the first two steps of both draping strategies. These changes directly influence the next steps in
each strategy, therefore confirming different boundary conditions when connecting base surfaces.
For both strategies, draping algorithm predictions are outlined in Table 9-2 and Table 9-3.
Comparing the results to the demonstrations is difficult due to the curved nature of the surfaces
and the geometry of the patterns. Results for these algorithm predictions are confirmed later in the

next section.
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Table 9-2: Linear function results for surface 3 draping from surface 2

Base Surface 3 Linear Function Results (°)
Edge | Point | Shear Angle | Warp Orientation Angle | Weft Orientation Angle
D 1.53 49.9 95.6
DC | Mp. 14.4 30.76 106.3
C 1.63 7.17 84.3
A -1.88 173.13 94.99
AC | My -16.35 148.32 105.33
C -0.77 134.91 135.86

Table 9-3: Linear function results for surface 3 draping from surface 4

Base Surface 3 Linear Function Results (°)
Edge | Point | Shear Angle | Warp Orientation Angle | Weft Orientation Angle
D 1.53 7.17 95.6
DC | Mp. 14.4 30.76 106.3
C 1.63 49.9 84.3
A -1.88 85.01 6.87
AD | Myp -16.35 74.67 31.68
D -0.77 44.14 45.09

9.2 Validating consolidation of boundary conditions

Both draping strategies were performed using a square pattern of fabric to validate the
consolidation of boundary conditions method presented in Chapter 9. Following draping strategy

1, the square pattern was draped over four surfaces in sequence, Figure 9-6.

It was observed that the warp and weft yarn orientations from base surface 3 along edge AD
contributed to shear on base surface 4. To compare the demonstrated physical results to the results
determined by the draping algorithm, calculations for the warp and weft yarn orientation angles

on edges BD and CD of base surface 4 were performed using linear functions.
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Since the linear functions produce results at three locations along each edge, averages were taken
for the warp orientation, for the weft orientation and shear angles, for both edges, and these
averages were used as boundary conditions. These boundary conditions were applied at the
midpoint of edge AB on base surface 4, and at the midpoint of edge AC of base surface 4. From
the midpoint of 4B, no shear was observed since the fabric was moving from a flat base surface to
a single curvature base surface. Alternatively, the shear induced by base surface 3 was carried into
base surface 4. Averaging the results along edges BD and CD of base surface 4 using yielded a

final shear angle of -22.5°.

On base surface 7, angular measurements were taken between warp and weft yarns to confirm the
results calculated by the draping algorithm. Five measurements were taken along AB on surface
7, yielding a final average shear angle of -31°. The greater measured shear angle can be attributed
to the fact that averages were used for the draping algorithm results along the edges. This can also
be attributed to shear progression not being addressed in this iteration of the algorithm. Since a
double curvature surface is encountered, a change in shear angle and warp and weft yarn
orientations is observed on edge AC which would lead to shear progression. This would cause

shear to increase to a maximum on the adjacent single curvature surface.

The same procedure was followed for draping strategy 2 to calculate the final shear and warp and
weft orientation angles for surface 2. Due to the symmetric nature of this demonstrator, the same

average shear angle of -22.5° was calculated using the draping algorithm, and an average of -33°

was measured on flat base surface 5.
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Figure 9-6: Draping strategy 1 (left) and draping strategy 2 (right) demonstrations

For the remaining draping strategies, it was observed that each one yielded the same results.
Strategies 3, 4, 5 and 6 all covered base surface 3 last, causing it to have two boundary conditions.
Since the boundary conditions remained the same for all four strategies, the draping algorithm
always predicted the same result. Cases like these reinforce the usefulness for multiple draping
definitions which were discussed in Chapter 9. Since this version uses definition 1, each of these
strategies would be probed as they are each defined as unique strategies. If definition 2 had been
used, the draping algorithm would have identified that these four draping strategies all contain the
same base surface connections, but in a different sequence. This would eliminate three possibilities
since they would all yield the same results. For symmetric mould surfaces, definition 2 may assist

in drastically reducing the number of strategies that need to be probed.

9.3 Draping algorithm sample

At the time of writing, all the steps described above are performed manually for each base surface.
In the future, all complete strategies and their results will be probed quickly using the final version

of the predictive tool. The following calculations were performed for draping strategy number 3
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using the core conical frustum parameters calculated for base surface 3, and the boundary

conditions along edge AB for surface 4 and edge DC for surface 2. Core conical frustum parameters
are as follows: |R—1| =0, |R—2| = |Z| Cgr = 2.5 cm and, f =90°. Table 9-2 and Table 9-3 express

the results on surface 3 using boundary conditions from surfaces 2 and 4.

As a starting point, warp and weft yarn starting directions are defined. For strategy 3, the fabric is
placed on surface 1 with weft yarns travelling into surface 2, and warp yarns travelling into surface
4. Since 1-2 is the first step in the sequence, the weft yarn starting direction is defined toward base
surface 2 from base surface 1, and the starting direction defined for the warp yarns is toward base
surface 3 from base surface 1, Figure 9-4. Following the draping strategy in sequence, the first two
steps induce no shear on the fabric since the surfaces are single curvature. Boundary conditions
calculated for surfaces 2 and 4 using the starting directions and edge vectors for surface 1 are

presented in Table 9-4 and, respectively.

Table 9-4: Base surface 2 edge boundary conditions

Base Surface 3 Linear Function Results (°)
Edge | Point | Shear Angle | Warp Orientation Angle | Weft Orientation Angle
A 0 90 180
AB | Myp 0 90 180
B 0 90 180
B 0 90
BD | Mpp 0 90
D 0 90
D 0 90
DC Mpc |0 90
C 0 90
C 0 180 90
CA Mcg | O 180 90
A 0 180 90
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Table 9-5: Base surface 4 edge boundary conditions

Base Surface 3 Linear Function Results (°)
Edge | Point | Shear Angle | Warp Orientation Angle | Weft Orientation Angle
A 0 0 90
AB | Myp 0 0 90
B 0 0 90
B 0 90 180
BD | Mpp 0 90 180
D 0 90 180
D 0 180 90
DC Mpc |0 180 90
C 0 180 90
C 0 90
CA Mcg | O 90
A 0 90

Boundary conditions along edge DC for surface 2 and edge AB for surface 4 were translated into
boundary conditions for edges DA and AC on surface 3. The average warp orientation and weft
orientation angles were calculated at the midpoint of each edge and used in the linear functions for

the draping parameters.

The conical frustum parameters were input into linear functions for warp orientation and weft
orientation angles at points C, My, and D. Since the functions were designed using the Taguchi
method, the minimum and maximum levels between -1 and +1 are correlated directly to the
minimum and maximum extents that exist within the database. For example, Cr database ranges
from 2 to 20 cm in the database as designated in Chapter 6. These values correspond to the
minimum and maximum levels for that particular Taguchi modality. Setting Cy to 2.5 causes linear
interpolation to procedure between -1 and 1 setting the level of Cg to -0.94. This process was

completed for all the geometric conical frustum parameters. Boundary conditions for the draping
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parameters were also applied to the function. The results from the linear function yielded a final
warp or weft orientation angle for a specific point on surface 3. Six linear functions were used for
calculating the warp and weft yarn orientation angles at points C, Mp., and D on surface 3. This
process was repeated for the boundary conditions along edge AD, yielding another set of results
along the edge DC. The results for each set of boundary conditions are found in Table 9-2 and

Table 9-3.

The consolidation of boundary conditions was performed as a final step, yielding the warp and
weft yarn orientation results for edge DC on surface 3, Table 9-6. Using the orientation angles,

shear angles along the edge are also calculated. The results from the demonstrator were shown in

Figure 9-7.
Table 9-6: Final draping results along edge DC for draping strategy 3
Base Surface 3 Linear Function Results (°)
Edge | Point | Shear Angle | Warp Orientation Angle | Weft Orientation Angle
D 28.54 89.95 28.48
D Mpc 30.76 106.3 47.06
C 28.54 89.95 28.48
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Figure 9-7: Physical demonstrator results

Results for the consolidation of boundary conditions performed by the draping algorithm were
found to be truthful to the results found from the physical demonstrators. Inevitably during
draping, surfaces with multiple boundary conditions will be encountered especially when probing
through all draping scenarios. To determine the results for cases like these, the consolidation of
boundary conditions is an effective method for generalizing the behaviour. Shear angles and warp
and weft orientation angle outputs enable strategies with the least amount of shear to be identified.
In general, these cases are better than those with high shear angles or large variances in warp and
weft orientations. Overall, this core version of the draping algorithm will be the groundwork used

for the predictive tool.
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10 Conclusions and recommendations

This thesis presents contributions to the preliminary stages of a project for developing a draping

predictive tool. Contributions for this project include:

e Developing of a parameterization tool — the conical frustum — that is used to uniformly
quantify base surfaces on industrial moulds;

e Performing draping simulations following Taguchi methods of experimental design using
the core conical frustum, and populating a database with shear, warp yarn orientation and
weft yarn orientation angles;

e Designing linear functions from database results;

e Investigating unique shear behaviour observed when draping and;

e Developing the core draping algorithm used for linking base surface results.

For the continued development of the draping tool, database population should be an ongoing
process. The more data the draping algorithm has access to, the more accurate the draping results
will be. Ideally, this process becomes automated using all the available conical frustum parameters.
This will allow the algorithm to produce more accurate results on infrequent, complex base

surfaces.

Further investigations on the effect of twisted base surfaces should be performed. Although it is
encompassed into the 12-parameter conical frustum, a statistical analysis featuring twisted flat,

single curvature and double curvature may yield useful results.

The incorporation of shear progression is a necessary addition for the draping algorithm. This
phenomenon is present on nearly every surface featuring double curvature and will undeniably

affect individual draping strategies. The work in this thesis presents the fundamental mechanics
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that highlight what shear progression is and calculations that determine the magnitude and location
of such occurrences. Mitigation techniques such as preliminary shearing or the use of large flat

surfaces as “healing” or adjustment areas for shear are suggestions for future investigations.

Currently, there are investigations being performed on how fabric properties such as bending
stiffness, fabric spring back, friction, and locking angle play a role during the preforming process.
The results are compiled into another database, Database B, which will be used in conjunction
with Database A so that the best draping strategy can be identified using most compatible fabric.
Alongside this, significant progress towards automating point extraction, base surface labelling
and conical frustum calculations from CAD models has been made, and is ongoing to further

hasten the identification of the best draping strategy.
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Appendix A

Remodelling Base Surfaces using ANSYS
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A.1 Basic essential ANSYS commands

The purpose of this Appendix is to introduce a user to basic ANSYS commands used to build base
surfaces and provides one basic example and one complex example of this. ANSY'S, specifically
Mechanical APDL, is used to remodel base surfaces from conical frustum parameters. The
simplest way to remodel the surface consists in using a text file to write a series of command
prompts that build the surface and mesh. To start, a number of essential commands are outlined
below, as obtained from the Mechanical APDL Command Reference [52]. These commands

require the COMMAND function followed by user inputs to be read.

/CLC, /CLEAR: resets all modelling

/PREP7: Sets ANSYS into preprocessing, allowing the commands following to be initiated

ET, ITYPE, Ename, KOPI, KOP?2...: Defines a local element type from the element library
o ITYPE: element reference number (1)

o Ename: sets the element type for the model — the element should always be set to
SHELL181 for building base surfaces

o KOP: key options used to control element behavior (not assigned)

K, NPT, X, Y, Z: Defines a key point
o NPT: reference number for the key point defined at X, ¥, Z
o This is used to set individual key points (such as A, B, C and D from the conical

frustum) within the model, that will be linked together by lines to generate areas

LSTR, P1, P2: Defines a straight line irrespective of the active coordinate system
o PI: starting key point

o P2: ending key point
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LARC, P1, P2, PC, RAD: Defines a circular arc

o PC: key point defining plane of arc and centre of curvature side (positive radius)
that does not have to be in the centre of curvature

o RAD: radius of arc

o Note: The line number is assigned sequentially by input and not specified by the
user

AL, L1, L2, L3, L4: Generates an area bounded by lines

o LI,L2,...: List of lines defining the area (minimum 3)

AESIZE, ANUM, SIZE: specifies the element size to be meshed

o ANUM: should be set to “all” since we want all the areas to be meshed at the same
size

o SIZE: desired element size based on component size. Smaller element sizes yield
more refined meshes and therefore more elements and nodes. Large element sizes
tend to deform the geometry

MSHAPE, Key, Dimension: Sets element shape to be used for meshing

o Key: Indicates element shape. Always set to 1 for triangular meshes
o Dimension: Specifies model dimension

MSHKEY, Key: specifies whether free or mapped meshing should be used

o Key: Always set to 1 for mapped meshing

AMESH, NA1, NA2, NINC: generates nodes and area elements within defined areas

o NAI, NA2, NINC: Mesh areas from NAI to NA2 in steps of NINC. Setting this to

ALL simply chooses all surfaces
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The text file used for command prompts follows a standard outline.

1. Starting prompts (/CLC, /CLEAR, /PREP7)
2. Element selection (ET)

3. Key points, lines, arcs

4. Building areas

5. Meshing

A.2  Five parameter base surface remodelling example

Given the basic conical frustum parameters below, a command script can be written to build and

mesh the surface in ANSYS.

Table A-1: Basic conical frustum parameters

Conical Frustum X % 7z
Parameters

A= -1.414 2 -1.414
C 0.586 0 -1.414
D -1.414 0 0.586

EA 0 cm

|R—2| 2 cm
|Z| 2 cm
Cp 2 cm
p 90°

The centre point for ellipse 2 is added as a key point during modelling to define the plane of the

arc and the centre of curvature (PC) which are determined during conical frustum calculations.
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/clc 1. Starting prompts reset
/clear | ANSYS modelling space
/prep7 | and enters preprocessing

2. Enables shell elements

ET,1,shelll181
> to be modelled

,-1.414,0.000,-1.414, 3. Key point 1 is the centre point
,-1.414,2.000,-1.414 for ellipse 2
8
4

K,1
K,2
K,3,0.586,0.000,-1.414 | Key points 2 — 4 are locations of 4,
K,4 14,0.000,0.586 = (C and D

C,2,3,1,2.000 | 4. Arcs drawn between the key points 2 and 3, 2
LARC,2,4,1,2.000 | and 4, and 3 and 4, all using key point 1 as the
C,3,4,1,2.800 | 41¢ reference. All radii are equal to 2 cm (C,)

4. Area build from lines 1. 2. 3

AESIZE,ALL,0.1275
MSHAPE, 1, 2D
MSHKEY, 1

AMESH, ALL

5. Surface meshed
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Figure A-1: Five parameter frustum modeling sequence: key points, lines, area, mesh
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A3 12 parameter base surface remodelling example

A few additional commands may be necessary when remodelling base surfaces using the 12-

parameter frustum.

e LOCAL, KCN, KCS, XC, YC, ZC, THXY, THYZ, THZX, PARI, PAR?: defines a new local

coordinates system by location and orientation

O

KCN: coordinate system reference (must be greater than 10)
KCS: coordinate type (in most cases this will be 2 or SPHE for spherical)
XC, YC, ZC: location, in global coordinate system, of the origin of the new
coordinates system
THXY: first rotation about local Z (positive X toward Y)
THYZ: second rotation about local X (positive Y toward Z)
THZX: third rotation about local Y (positive Z toward X)
= Axes remain perpendicular during rotations. Rules for calculating THXY,
THYZ, THZX can be found in section A 4.
PARI: used for elliptical systems; this is the ratio of the ellipse Y-axis radius to X-
axis radius in the new local coordinate system
PAR?2: used for elliptical systems; this is the ratio of the ellipse Z-axis radius to X-

axis radius

It is important to note that once the local coordinates system is defined, it becomes the active

coordinate system. In the context of remodelling base surfaces, the main purpose of the local

coordinate system is to establish centre points for ellipses and should be used in conjunction with

command L (below) as the final set of commands before generating an area and the mesh.
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e L, Pl P2 NDIV, SPACE, XV1, YVI, ZV1, XV2, YV2, ZV2
o PI: Key point at the beginning of the line
o P2: Key point at the end of the line
o NDIV: number of element divisions along line (no need to set if using LESIZE)
o SPACE: spacing ratio for elements (no need to set if using LESIZE)
o XVI, YVI, ZV1: location of head of slope vector corresponding to the slope at the
P1 end of the line in active coordinate system (no need to set)
o XV2, YV2, ZV2: location of head of slope vector corresponding to the slope at the

P2 end of the line (do not need to set)

Larger base surfaces may require extra key points and line segments that are stitched together,
since the L command may exaggerate some features. Given the frustum parameters in Table A-2
below, a series of command prompts are written into a text file to generate the meshed surface in

following sections.
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Table A-2: 12 parameter conical frustum parameters

Conical Frustum X % 7
Parameters

A -1 11 3
B 0 10 0
C 2 0 0
D 0 0 -0.5
R,| 2.449 cm
|774] 2.236 cm
|R’;| 2 cm
|75 0.5 cm

L] 10.25 cm

Cr 25cm

C, 25 cm

B 90°

B 90°

04 155.91°

0, 167.40°

a 90°

Extra known information

Cq -2 10 1
C, 0 0

Ny -1 5 -2
N, 0 -1 0
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A4 Calculating THXY, THYZ, THZX for a new local coordinate system

As defined in the LOCAL command, THXY, THYZ, and THZX are individual angular rotations
that can be set to define a new local coordinate system. They occur in the sequence presented.
These rotations take place in reference to the original origin vectors defined VX = (1,0,0), VT, =
(0,1,0), and V? = (0,0,1). To start, the normal vector for Ellipse 1 is split into each of its
components in each plane and the magnitude of the component vectors are calculated. These
components outlined in Figure A-2 are projections of the normal vector on the xy, yx and zx planes.

For |E| in the example above:
Ny = (-1,5,-2)

Niy, = (5,-2),|Npy,| = 5385

Nigy = (=2,-1), |m| = 2.236

N 1xy z
y
N,
X o Y
y X
N N 1zx
1lyz

Figure A-2: Planar vectors components
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Similarly, the component vectors for the origin vectors are also projected onto each plane.

Vy = (1,0,0)

VX—xy = (1' O)' |VX—xy| =1

VX—yz = (O' O)' |VX—yz| =0

VX—zx = (O' 1)' |VX—zx| =1

Vy = (0,1,0)

VY—xy = (O' 1)' |VY—xy| =1

VY—yz = (1' O)' |VY—yz| =1

VY—zx = (O' O)' |VY—zx| =0

V; =(0,0,1)

VZ—xy = (O' O)' |VZ—xy| = 0

VZ—yz = (O' 1)' |VZ—yz| =1

VZ—zx = (1' O)' |VZ—zx| =1

The subscript sequence is always the sequence of vector components. Using the Equation and rules
below, THXY, THYZ, and THZX are calculated. Figure A-3, Figure A-4 and Figure A-5 show each

rotation in sequence changing from the original orientation to a new final orientation defined by

Fl for ellipse 1. This coordinate system rotation allows lines to be draw between keypoints on the

ellipse 1 plane.
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—_—

Vy - N
cos(Brxy) = (V"”—NYO (23)
X 1xy

(24)

Vy - lez )

COS(QTHYZ) = <|7||N |
Y lyz

(25)

cos(Oryzx) = <——

1%t Rotation: THXY

1. Ifthe X component and Y component of E are both positive, use Vy_,, the X¥ component
of V—X

2. Ifthe X component and ¥ component of Fl are both negative, use VX—_xy, the XY component
of V—X

3. Ifthe X component of Fl is positive and ¥ component of E is negative, use VX—_xy, the XY
component of V—X but add a negative to the resulting angle.

4. 1If the X component of Fl is negative and Y component of E is positive, use VX——xya the XY

component of V—X

z
z
‘ q\ y
—
X v THXY
X
Original Axis 1" rotation about local z-axis

Figure A-3: 1% axis rotation: THXY
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2nd Rotation: THYZ

1. Ifthe Y component and Z component of E are both positive, use m, the YZ component
of VT,

2. Ifthe Y component and Z component of Fl are both negative, use Tyz' the YZ component
of VT,

3. Ifthe Y component of E is positive and Z component of E is negative, use m, the YZ

component of VT, but add a negative to the resulting angle.

4. If'the Y component of E is negative and Z component of E is positive, use Vy_,,, the YZ

component of V—Y

z
z
y
THYZ
T y ‘
—>
THXY
X
15t rotation about local z-axis 2 rotation about new local x-axis

Figure A-4: 2" axis rotation: THYZ
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3t Rotation: THZX

1. Ifthe Z component and X component of Fl are both positive, use V,_,,, the ZX component
of .
2. Ifthe Z component and X component of E are both negative, use V;,_,,, the ZX component

of .

3. Ifthe Z component of E is positive and X component of E is negative, use V,_,,, the ZX

component of Vzbut add a negative to the resulting angle.

4. 1If the Z component of E is negative and X component of E is positive, use V,_,,, the ZX

component of 72

nd 3rd t t.
2 rotation rotation

Z
y
\ THYZ THZX
=
X

2" rotation about new local x-axis 3" rotation about new local y-axis

Figure A-5: 3" axis rotation: THZX
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A5 12 parameter frustum ANSYS command textfile

/clc

/clear

/prep’

ET,1, shelll8l

INOTE: exclamation points denote comments and aren’t read by ANSYS
!Keypoints
K,1.0,0.000,10.000,0.000
K,2.0,0.405,5.015,-0.553
K,3.0,-0.000,-0.000,-0.500
K,4.0,0.090,10.100,0.205
K,5.0,0.596,5.073,-0.400
K,6.0,0.200,0.000,-0.497
K,7.0,0.160,10.200,0.420
K,8.0,0.768,5.130,-0.239
K,9.0,0.400,0.000,-0.490
K,10.0,0.208,10.300,0.646
K,11.0,0.923,5.187,-0.071
K,12.0,0.600,-0.000,-0.477
K,13.0,0.233,10.400,0.883
K,14.0,1.062,5.243,0.107
K,15.0,0.800,-0.000,-0.458
K,16.0,0.232,10.500,1.134
K,17.0,1.184,5.300,0.294
K,18.0,1.000,-0.000,-0.433
K,19.0,0.200,10.600,1.400
K,20.0,1.287,5.356,0.494
K,21.0,1.200,-0.000,-0.400
K,22.0,0.128,10.700,1.686
K,23.0,1.368,5.413,0.712
K,24.0,1.400,0.000,-0.357
K,25.0,0.000,10.800,2.000

K,26.0,1.417,5.469,0.958
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K,27.0,1.600,0.000,-0.300
K,28.0,-0.228,10.900,2.364
K,29.0,1.412,5.523,1.256
K,30.0,1.800,-0.000,-0.218
K,31.0,-1.000,11.000,3.000
K,32.0,1.103,5.566,1.860
K,33.0,2.000,0.000,0.000

!Arcs

LARC,1.0,3.000,2.000,-25.000
LARC,4.0,6.000,5.000,-25.000
LARC,7.0,9.000,8.000,-25.000
LARC,10.0,12.000,11.000,-25.000
LARC,13.0,15.000,14.000,-25.000
LARC,16.0,18.000,17.000,-25.000
LARC,19.0,21.000,20.000,-25.000
LARC,22.0,24.000,23.000,-25.000
LARC,25.0,27.000,26.000,-25.000
LARC,28.0,30.000,29.000,-25.000
LARC,31.0,33.000,32.000,-25.000

!New Coordinate System for Ellipse 1
LocaL,11.0,2.0,-2.0,10.0,1.0,101.309,-21.8,0.00,1.00000,1.09545

!Lines connecting sections on each plane

L,7,10

L,10,13
L,13,16
L,16,19
L,19,22
L,22,25
L,25,28
L,28,31
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!New Coordinate System for Ellipse 2

rocar.,12.0,1.0,0.0,0.0,0.0,0.0,90.0,0.00,0.25000,1.00000

L,9,12

L,12,15
L,15,18
L,18,21
L,21,24
L,24,27
L,27,30
L,30,33

!Areas
AL,1,12,2,22
AL,2,13,3,23
AL,3,14,4,24
AL,4,15,5,25
AL,5,16,6,26
AL,6,17,7,27
AL,7,18,8,28
AL,8,19,9,29
AL,9,20,10,30

AL,10,21,11,31

!0Ordered Meshing
AESIZE,ALL,0.5
MSHAPE, 1,2D
MSHKEY, 1

AMESH, ALL
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Appendix B

ANSYS to Nottingham Drape It
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B.1 Nottingham Drapelt input geometry file overview

The purpose of this appendix is to take a base surface modelled in ANSYS and create a mesh
compatible with Nottingham Drapelt. Appendix A outlined the steps to build such meshes, but
conversion into the Nottingham drape format file (.ncd) is required for importing the surface into
Drapelt. These imported surfaces will allow simulations to be performed and the database to be

populated. The .ncd files are formatted in the following sequence:

¢ Maximum and minimum volumetric coordinates in which the mesh is defined
o This does not have to be exact so long as the volume is greater than the mesh
e Total number of nodes
e List of nodes and their respective Cartesian coordinates, in sequence and without any nodes
missing
e Total number of elements
e List of elements and the nodes associated with each element, in sequence and without any

elements missing
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Maximum and Minimum

Note: Data in the .ncd file is spaced using tabular columns copied from an Excel workbook. As

long as the spacing is consistent, all spaces or all tabs, the file will function correctly.

ANSYS allows for node and element coordinates to be extracted easily from the modelled surface
and compiled through an Excel workbook (.xlsx) into the correct .ncd file format. In addition to

individual base surfaces, if portions of moulds made up of multiple connected base surfaces are

20 20 .
% o0 | Volume Coordinates
20 20

817 [ ¢ Total Number of Nodes
1 T1.414 2 T1.414

2 0.586 @ -1.414

3 -1.315864651 1.997590912 -1.214|| Node Number and

4 -1.217965719  1.990369453 -1.414 :

5 -1.120539051  1.97835302 -1.414 Coordinates (X,y,z)

6 -1.023819356  1.961570561 -1.414

7 -0.92803964 1.940062506 -1.414

8 -0.833430645  1.913880671 -1.414

9 -0.740220293  1.88308813 -1.414

10 -0.648633135  1.847759065 -1.414

11 -0.558889813  1.807978586 -1.414

12 -0.471206526  1.763842529 -1.414

13 -0.385794511  1.71545722 -1.414

14 -0.302859534  1.662939224 -1.414

810 -0.103524785  1.310475208 -0.907335979

811 -8.47E-02 1.329315678 -0.978677312 [

812 -6.71E-02 1.34685618 -1.050526526

813 -5.09E-02 1.363055976 -1.122757234|| Node Number and
814 -3.61E-02 1.377890305 -1.195235871 .

815 -2.26E-02 1.391355598 -1.2678493 Coordinates

816 -1.05E-02 1.403486449 -1.340629519

817 -0.311366514  1.102632776 -0.334068546 |

1530 € Total Number of
1 50 97 801 801 Elements

2 50 51 97 97

3 51 112 97 97

4 51 52 112 112 Element Number
5 52 127 112 112 |4 .

. - 53 1y 127 € and associated

7 53 142 127 127 Nodes (1, 2, 3, 3)
8 53 54 142 142

9 55 142 54 54

10 55 157 142 142

11 56 157 55 55

modelled in ANSYS, the same procedure can be used for building .ncd files.
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B.2 Node Extraction and Organization Steps
Once a base surface is modelled and meshed in ANSY'S, nodes are extracted and organized through

the following steps:

1. Select the List tab — “Nodes”

2. Check “Coordinates Only” when the Sort NODE Listing window opens — OK

JAY ANSYS Academic Teaching Introductory Utiity Menu - I3
Eile Select List Plot PlotCtris WorkPlane Parameters Macro MenuCtris Help
e — I\ Sort NODE Listing
0|z @le ;I:Iis : [NLIST] Select node-list format and sorting criteria
Toolbar Output listing will contain @
SAVE pB|| Keyoint " DWRGRPH € Coord. wf Angles
4 /L\mes - & Coordinates only
reas
Main Menu Veres Sort first by NODE Number - 1 j
Preproce: L TN ELEMENTS Sy [NODE Namber =] [y
Solution Elements =]
General P Components 5
TimeHist|  Picked Entities + Sl NODE Number v ]
OMTool / =)
adiation  Properties > a
essionE  Loads e Ened) [ Help |
& Finish Results » 8|
Other 4 (=)
8|
Y
Ky
N 2|
File Q
Al
©
°)
HODE E Y z
1 -1,41400000000 2.00000000000 -1.41400000000 ®
2 0.586000000000 0.00000000000 -1.41400000000
3 -1.31586465130 1.99759091241 -1.41400000000 <
4 -1.21796571925 1.99036945334 -1.41400000000
T B
7 -0.928030630075 . B
8 -0.833430645232 1.91388067139 @
9 -0.740220292925 1.88308813026
648633135149 8 6497 -1.41400000000 )
58617 -1.41400000000
4712065261 2659 41400000000 @
385704511384 . 986 41400000000
. 302859533701 N 41400000000 2
220601390728 N -1.41400000000
0. 145213431361 X 1. 3-
-0.708820900710E-001 . -1.41400000000
.213562629774E-003 414 1 -1.41400000000 °a
0.679022509345E-001 . *}.414UUIJUUDDU
1 . -1
\ Pick a menu item or enter a command (PREP7) mat=1 |type=1 real=1 \ csys=0 | secn=1

Figure B-1: Node data extraction
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3. When the NLIST (node list) window appears, copy all the contents and paste into an Excel
spreadsheet using the Text Import Wizard found under Paste in the Home tab of Excel
a. Ensure delimited is selected — Next
b. Choose “Space” delimiter — Next

c. Column data format “General” — Finish

|
‘ Text Import Wizard - Step 2 of 3 ? X

| The Text Wizard has determined that your data is Delimited. This screen lets you set the delimiters your data contains. You can see how your text is affected in the

| iew below.

| If this is correct, choose Next, or choose the data type that best describes your data. PISVICWIRCOW:

i Original data type Delimiters

| Choose the file type that best describes your data: D Tab

@ Delimited - Characters such as commas or tabs separate each field. [ semicolon [ Treat consecutive delimiters as one
O Fixed width - Fields are aligned in columns with spaces between each field. D Comma e |
Text gualifier: [
Space

‘l Start import at row: |1 3| File origin: | Windows (ANSI) vl [ other:

|

| [ My data has headers.

| Data preview

|

| Preview of selected data:

|

| B ~ ~
| LIST ALL SELECTED NODES. DSYs= ] | IST L [FELECTED NODES. pSYS= [

g SORT TABLE ON NODE NODE NODE ORT [TABLE PN [ODE ODE [ODE

| [e] wopz X ¥ z v | ODE 4 v
|

|
I Cancel e Finish Cancel <Back Finish
!

Text Import Wizard - Step 3 of 3

This screen lets you select each column and set the Data Format.
Column data format
@® General
‘General’ converts numeric values to numbers, date values to dates, and
O Text all remaining values to text.
O Dpate: | YMD v Advanced...
O Do not import column (skip)
Data preview
1 Lepera 2
A
IST RLL [FELECTED NODES. pPSYS= P
ORT [TABLE PN JODE [ODE ODE
ODE [ 4 v
< >
Cancel < Back

Figure B-2: Importing nodal data into Excel
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4. The node data will be expressed as Node Number, X, Y and Z coordinates in Excel

A B (€ D E F G H
LIST ALL SELECTED NODES. DSYS= 0
SORT TABLE ON NODE NODE NODE
NODE X Y z

1 -1.414 2 -1.414

2 0.586 0 -1.414

3 -1.31586 1.997591 -1.414

4 -1.21797 1.990369 -1.414
10 5 -1.12054 1.978353 -1.414

6

7

8

9

0 N O U s W N -

-1.02382 1.961571 -1.414
-0.92804 1.540063 -1.414
-0.83343 1.913881 -1.414
-0.74022 1.883088 -1.414

15 10 -0.64863 1.847759 -1.414
16 11 -0.55889 1.807979 -1.414
17 12 -0.47121 1.763843 -1.414
18 13 -0.38579 1.715457 -1.414
19 14 -0.30286 1.662939 -1.414
20 15  -0.2226 1.606415 -1.414
21 16 -0.14521 1.546021 -1.414
22 17 -7.09e-02 1.481902 -1.414
23 18 2.14E-04 1.414214 -1.414
24 19 6.79e-02 1.343118 -1.414
25 20 0.132021 1.268787 -1.414
26

27 NODE X Y z

28 21 0.192415 1.191399 -1.414
29 22 0.248939 1.11114 -1.414

Figure B-3: Copied node data from ANSYS

5. Select all the columns — Select Sort & Filter in the Home Tab — Smallest to Largest
Note: All text needs to be deleted during this process — once the data is sorted, all the text
should be at the bottom of the data. Nodes are listed in groups of 20 with new titles and
spaces between each series. For the .ncd to function correctly there can be no spaces or text
between the sequential node data

6. Add 4 rows above the node data and input the volume coordinates that delimit the mesh

Note: These limits do not have to be exact, as long as they are larger than the base
surface.

7. In the 4" row directly above the node number, input the total number of nodes, the number
at the bottom of the list.

8. At this stage, make sure to delete any text in the spreadsheet.
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Paste

B1

@[~ |o|s|wn|=

1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Modelling DoorFrame Corner - Excel s} X
— Jacob Hoffer £ St.are
T é:i:;yv Calibri no- General [;) Normal Bad Good ;ﬂj z'é‘x lij I”‘j’s“"‘ Br p
& FormatPainter | B I M v |[Ei-[&- $-% > | W Ff,':,'::;;':'“};’:f:,“ Neutral o nsert Delte Format f R.:'eisr::ﬁ
Clipboard Font Numb: Styles Cells ] Sort Smallestto Largest
- £ 21 Sort Lorgest to Smallest
A B = D E F G H J K L M N o P Q R S T U
|
<— Title text deleted prior to sort Sortv
NODE X Y z
I T
5 e A it
s ageen vl
R e A e
2ol
¥ ] Ao aew]
2 e gy ]
| 21 x0.192415 v1.191399 i -1.414
Max Min
A | B | ¢ Rows added for volumetric
LI ED.¢ . 20 | coordinates
2|y | 20 20
3| 7 20 20
4 > 317« Total Number of Nodes
5 1 -1414 2 1414
6¥ 2 0.586 0 -1.414
7A 3 -1.31586 1.997591 -1.414
8| 4 -1.21797 1.990369  -1.414
9 5 -1.12054 1.978353  -1.414
10 6 -1.02382 1.961571 -1.414
1 7 -0.92804 1.940063 -1.414
12| 8 -0.83343 1913881  -1.414
13 9 -0.74022 1.833088  -1.414
14 10 -0.64863 1.847759 -1.414
808| 804 -0.24117 1.17283 -0.49603
809| 805 -0.21547 1.198528 -0.56201
810_ 806 -0.15084 1.22316 -0.6292
81[ 807 -0.1673 1.246699 -0.69744
812| 808 -0.14488 1.269117 -0.76662
813| 809 -0.12361 1.290389 -0.83662
814_ 810 -0.10352 1.310475 -0.90734
815A 811 -8.47E-02 1.329316 -0.97868
816, 812 -6.71E-02 1.346856 -1.05053
817| 813 -5.09E-02 1.363056 -1.12276
818_ 814 -3.61E-02 1.37789 -1.19524
81% 815 -2.26E-02 1.391356 -1.26785
820| 816 -1.05E-02 1.403486 -1.34063
821| L 817 -0.31137 1.102633 -0.33407
822 NODE X Y z
d Delete all text
823 NODE X Y Z
B NODE It > 7 below node data

Figure B-4: Organizing nodal data in Excel
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B.3 Element Extraction and Organization Steps

A similar process is used for extracting and organizing element information:

1. Select the List tab — “Elements” — “Nodes & Attributes”

2. When the ELIST (element list) window appears, copy all the contents and paste into the
same Excel spreadsheet, below the node information (same steps as 3, a), b) and c) in the
Node Extraction and Organization Steps Section). Note: Leave at least one row between

the end of the Node data and the beginning of the Element data

JAY ANSYS Academic Teaching Introductory Utility Menu

Eile Select List Plot PlotCtris WorkPlane Parameters Macro MenuCtris Help

D|s|@e Fles X B ==
~ Status >
Toolbar ®
Keypoint 4
SAVE_DB DWRGRPH
—‘,- Lines ... —,
Areas
Main Menu &) B
B Preferenc NoLTes 1
Preproces Nodes ELEMENTS i‘
Solution Y
General P Components Nodes + Attr + RealConst ﬂ
TimeHist|  Picked Entiies + /
@ ROM Tool Attributes + RealConst A\ ELIST Command @
® Radiation  Properties *| Attributes only il ﬂl
SessionE  Loads ’ e
Finish Results ,| Layered Elements ... E
. LIST ALL SELECTED ELEHENTS. (LIST HODES)
Other » g‘
ELEH HAT TVP REL ESY SEC E
0
i
Q
=y
ey
&l
[e]
[=]
il
2]
2|
=]
@|
2]
2|
2|
[
[%8
[ Pick a menu item or enter a command (PREP7) mat=1 [type=1 real=1 [csys=0 [secn=1

Figure B-5: Element data extraction
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3. Select all the columns — Select Sort & Filter in the Home tab — Smallest to Largest
a. Like the node data, elements are listed in groups of 20 with new titles and spaces
between each series. For the .ncd to function correctly there can be no spaces or
text between the sequential element data
4. Delete MAT, TYP, REL, ESY, SEC columns in the element data (contain 1s and Os
exclusive) — these are not needed in the .ncd file. Note: Like for the node data, all text must
to be deleted from the spreadsheet
5. In the row directly after the node data and before the element data, input the total number
of elements

6. Remove any additional columns/spaces between all data. At this point the spreadsheet is

complete
A 8 c D 3 F G H J K L A 8 c D 3 F G H ! J K L
810 -0.10352 1310475 -0.90734 818 814 -3.61E-02 137789 -1.19524
811 -8.476-02 1.329316 -0.97868 . 819 815 -2.26E-02 1.391356 -1.26785
812 -6.71E-02 1346856 -1.05053 Delete tltle text 820 816 -1.056-02 1.403486 -1.34063
813 -5.09E-02 1.363056 -1.12276 821 817 -0.31137 1102633 -0.33407
814 -3.61E-02 137789 -1.19524 822
815 -2.266-02 1.391356 -1.26785 before Sort 823] 1 1 1 1 0 1 50 97 801 801
816 -1.056-02 1.403486 -1.34063 824 2 1 1 1 0 1 50 51 97 97
817 -0.31137 1.102633 -0.33407 825 3 1 1 1 0 1 51 112 97 97
826 a 1 1 1 0 1 51 52 112 112
usT ALL SELECTED ELEMENTS(LIST  NODES) 827 5 1 1 1 0 1 52 127 112 112
828 6 1 1 1 0 1 52 53 127 127
ELEM __ MAT TV REL ESY SEC NODES 829 7 1 1 1 0 1 53 142 127 127
830 8 1 1 1 0 1 53 54 142 142
1 1 1 1 0 1 50 97 01 801 831 9 1 1 1 0 1 55 142 54 54
2 1 1 1 0 1 50 51 97 97 832 10 1 1 1 0 1 55 157 142 142
3 1 1 1 0 1 51 12 97 97 833 u 1 1 1 0 1 56 157 55 55
a 1 1 1 0 1 51 52 112 112 834 12 1 1 1 0 1 56 172 157 157
5 1 1 1 0 1 52 127 112 112
6 1 1 1 0 1 52 53 127 127
7 1 1 1 0 1 53 142 127 127
— iy = m = w Delete these 5 columns
9 1 1 1 0 1 55 142 54 54
. (MAT, TYP, REL, ESY, SEC)
1 1 1 1 0 1 56 157 55 55
12 1 1 1 0 1 56 172 157 157
13 1 1 1 0 1 57 172 56 56
1 1 1 1 0 1 57 187 172 172
A B © D E F
818 814 -3.61€-02 137789 -1.19524
819 815 -2.26E-02 1.391356 -1.26785
820 816 -1.05E-02 1.403486 -1.34063
821 817 -0.31137 1.102633 -0.33407
| 1536 Total number of elements
823 1 50 97 801 801
824 2 50 51 97 97
825 3 51 112 97 97
826 4 51 52 112 112
827 5 52 127 112 112
828 6 52 53 127 127
829 7 53 142 127 127
830 8 53 54 142 142
831 9 55 142 54 54

Figure B-6: Organizing element data in Excel
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7. To created the .ncd file, simply copy all the data into a text file — Save As — Select all

files — [filename].ncd — Save

I8 Untitled - Notepad = (] X
A B C D E File Edit Format View Help
1 20 =2 New Ctrl+N ~
2 20 20 Open... Ctrl+0
Save Ctrl+S
3 20 -20 Save As... _1.414
4 817 Page Setup -1.414
1.997590912 -1.414
5 1 -1.414 2 -1.414 Print... Ctl+P 11 990369453 -1.414
6 2 0586 0 -1414 B 1.97835302 -1.414
1.961570561 -1.414
7 3 -1.31586 1.997591 -1.414 7 -0.92803964 1.940062506 -1.414
8 -0.833430645  1.913880671 -1.414
8 4/ -1.21797| 1.990369 -1.414 9 -0.740220293  1.88308813 -1.414
9 5 -1.12054 1.978353 -1.414 10 -0.648633135  1.847759065 -1.414
11 -0.558889813  1.887978586 -1.414
10 6 -1.02382 1.961571 -1.414 12 -0.471206526  1.763842529 -1.414
11 7 -0.92804 1.940063 -1.414 13 -0.385794511  1.71545722 -1.414
14 -0.302859534  1.662939224 -1.414 .
(_ Y N D D >
Windows (C  Ln 40, Col 31 100%

8 SaveAs
€ > v 4+ ™, ThisPC
Organize v

OneDrive Folders (7)

W This PC 3D Objects r Desktop
9 3D Objects .
I Desktop Documents Downloads
B Documents

Downloads

_ & Pictures

lename.ncd |
Save as type: [ All Files |

Figure B-7: Saving .ncd files

At this point it should be possible to open the file in Drapelt without geometric or technical issues.
It is advised to save the spreadsheet used for generating the .ncd file as it is used at a later stage

for data organization.
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Appendix C

Running Simulations and Extracting Data
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C.1 Running draping simulations in Drape It

Now that compatible models of base surfaces can be loaded into Drape It, draping simulations can

be performed. To run these simulations, follow these steps:

1. Load Geometry into Drape It
a. Be sure to orient the surface in the desired position for draping, and have a draping

starting point in mind

22 University of Nottingham - Drapelt a

File View Geometry Model DrapeOutput ExportFile Help

Load > Geometry.. | xvfxzlvz| aa|lm| Alv|e]
Save > Setup.
Preferences..
Clear
Bxit
=
== Open Geometry File X
n Lookin: [ | | ANSYStoDrapet - «@ekEr
o * Name Date modified Type A
TJ|Ordered_Sphere 21 201811261042 NCDF
| Shade Range || Quick access
|Ordered_Sphere_22 201811261042 NCDF
[ ] ] Ordered_Sphere 23 201811261042 NCDF
NoPys v Deskiop 7 Ordered_Sphere_24 201811191240 NCDF
7| Ordered_Sphere 25 2018-11-261043  NCDF
= n m | Ordered_Sphere_26 2018-11-2610:43  NCDF
- Libraries “|Ordered_Sphere 27 201811261043 NCDF
= Q | Ordered_Sphere 28 2018-11-26 10:44 NCDF
7| Ordered_Sphere_29 201811261044 NCDF
g This PC 7| Ordered_Sphere_30 201811261044 NCDF
Ele] Lé ered_Sphere 31 2018-11-2610:44  NCDF.
e | Ordered_Sphere_32 2018-11-2610:45 NCDF
wor "
(o) < >
2
(e} Fie name: [Ordered_Sphere_27 -] Open
Fies of type: Drape Geometry ('ncd) - Cancel
Ready NUM

Figure C-1: Loading geometry
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2. Select Model — Add Ply — Energy or Kinematic Drape

2 University of Nottingham - Drapelt

File View Geometry Model DrapeOutput ExportFile Help

| || a]y] o alviol
-

Geometry
¥ mesh [
I Dis Elem
™ Node Num
™ Elem Num
™ Norm Vects

0 0.179

Figure C-2: Adding a new ply
3. The following draping parameters can be adjusted by the user:
a. Fibre orientation (degrees)
b. Angle between warp and weft (degrees)
c. Fibre spacing (mm)

d. “Start analysis at” provides the user with options for in determining a starting

location for the simulation

During database population — “near node to mouse click” was used most frequently so that the
exact starting position could be identified if desired. The analysis method should remain as

“vectors”.
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Energy Drape X

General I

Input

Fibre Orientation (deg): {
Angle between Warp and Weft (deg): 90
Fibre Spacing (mm): m: 0 Optimise

n: 0 ¥ Lnkm&n
Shear data file: |c “\users\jacob'\desktop\drape it\au Browse...

Start analysis at Ipoim selected with mouse ﬂ

Analysis Method: ' Vectors { Angles

Advanced >> Cancel

Figure C-3: Adjustable draping parameters

4. Once the draping parameters are set, a starting point is selected on the surface as a start to

draping, and the software runs the simulation.

It is important to note the cursor orientation when selecting a draping starting point. This is
essential when calculating warp and weft orientation angles (see section C.4) along the surface
edges so that they are not mixed in the process. The warp and weft orientations for each plane are

as follows (Figure C-4):

e XY Plane

o Weftis in the positive X direction; Warp is in the positive Y direction
e XZ Plane

o Weftis in the negative Z direction; Warp is in the positive X direction
e YZPlane

o Weftis in the positive Y direction; Warp is in the negative Z direction
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Figure C-5

With the simulation complete, shear angle as well as warp and weft orientation vectors can be

exported for the draped ply. This functionality is found in the export file tab — direction vectors.

formatted as follows

1S

tor (.mdv) file

1rection vec

The material d
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Element
Warp Orientation Vector Weft Orientation Vector ~ Shear Angle

Number

umbe Y 7 X Y 7 (Degrees)
1 0.463525 -0.850928 -0.247116 0.242684 0.867851 -0.433519 -31.255787
2 0.469746 -0.844516 -0.257163 0.235060 0.876175 -0.420789 -31.420433
3 0.494396 -0.832636 -0.249578 0.230337 0.889931 -0.393660 -31.928595
4 0.501336 -0.825284 -0.259940 0.229333 0.894016 -0.384891 -31.519999
5 0.523388 -0.815521 -0.246961 0.225749 0.904791 -0.361095 -32.042339
6 0.534548 -0.804059 -0.260283 0.222658 0.909438 -0.351206 -31.386456
7 0.557106 -0.793320 -0.245512 0.217237 0.919152 -0.328583 -31.835808
8 0.569416 -0.780412 -0.258308 0.214304 0.922959 -0.319719 -31.042511
9 0.591268 -0.770714 -0.237492 0.213169 0.929762 -0.300168 -31.282171
10 0.598507 -0.760618 -0.251495 0.209825 0.932291 -0.294629 -30.626425
11 0.637916 -0.732109 -0.238911 0.208279 0.938614 -0.274996 -29.248894

Figure C-6: .mdv file layout

The shear angle is exported in degrees and in most cases is the equal to the angle between the warp
and weft vector (calculated in section C.4) minus 90°. If the initial angle between warp and weft
is greater or less than 90, further steps outlined in section C.4 are required to calculate the actual
shear angle. For database population the only values of interest are the elements along the edge of
the surface. If multiple yarns run through a single element, Nottingham uses an average vector to

represent both yarns passing through that element.

193



C.2 Edge vector calculation and specific element data extraction

To extract the warp and weft orientation vectors and the shear angles for the elements along the
edges of the simulated surface, the edge elements need to be identified first. Element numbering
can be enabled in the geometry tool. The user should identify the frustum conical parameters at

this stage so that the edges can be correctly labelled and organized into the database.

To hasten the extraction process, elements that have edges that fall on the geometry edges are
noted manually and added to a MATLAB script. This script will use the exported .mdv file from
section C.1. When the mesh was built in ANSY'S, specific commands were used so that elements
would be order in a sequence along the edges, allowing the edge to be spilt into sections where the

element numbers increase uniformly. As an example for edge DC:

e Starting from point D, the element number is 544;
e The elements increase by 32 until element 1024 is reached;
e The element following 1024 is 2. Element number increase by 2 until 8 is reached;

e The final section starts at element 9, increasing by 2 until element 31 is reached at point C;
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Figure C-7: Edge element identification

This is repeated for each edge of the surface so that all the edge data can be extracted automatically
using the MATLAB script. MATLAB exports a new text file that contains solely the elements

along the edges of the base surface as identified by the user.

195



C.3 MATLAB script for edge element extraction

The MATLAB script follwing the instructions is used for extracting specific edge elements on a

base surface. The following MATLAB functions are used in the script [53]:

o uiimport(‘filename’) — opens and important the file designated in the apostraphes.
o anew window is opened displaying importing options for data in the file
o “Fixed Width” is always used for importing a table into MATLAB
o fileID = fopen(‘filename’, ‘permission’) — this function is used to open and write a new file
where the edge element data will go. Permission w allows the file to be written using print
commands
o fprintf (fileID, ‘formatSpec’, Ai,..., An) — used to directly write to the identified fileID

o For text simply write in the desired text in formatSpec with the apsotraphes. Note
that \n is used to drop to the next line.

o To call numbers directly from the imported table, ‘%s ’ is used followed by the
designation of the table row desired to import (A1, ..., An). To call a specfic row
and column in the table simply write the table name, followed by {column, row}.

e for index = values, statements, end— a loop used to repeat a specified number of times
o used for listing individual sections along the base surface edge and printing only

the desired element information to a new textfile
The following instructions are used fpr the MATLAB script to extract specific element data:

1. To start, the uiimport function is run independently from the rest of the script allowing the
.mdv file to be imported into MATLAB. A new window will open displaying importing

options. The “Fixed Width” option is to be selected, then Import Selection. A table name
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can be set directly below column A, which will be used in later commands (MLE900,
Figure C-8) Once complete a table will be imported into MATLAB containing all the data

from the .mdv.

wla Import - C:\Users\jacob\Desktop\Database 1 Simulations\Model 27\Vectors\For Database\MLE_90_0.mdv

IMPORT
7
’ Column deiimiters: Output Type: [ Replace ~ lunimportable cells with ¥ |NaN -+
© Delimited Range: [E:A1537 - | L L @
ab v EH Table M ot
O Fixed Width . Variable Names Row: 1 = 0
(G} Delimiter Options v {0} Text Options v " Selection v _
DELIMITERS | SELECTION IMPORTED DATA UNIMPORTABLE CELLS IMPORT -
MLE_90 0.mdv ¢ |
A
MLE900
B P eftV. A
Text -

. . . .6927520.002732
20.116720-0.9869560.1108810.7234230.008035-0.690358-0.002289
30.118127-0.9867330.1113730.7525850.015105-0.6583220.038761
40.114285-0.9875630.1079710.7553880.015802-0.655087-0.000365
50.116356-0.9872760.1083880.7831770.022728-0.6213830.076713
60.112225-0.9880970.1052090.7859070.023434-0.6179000.002015
70.114873-0.9877530.1055900.8120730.030171-0.5827750.111645
80.110664-0.9885230.1028400.8145320.030838-0.5792980.004560
10 [90.113182-0.9881290.1038780.8411760.038018-0.5394230.091965
11 |100.111691-0.9888100.0988980.8391040.037466-0.5426790.172098
12 |110.112120-0.9884630.1018310.8659570.045012-0.4980880.107562
13 |120.110457-0.9892690.0956320.8635560.044347-0.5022990.199332
14 |130.110621-0.9889280.0989190.8887560.051740-0.4554510.120027
15 |140.108250-0.9900080.0903650.8856460.050849-0.4615680.218915
16 |150.108224-0.9896730.0939940.9095490.058121-0.4115130.128062
17 |160.105227-0.9909910.0828550.9058310.056993-0.4197890.232462
18 |170.110309-0.9902800.0847220.9282950.063954-0.3663030.460292

L B Y A

w0

Figure C-8: uiimport command window

2. uiimport is then commented so that the file does not get imported again, replacing the old
file and causing the script to stop running and the rest of the script is uncommented. The
new extraction file is named in the fopen function and labeled fileID1.

3. A group of for loops are sectioned from one another, each containing a title for a specfic
edge. The values for z represent the starting element, increase interval, and end element (z
= 1:2:11), calling rows directly from the imported table and printing them into the new
textfile.

4. Once all the sections are correctly identified in the loops the script is run and a text file

containing the designated edge elements and their respective data is exported.
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= uiimport ('MLE 90 O.mdv');
= fileIDl = fopen('EdgeExtractionExampleZ2.txt','w');

= fprintf(fileIDl, 'DC Edges\n'):;

W -J o e W N

— [lfor z = 544:32:1024 < I

- fprintf (fileIDl,' %s\n',MLES00{z,1});

- Lend from Section C.3: manual
10 - [[Jfor z = 2:2:8 < element identification for
11 - fprintf (fileIDl,' %s\n',MLES00{z,1}); edge DC
17| = “end
13— [Jfor z = 9:2:31 < J
14 - fprintf (fileIDl,' %s\n',MLES00{z,1});
1 |= “end
le
L7 |= fprintf(fileIDl, 'CA Edges\n'):;

8 — [-Jfor z = 32:32:512
1= fprintf(£fileIDl,' %s\n',MLE900{z,1}):
20 — ~end
21 = [/for z = 1025:2:1055
e e fprintf(£fileIDl,' %s\n',MLE900{z,1}):
2= ~end
24
A | = fprintf(£fileIDl, 'AD Edges\n'):;
26 — [-Jfor z = 1056:32:1536
27 - fprintf (fileIDl,' %s\n',MLES00{z,1});
L= ~end
29
30 - for z = 513:2:543
LIl | = fprintf(£ileIDl,' %=\n',MLES00{z,1}):;
S ~end
Figure C-9: MATLAB script for extracting edge element data

DC Edges
544 0.039276 -0.992012 0.119874 0.028583 -0.097784 -0.994797 -1.210444
576 0.050827 -0.992077 0.114889 0.078887 -0.095160 -0.992331 -0.893433
608 0.061886 -0.991526 0.114216 0.128833 -0.092013 -0.987388 -0.777499
640 0.073990 -0.990936 0.112122 0.178368 -0.088249 -0.979998 -0.528992
672 0.086256 -0.989590 0.115204 0.227372 -0.083925 -0.970185 -0.521699
704 0.098572 -0.987996 0.118947 0.275584 -0.078537 -0.958063 -0.527128
736 0.109470 -0.986350 0.123001 0.322762 -0.072287 -0.943716 -0.541152
768 0.120247 -0.985382 0.120677 0.368725 -0.065263 -0.927245 -0.186164
800 0.126319 -0.984402 0.122458 0.413378 -0.057573 -0.908738 -0.136943
832 0.128843 -0.983930 0.123617 0.456716 -0.049527 -0.888233 -0.127487
864 0.128746 -0.983972 0.123384 0.498769 -0.041242 -0.865753 -0.116025
896  0.126758 -0.984418 0.121872 0.539561 -0.032874 -0.841305 -0.101757
928 0.124358 -0.984974 0.119838 0.579185 -0.024534 -0.814883 -0.084321

Figure C-10: Specific edge element data extraction
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C.4 Warp and weft orientation angle calculations

The last stage of data extraction for database population is the identification and calculation of
edge vectors, and warp and weft orientation angles. The spreadsheet used to make the original .ncd

will be used to compile and calculate this information.

The nodes along each of the edges can be identified in a similar manner to the elements - node
numbering can be enabled in the geometry tool. In a new spreadsheet, frustum and draping
parameters are identified in columns A and B followed by node numbers and their respective
coordinates, which are copied from the original spreadsheet. It is important that the edges are
identified and organized at this stage. Once the edge nodes have all been moved into their own
sheet, vectors between each pair of nodes are calculated using the Equation below, moving
clockwise around the base surface. These vectors align perfectly with each of the elements along
each of the edges. They are used for calculating the warp and weft orientation angles after a

simulation is run.

Vi= (X = X0, (Y, = Y1), (Z ~ Z1)) (26)
Where 71 is the vector between nodes, (X 1, Z 1) are the coordinates of first node and
(X 2, Y2, Z 2) are the coordinates of the adjacent node, moving around the surface in the following

the conical frustum semi-alphabetical point labelling: A, B, D, C for four points, and either A, B,

D/C or A/B, D, C for three points.
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Figure C-11: Node display in Drapelt and edge vector calculations
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With all of the edge vectors calculated, the MATLAB generated edge element sheet can be copied

alongside the vectors, ensuring that the elements correspond to the correct vector. A method for

checking that the correct vectors are alongside their respective elements consists in toggling both

element and node numbering in Drape It.

A B c | D E | F | @ H | I J
1
2 CF Parameters Base SiEdge Modes ¥ Y Z Vectors X Y
3 R 1] oc 34 -1414 0 0586 0.0381
4 R2 2 65 -1316 0 0.5836 0.0973
5 L 2 64 -1218 0 05764 0.0374
6 B 30 63 -1121 0 0.5644 0.0967
7 |CR 2 62 -1.024 0 0.5476 0.0358
8 |Drape Parameters 61 -0.928 0 0.5261 0.0946
9 | Start C 60 -0.833 0 0.4333 0.0332
10 |Shear 0 59 -0.74 0 04691 0.0316
| Orientatic 45 58 -0.643 0 0.4338 0.0837
12 57 -0.559 0 0394 0.0877
13 56 -0.471 0 0.3438 0.0854
14 55 -0.386 0 03015 0.0823
15 54 -0.303 0 0.2483 0.0803
1 53 -0.223 0 01924 0.0774

O0O0O000OO0O00O0O000O0O
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-0.017
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Figure C-12: Imported elemental data from C.3 MATLAB export

4
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-0.07
-0.083
-0.11
-0.134
-0.156
-0.177
-0.135
-0.21
-0.225
-0.237
-0.245
-0.257

Shear

17.252

16.214
14.657
12.953

11.326
9.7606
8.3218
6.9343
5.5367
4.4318
2.8755
15782
0.9121
-0.877

Finally, the warp and weft orientation angles are calculated using Equation 27 for each element,

in radians. Once all the orientation angles are calculated, a maximum, minimum and an average

200



are calculated for each edge. The same is done for shear angles, and all this information is added

to the database.

Vwarp *Vetement

coSOyarp = (27)

|Vwarp | |Velement |

where 8,4, is the warp orientation angle, Vejement is the vector along the element edge calculated

from the coordinates of two adjacent nodes and V,,, 4, is the warp orientation the same element.

This calculation is repeated, substituting V,,¢ ¢ for V4, and 6,,¢5¢ for 6,4,

T u v W X Y 4 Al AB AC AD AE AF AG AH
\Warp ‘Weft

Shear Radians Deg Radians Deg Warp ‘Weft Shear
17.252 01422  8.1471 1413 80.835 Rad Deg Rad Deg Rad Deg
16.214 0.1148 6.5792 14026 80.365 Max 0.5961 34.156” 14119 80.895 0.3011 17.252
14.657 0.0855 4.3 14005 80.243 Min 00093 053157 10838 620396 -0.137 -7.875
12.953 0.0532 3.04581 13979 80.035 Average 0.3062 17.546” 12833 73.906 0.0008 0.0432
1.326 0.0217 1245 13348 73.919

9.7606 0.0093 0.5315 13912 79.708

8.3218 00388 2221 13868 79.457

6.9343 0.0681 3.3016 13817 79.164

5.5367 0.0384 S5.6356 13758 78.828

4.4318 0123 7.0501 13634 75.458

2.8755 01581 9.0572 13625 78.067

15782 01876  10.751 13556 7767

Figure C-13: Final values from the calculations for the database

In the event that the angle between the warp and weft is set to be greater than or less than 90°
during simulation, the shear angle needs to be recalculated. The exported .mdv files expresses
shear angle relative to the starting angle between the warp and weft and does not consider the

initial assigned change. The actual shear angle can be calculated using the warp and weft vectors

and subtract the result using Equation 27, replacing 6,4, With Ospear, Verement With Viyerr and

[Verement| With |[Viyee |, from 90°.
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Appendix D

BD100 Mould Points
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Coordinates Conical
Base Surface Vertex Frustum
* Y z Vertex Label
1 0 0 0 A
2 0 0 6 B
1-1 Flat
14 23 0 6 D
42 23 0 0 C
42 23 0 0 A
12 Flat 14 23 0 6 B
20 24.42 0 7.42 D
43 24.42 0 0 C
43 24.42 0 0 A
13 Flat 20 24.42 0 7.42 B
44 30.42 0 7.42 D
37 30.42 0 0 C
44 30.42 0 7.42 A
20 24.42 0 7.42 B
1-4 Flat
36 24.42 0 18.3175 D
38 30.42 0 18.3175 C
2 0 0 6 A
3 0 0.3175 6.3175 B
2 ingl t
Single Curvature - == 23 03175 63175 D
14 23 0 6 C
3 0 0.3175 6.3175 A
4 0 1.2075 6.7575 B
3 Flat
16 23 1.2075 6.7575 D
15 23 0.3175 6.3175 C
4 0 1.2075 6.7575 A
4 Sinele Curvat 5 0 2.3175 7.8675 B
in rvatur
gletunvature Mg 23 23175 7.8675 D
16 23 1.2075 6.7575 C
5 0 2.3175 7.8675 A
6 0 2.4675 9.6075 B
5 Flat
18 23 2.4675 9.6075 D
17 23 2.3175 7.8675 C
6 0 2.4675 9.6075 A
7 0 3.4775 10.7175 B
6 Single Curvature
19 23 3.4775 10.7175 D
18 23 2.4675 9.6075 C
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7 0 3.4775 10.7175 D
39 0 10.6275 10.7175 B
71 Flat 25 28 10.6275 10.7175 A
19 23 3.4775 10.7175 C
39 0 10.6275 10.7175 D
72 Flat 40 0 15.8275 10.7175 B
27 30 15.8275 10.7175 A
25 28 10.6275 10.7175 C
40 0 15.8275 10.7175 D
41 0 27.8275 10.7175 B

7-3 Flat
29 30 27.8275 10.7175 A
27 30 15.8275 10.7175 C
41 0 27.8275 10.7175 D
8 0 36.4775 10.7175 B
74 Flat 11 21.5 36.4775 10.7175 A
29 30 27.8275 10.7175 C
8 0 36.4775 10.7175 A
g Single Curvature 9 0 37.8275 12.0675 B
12 21.5 37.8275 12.0675 D
11 21.5 36.4775 10.7175 C
9 0 37.8275 12.0675 A
12 0 37.8275 18.3175 B

9 Flat
13 21.5 37.8275 18.3175 D
10 21.5 37.8275 12.0675 C
21 24.1025 0.3175 7.42 A
15 23 0.3175 6.3175 B
10 Double Curvature 14 3 0 5 )
20 24.42 0 7.42 C
22 24.1025 1.3175 7.42 A
T Single Curvature 16 23 1.2075 6.7575 B
15 23 0.3175 6.3175 D
21 24.1025 0.3175 7.42 C
17 23 2.3175 7.8675 A
12 Double Curvature 16 23 1.2075 6.7575 D
22 24.1025 1.3175 7.42 C
23 24.1025 1.4475 8.91 A
13 Single Curvature 18 23 2.4675 9.6075 B
17 23 2.3175 7.8675 D
22 24.1025 1.3175 7.42 C
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19 23 3.4775 10.7175 A
18 23 2.4675 9.6075 B
14 Double Curvature == 24.1025 1.4475 8.91 D
24 242025 20475 12.0675 C
26 29.6 10.3275 12.0675 A
s Single Curvature |2 28 10.6275 10.7175 B
19 23 3.4775 10.7175 D
24 242025 22475 12.0675 C
27 30 15.8275 10.7175 A
y Bouble Curvature. 23 28 10.6275 10.7175 B
26 29.6 10.3275 12.0675 D
28 31.35 15.8275 12.0675 C
30 3135 27.8275 12.0675 A
, 29 30 27.8275 10.7175 B
17 Single Curvature - =7 30 15.8275 10.7175 D
28 31.35 15.8275 12.0675 C
11 215 36.4775 10.7175 A
29 30 27.8275 10.7175 B
18 Double Curvature =7 3135 27.8275 12.0675 D
12 215 37.8275 12.0675 C
12 215 37.8275 12.0675 A
o Single Curvature |22 3135 27.8275 12.0675 B
31 3135 27.8275 183175 D
13 215 37.8275 183175 C
30 3135 27.8275 12.0675 A
28 31.35 15.8275 12.0675 B
20 Flat 32 3135 15.8275 183175 D
31 31.35 27.8275 183175 C
28 31.35 15.8275 12.0675 A
. Single Curvature |20 29.6 10.3275 12.0675 B
33 29.6 103275 183175 D
3 31.35 15.8275 183175 C
26 29.6 10.3275 12.0675 A
24 242025 22475 12.0675 B
22 Flat
34 242025 22475 183175 D
33 29.6 103275 183175 C
24 242025 22475 12.0675 A
23 24.1025 1.4475 8.91 B
23-1 Flat 46 24.1025 1.4475 18.3175 D
34 242025 22475 183175 C
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23 24.1025 1.4475 8.91 A
22 24.1025 1.3175 7.42 B
23-2 Flat
45 24.1025 1.3175 18.3175 D
46 24.1025 1.4475 18.3175 C
22 24.1025 1.3175 7.42 A
21 24.1 . .
3.3 Flat 025 0.3175 7.42 B
35 24.1025 0.3175 18.3175 D
45 24.1025 1.3175 18.3175 C
21 24.1025 0.3175 7.42 A
20 24.42 0 7.42 B
24 Single Curvature
36 24.42 0 18.3175 D
35 24.1025 0.3175 18.3175 C
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Appendix E

MATLAB Scripts
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E.1 MATLAB Script 1

Values used from Example 1 in Section 3.2.5. This script calculates all conical frustum parameters

based on extracting corner points, midpoints and edge lengths for each edge of a base surface.

clc;
clear;

syms X1 Y1 Z1 X2 Y2 Z2

Inputs points
[2.823; 12.608; 3.019]; %Point A
[4.468; 11.4; -0.987]; SMidpoint AB
[3; 10; -5]; %Point B
= [8.192;0;5.736]; %Point C
CD = [9.99;0;0.436]; %Midpoint CD
= [8.66;0;-5]; %Point D

s
[os]
Il

M AC = [7.096;7.253;5.643];
M BD = [6.83;5.566;-5.908];

Cl = [X1;Y1;21]
C2 = [X2;Y2;22]
%$ArcLengths

Sab = 9.184 ;
Sbd = 11.982 ;
Scd 11.345 ;
Sac 14.911 ;

%New Coordaintes System where D is 0

A=A-D;
M AB = M AB - D;
B =B - D;

C=C - D;

M CD = M CD - D;
M AC = M AC - D;
M BD = M BD - D;

%Radius of Arc on 1

%$Vector betweeen A and B for the length
AB = B-A;

magAB = sqgrt (AB(l)"2 + AB(2)"2 + AB(3)"2)

$Midpoint between A and B
Wab = (A+B)/2
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%Vector between B and Mab for legnth
MB = M AB - B;
magMB = sqrt (MB (1) "2 + MB(2) "2 + MB(3)"2)

$Height at Wab to Mab
MWab = sqrt (magMB"2 - ((magAB/2))"2)

%$R1 = rl = radius of smooth arc

magRl = MWab/2 + (magAB"2)/ (8*MWab)

$%% %%% For Ellipse 2 %%% %%%

%$Radius of Arc on 2

%Vector betweeen C and D for the length
CD = D-C;

magCD = sgrt (CD(1)"2 + CD(2)"2 + CD(3)"2)

$Midpoint between C and D
Wcd = (C+D) /2

%Vector between D and Mcd for legnth
MD = M CD - D;
magMD = sqrt (MD(1) "2 + MD(2) "2 + MD(3)"2)

$Height at Wcd to Mcd
MWcd = sqrt (magMD”2 - ((1/2)*magCD)"2)

$R2 = r2 = radius of smooth arc
magR2 = MWcd/2 + (magCD) "2/ (8*MWcd)

o©
o©
o°
o
o©
o©
o©
o©
o©
oe
o©
o©
oe
o
o
o

syms X1 Y1 7zl X2 Y2 Z2

eqgl (A(1l) - C1(1))"2 + (A(2) - Cl1(2))"2 + (A(3) - C1(3))"2 - magRl"2
eg2 = (B(1) - C1(1))"2 + (B(2) - Cl(2))"2 + (B(3) - Cl1(3))"2 - magR1l"2
eq3 = (M AB(1l) - Cl1(1))"2 + (M AB(2) - Cl(2))"2 + (M AB(3) - Cl1(3))"2 -
magR1"2

eqg4 (C(1) - C2(1))"2 + (C(2) - C2(2))"2 + (C(3) - C2(3))"2 - magRz2"2
egb = (D(1) - C2(1))"2 + (D(2) - C2(2))"2 + (D(3) - C2(3))"2 - magR2"2
eq6 = (M CD(1) - C2(1))"2 + (M CD(2) - C2(2))"2 + (M CD(3) - C2(3))"2 -
magR2"2
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sol2 = solve(eg4,eqgb,eqgb);

x1l = round( soll.X1l )
yl round ( soll.Y1l )
zl = round ( soll.zl)

Cl = [x1(1);y1(1);z1(1)]
x2 = round (so0l2.X2)
y2 = round (s0l2.Y2)
z2 = round (so0l2.72)
C2 = [x2(1);y2(1);z2(1)]

Betal 360*Sab/ (2*pi*magRl)
Beta2 = 360*Scd/ (2*pi*magR2)

Rl = A - C1;
rl = B - Cl;
R2 = C - C2;
r2 =D - C2;
N1 = cross(R1l,rl);

magNl = sqrt(N1(1)"2 + N1(2)72 + N1(3)"2);
N2 = cross(r2,R2);
magN2 = sqrt (N2 (1)"2 + N2(2)"2 + N2(3)"2);

L =C2 - Cl;
maglL = sqrt(L(1l)7"2 + L(2)"2 + L(3)"2)

Thetal = round((radtodeg(acos(((dot(N1,L))
Theta2 round ( (radtodeg (acos (( (dot (L,N2))

(magN1l*magL))))))
(magN2*magL))))))

/
/
R1L = cross(R1l,L);

magR1L = sgrt(R1IL(1)"2 + R1L(2)7"2 + R1L(3)"2);

R2L = cross(R2,L);
magR2L = sgrt (R2L(1)"2 + R2L(2)7"2 + R2L(3)"2);

alpha = round((radtodeg(acos ((dot (R1L,R2L))/ (magR1L*magR2L)))))
%$%% Calculate CR and Cr - same technique as calculate R1 and R2
%Radius CR

%$Vector betweeen A and B for the length

AC = C-A;

magAC = sqgrt (AC(1l)"2 + AC(2)"2 + AC(3)"2)

$Midpoint between A and B
Wac = (A+C)/2;

%$Vector between B and Mab for legnth
MA = M AC - A;
magMA = sgqrt(MA(l)"2 + MA(2)"2 + MA(3)"2);
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$Height at Wab to Mab
MWac = sqgrt (magMA™2 - ((magAC/2))"2);

$R1 = rl = radius of smooth arc
CR = MWac/2 + (magAC”2)/(8*MWac)

%$Radius of Cr

%$Vector betweeen B and D for the length
BD = D-B;

magBD = sqrt (BD(1)"2 + BD(2)"2 + BD(3)"2);

$Midpoint between B and D
Wbd = (B+D)/2;

%Vector between D and Mcd for legnth
MB = M BD - B;
magMB = sqrt (MB (1) "2 + MB(2)"2 + MB(3)"2);

$Height at Wcd to Mcd
MWbd = sgrt (magMB"2 - ((1/2)*magBD)"2);

R2 = r2 = radius of smooth arc
Cr = MWbd/2 + (magBD) "2/ (8*MWbd)

o

o
o
o©
o©
o©
o
o©
o©
o©
oe
oe
o©
o
o©
o
o
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E2 MATLAB Script 2

Values used from Example 2 in Section 3.2.6. This script calculates all conical frustum parameters

based on extracting corner points, midpoints and radii for each edge of a base surface.

clear;
clc;

syms X1 Y1 Z1 X2 Y2 Z2

Inputs points
[-1;11;3]; %Point A
B = [0;10.691;1.659]; %Midpoint AB
[0;10;0]; %Point B
[2;0;0]; %Point C
[ CD = [1.069;0;-0.423]; 3%Midpoint CD
D= [0;0;,-0.5]; %Point D

= oo
b= ]

= QW
Q I

%Set Centre point variables
Cl = [X1;Y1;Z21];
C2 = [X2;Y2;722];

%$Known Radii at A, B, C and D
magR1l = sqgrt(6);

magrl = sgrt(5);
magR2 = 2;
magr2 = 0.5;

$Setting Equations for Vectors
Rl = A - Cl;

rl =B - Cl;

vM = M AB - Cl;

R2 = C - C2;
r2 =D - C2;

%Begin Method 2 Calculation, Vectors betwee A and Midpoint AC
AM = M AB - A

AB =B - A

% and A and B *

% Vector between C and Midpoint CD
CM =MCD - C
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CD=D-2C
% and C and D *

$Normal Vector for the Plane
N1 = cross (AM,AB)
magNl = sqgrt (N1 (1)
N2 = cross (CD,CM)
magN2 = sqrt (N2 (1)

"2 + N1(2)72 + N1(3)"2)

"2 + N2(2)72 + N2(3)"2)

%Begin Solver, Plane Equation, Vector Magnitiude Equations
egql = N1(1)*(X1-A(1l)) + N1(2)*(Y1-A(2)) + N1(3)*(z1-A(3));
egq2 = R1(1)”2 + R1(2)"2 + R1(3)"2 - magR1l"2;
egq3 = rl(1)"2 + rl(2)"2 + rl(3)"2 - magrl”"2;

egd = N2(1)*(X2-C(1)) + N2(2)*(Y2-C(2)) + N2(3)*(z2-C(3));
egb R2(1)"2 + R2(2)"2 + R2(3)"2 - magR2"2;
egb = r2(1)"2 + r2(2)"2 + r2(3)"2 - magrz2”"2;

$MATLAB Solve Function
soll = solve(eql,eq2,eq3);

x1l = (so0ll.X1l)
yl = (so0ll.Y1)
zl = (soll.Zl)

%$Yields 2 solutions!

sol2 = solve(eg4,eqgb5,eqgb);
x2 = s5012.X2
y2 = s0l2.Y2
z2 = s0l2.72

%Check Location of Mab, Determine which solution is correct

magMABLl = ( sqrt((M AB(1)- x1(1))"2 + (M AB(2)- yl(1))"2 +
;agMABZ = ( sqrt((M AB(1)- x1(2))"2 + (M AB(2)- y1(2))"2 +
)

magMCD1l = ( sqrt((M CD(1)- x2(1))"2 + (M CD(2)- y2(1))"2 +
;agMCDZ = ( sqrt((M CD(1)- x2(2))"2 + (M CD(2)- y2(2))"2 +

)

%$Check which distance is lesser
if gt (magMABl,magMAB2)

Cl = [x1(1);y1(1);z1(1)];
end
if gt (magMAB2,magMABl)
Cl = [x1(2);y1(2);21(2)];
end
if gt (magMCD1l,magMCD2)
Cz = [x2(1);y2(1);z2(1)];
end
if gt (magMCD2,magMCD1)
Cz2 = [x2(2);y2(2);22(2)];
end
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%$Centre Points
Cl
C2

%$Caclulates Vectors R1, rl, R2, r2
Rl = A - Cl;
rl = B - Cl;
R2 cC - C2;
r2 D - C2;

%Vector Dot product to calculate Sectioning Angles Beta 1 and Beta 1
Betal = round((radtodeg(acos(((dot(R1l,rl))/(magRl*magrl))))))
Betal round ( (radtodeg (acos ( ( (dot (R2,r2)) / (magR2*magr2))))))

%Calculate L

L =C2 - Cl;

maglL = sqrt(L(1)"2 + L(2)"2 + L(3)"2)
Thetal = round((radtodeg (acos (((dot(N1,L))
Theta2 = round((radtodeg (acos (((dot(L,N2))

/ (magNl*magL))))))
/ (magN2*magL))))))
R1L = cross(R1,L);

magR1L = sgrt (R1IL(1)"2 + R1L(2)7"2 + R1L(3)"2);

R2L = cross(R2,L);

magR2L = sgrt (R2L(1) "2 + R2L(2)7"2 + R2L(3)"2);

alpha = round((radtodeg(acos ((dot (R1L,R2L))/ (magR1L*magR2L)))))
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Appendix F

SolidWorks Macro

215



F.1 SolidWork macro: Point, length and radii extraction

The following macro was developed by Fabien Salles at Hutchinson Aéronautique et Industrie. It
is used to extract end points, midpoints, arc lengths, and radii from mould surfaces in SolidWorks.
The macro produces a spreadsheet listing the individual point coordinates along their respective

edges alongside the length of the edges the points lie on.

Option Explicit

Public Const LINE TYPE As Integer = 3001

Public Const CIRCLE TYPE As Integer = 3002
Public Const ELLIPSE TYPE As Integer = 3003
Public Const INTERSECTION TYPE As Integer = 3004
Public Const BCURVE TYPE As Integer = 3005
Public Const SPCURVE TYPE As Integer = 3006
Public Const CONSTPARAM TYPE As Integer = 3008
Public Const TRIMMED TYPE As Integer = 3009

'"'1'1'" Dimension to delete reference points
Public ref type As String
'"'1'1'" Dimensions for data collection arrays

Public exApp As Excel.Application
Public sheet As Excel.Worksheet

Public tab data (8000, 7) As Variant ' Array to write in Excel

Public e As Integer ' Edge number
Public f As Integer ' Face number
Public p As Integer ' Point number

Sub main ()

Dim swApp As SldWorks.SldWorks

Dim swModel As SldWorks.ModelDoc?2

Dim swSelMgr As SldWorks.SelectionMgr
Dim swSelData As SldWorks.SelectData
Dim swPart As SldWorks.PartDoc

Dim swBody As SldWorks.Body2

Dim swFace As SldWorks.Face

Dim swEnt As SldWorks.Entity

Dim bRet As Boolean

Dim vBodies As Variant

Dim modview As ModelView

Dim starttime As Variant
Dim Secondselapsed As Variant

Dim Vfeats As Variant ' Dimension for reference point
Dim ref points As Variant
Dim swFeatMgr As SldWorks.FeatureManager

Dim status As Boolean
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Dim boolstatus As Boolean

'DoEvents

'' Timer ''

starttime = Timer

''" Setting up the Solidworks working environment
Set swApp = CreateObject ("SldWorks.Application")
Set swModel = swApp.ActiveDoc

Set swPart = swModel

''" To Fasten the macro ''

Set modview = swModel.ActiveView
modview.EnableGraphicsUpdate = False

swModel.FeatureManager.EnableFeatureTree = False

Set swFeatMgr = swModel.FeatureManager

Set swSelMgr = swModel.SelectionManager

Set swSelData = swSelMgr.CreateSelectData
vBodies = swPart.GetBodies2 (swAllBodies, True)
Set swBody = vBodies (0)

Set swFace = swBody.GetFirstFace
swModel.ClearSelection2 True

f =1
e =0
p=20

Do While Not swFace Is Nothing
Set swEnt = swFace
If £ = 1 Then

tab data(l, 1) = £
Else: tab data(p + 1, 1) = £
End If

' Select using IEntity

bRet = swEnt.Selectd (True, swSelData)
Call main2

f=f+1

On Error Resume Next
Set swlace = swFace.GetNextFace
Loop

''" Writing in Excel "'

Set exApp = New Excel.Application
If Not exApp Is Nothing Then
exApp.Visible = True
If Not exApp Is Nothing Then
exApp.Workbooks.Add
Set sheet = exApp.ActiveSheet
If Not sheet Is Nothing Then

sheet.Cells (1, 10).Value = "Job Number"
sheet.Cells (2, 10).Value = "Computing time"
sheet.Cells (1, 11).Value = "=NOW()"
sheet.Cells (1, 2) = "Base Surface #"
sheet.Cells (1, 3) = "Edge #"

sheet.Cells (1, 4) = "Edge length (mm)"
sheet.Cells (1, 5) = "Point #"
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sheet.Cells (1, 6).Value = "X (mm)"
sheet.Cells (1, 7).Value = "Y (mm)"
sheet.Cells (1, 8).Value = "Z (mm)"
sheet.Range ("A3:H8003") = tab data()
End If

End If

End If

''"''" Turning back on graphic updates and feature tree

modview.EnableGraphicsUpdate = True
swModel.FeatureManager.EnableFeatureTree = True
boolstatus

swModel.SetUserPreferenceToggle (swUserPreferenceToggle e.swDisplayReferencePoints2,

False)
'"'" Selection and removal of reference points

'ref points = GetAllFeaturesByType (swModel, ref type)
'swModel.Extension.MultiSelect2 ref points, False, Nothing
'swModel.EditDelete

''"'"" Computing time

Secondselapsed = Round(Timer - starttime, 2)
sheet.Cells (2, 11).Value = Secondselapsed
MsgBox "This code ran successfully in " & Secondselapsed & " seconds"

End Sub
Sub main2 ()

""" This macro is used to get the loop of edges surrounding the face

Dim swApp As SldWorks.SldWorks
Dim swModel As SldWorks.ModelDoc2
Dim swPart As SldWorks.PartDoc
Dim swSelMgr As SldWorks.SelectionMgr
Dim swFace As SldWorks.Face2
Dim swLoop As SldWorks.Loop2
Dim i As Long
Dim bRet As Boolean
Set swApp = Application.SldWorks
Set swModel = swApp.ActiveDoc
Set swPart = swModel
Set swSelMgr = swModel.SelectionManager
Set swFace = swSelMgr.GetSelectedObject6(1l, -1)
'Debug.Print "FaceArea = " & swFace.GetArea * 1000000# & " mm"2"
'Debug.Print " LoopCount = " & swFace.GetLoopCount
'Debug.Print ""
Set swLoop = swFace.GetFirstLoop
Do While Not swLoop Is Nothing
i=1+1

'Debug.Print " Loop(" & i & ")"
'Debug.Print " IsOuter = " & swLoop.IsOuter
'Debug.Print " IsSingular = " & swLoop.IsSingular

If swLoop.IsOuter Then
CreateTessLoop swApp, swModel, swLoop
End If
On Error Resume Next
Set swLoop = swLoop.GetNext
Loop
End Sub
Sub CreateTessLoop (swApp As SldWorks.SldWorks, swModel As SldWorks.ModelDoc2,
SldWorks.Loop2)
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'' This macro goes in the loop, select each edge, measure the,,

create 3 ref points

along the edge then use the ref points coordinates to put sketch points in 3D sketch.

So we can link the sketch points with the face.

''" When sketch points are created, we get the coordinates
'' We store all that data in arrays

'' We export data to excel in main

'"'11Y Dimensions for edge and curve selection
Dim vEdgeArr As Variant
Dim vEdge As Variant
Dim swEdge As SldWorks.Edge
Dim swCurve As SldWorks.Curve
Dim swSketch As SldWorks.Sketch
Dim bRet As Boolean ' boolean for 3D sketch rebuild

"' Dimensions for curve length computation

Dim swSelMgr As SldWorks.SelectionMgr
Dim vCurveParam As Variant

Dim StartPt(2) As Double

Dim EndPt (2) As Double

Dim vStartPt As Variant

Dim vEndPt As Variant

Dim vTessPts As Variant

'"11r1Y Dimensions for reference points and 3D sketch points creation

Dim vFeatArr As Variant

Dim swFeatMgr As SldWorks.FeatureManager

Dim swModelDocExt As SldWorks.ModelDocExtension
Dim swSpline As SldWorks.SketchSpline

Dim vFeat As Variant

Dim swFeat As SldWorks.Feature

Dim swRefPt As SldWorks.RefPoint

Dim swRefPtData As SldWorks.RefPointFeatureData
Dim swMathPt As SldWorks.MathPoint

Dim swSkPt As SketchPoint
Dim swMgr As SketchManager

Dim nStatus As Long

Dim cRet As Boolean 'boolean for entity sel
Dim boolstatus As Boolean

Dim 1 As Long

Dim swEnt As SldWorks.Entity
Dim swSelData As SldWorks.SelectData
Dim ref point status As Boolean

trrrrrrrrrrrrrrrrrr AgRYE COMPUTATION ''r'rrrrrrvrrrnay

swModel.Insert3DSketch2 False
swModel.SetAddToDB True
swModel.SetDisplayWhenAdded False

Set swSketch = swModel.GetActiveSketch?2
vEdgeArr = swLoop.GetEdges

For Each vEdge In vEdgeArr
e=¢e +1
p=p+1
tab data(p, 2) = e
Set swEdge = vEdge
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Set swCurve swEdge.GetCurve
vCurveParam = swEdge.GetCurveParams2

StartPt (0) = vCurveParam(0)
StartPt (1) = vCurveParam(1l)
StartPt (2) = vCurveParam(2)
EndPt (0) = vCurveParam(3)
EndPt (1) = vCurveParam(4)
EndPt (2) = vCurveParam(5)

vStartPt = StartPt
vEndPt = EndPt

'Debug.Print "CurveType ="
tab data(p, 3) =

& swCurve.Identity

'Debug.Print ""

Dim Spline As SldWorks.Edge

Set swFeatMgr = swModel.FeatureManager
Set swSelMgr = swModel.SelectionManager
Set swSelData = swSelMgr.CreateSelectData
Set swEnt = vEdge

Set swMgr = swModel.SketchManager

swModel.ClearSelection2 True
bRet = swEnt.Selectd (True, swSelData)
Set Spline = swSelMgr.GetSelectedObject6(l, -1)

vFeatArr = swFeatMgr.InsertReferencePoint (2, 1, 0, 1)
For Each vFeat In vFeatArr

Set swFeat = vFeat

Set swRefPt = swFeat.GetSpecificFeature2

Set swRefPtData = swFeat.GetDefinition

Set swMathPt = swRefPt.GetRefPoint

Round (swCurve.GetLength2 (vCurveParam(6) ,

vCurveParam (7))

*

Set swSkPt = swMgr.CreatePoint (swMathPt.ArrayData (0),
swMathPt.ArrayData (1), swMathPt.ArrayData (2))

tab data(p, 4) =p

tab data(p, 5) = Round(swSkPt.X * 1000, 3)

tab data(p, 6) = Round(swSkPt.Y * 1000, 3)

tab data(p, 7) = Round(swSkPt.Z * 1000, 3)

p=p +1

Next vFeat

swModel.ClearSelection2 True
bRet = swEnt.Selectd (True, swSelData)
Set Spline = swSelMgr.GetSelectedObject6(1l, -1)

vFeatArr = swFeatMgr.InsertReferencePoint (2, 1, 50, 1)
For Each vFeat In vFeatArr
Set swFeat = vFeat
Set swRefPt = swFeat.GetSpecificFeature2
Set swRefPtData = swFeat.GetDefinition
Set swMathPt = swRefPt.GetRefPoint

Set swSkPt =
swMathPt.ArrayData (1), swMathPt.ArrayData(2))

tab data(p, 4) =p

tab data(p, 5) = Round(swSkPt.X * 1000, 3)

tab data(p, 6) = Round(swSkPt.Y * 1000, 3)

tab data(p, 7) = Round(swSkPt.Z * 1000, 3)

p=p +1

Next vFeat

Set swEnt = vEdge
swModel.ClearSelection2 True
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bRet = swEnt.Selectd (True, swSelData)
Set Spline = swSelMgr.GetSelectedObject6(1l, -1)

vFeatArr = swFeatMgr.InsertReferencePoint (2, 1, 100, 1)
For Each vFeat In vFeatArr

Set swFeat = vFeat

Set swRefPt = swFeat.GetSpecificFeature2

Set swRefPtData = swFeat.GetDefinition

Set swMathPt = swRefPt.GetRefPoint

Set swSkPt = swMgr.CreatePoint (swMathPt.ArrayData (0),

swMathPt.ArrayData (1), swMathPt.ArrayData (2))
tab data(p, 4) =p
tab data(p, 5) Round (swSkPt.X * 1000, 3)
tab data(p, 6) Round (swSkPt.Y * 1000, 3)
tab data(p, 7) = Round(swSkPt.Z * 1000, 3)
ref type = swFeat.GetTypeName
Next vFeat

swModel.ClearSelection2 True
Next vEdge
swModel.SetAddToDB False
swModel.SetDisplayWhenAdded True
swModel.Insert3DSketch2 True
bRet = swModel.EditRebuild3

End Sub
Function GetAllFeaturesByType (model As SldWorks.ModelDoc2, typeName As
Variant

Dim swFeatMgr As SldWorks.FeatureManager
Dim status As Boolean

Set swFeatMgr = model.FeatureManager
Dim swRootFeatNode As SldWorks.TreeControlItem

Set swRootFeatNode
swFeatMgr.GetFeatureTreeRootItem2 (swFeatMgrPane e.swFeatMgrPaneBottom)

If Not swRootFeatNode Is Nothing Then

Dim swFeatsColl As Collection

Set swFeatsColl = New Collection

TraverseFeatureNode swRootFeatNode, typeName, swFeatsColl
Else

Err.Raise vbError, "", "Failed to get the root node"

End If
If swFeatsColl.Count() > 0 Then

Dim swFeats () As SldWorks.Feature
ReDim swFeats (swFeatsColl.Count () - 1)

Dim i As Integer
For 1 = 0 To UBound (swFeats)

Set swFeats (i) = swFeatsColl.item(i + 1)
Next

GetAllFeaturesByType = swFeats

Else
GetAllFeaturesByType = Empty
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End If
End Function
Sub TraverseFeatureNode (featNode As SldWorks.TreeControlItem,
As Collection)

If featNode.ObjectType =

Dim swFeat As SldWorks.Feature
Set swFeat = featNode.Object

If swFeat.GetTypeName?2 () = "HistoryFolder" Then

Exit Sub
End If
If LCase(swFeat.GetTypeName2) = LCase (typeName) Then
If Not Contains (feats, swFeat) Then
'swFeat.Select2 True, -1
feats.Add swFeat
End If
End If
End If
Dim swChildFeatNode As SldWorks.TreeControlItem
Set swChildFeatNode = featNode.GetFirstChild()
While Not swChildFeatNode Is Nothing
TraverseFeatureNode swChildFeatNode, typeName, feats

Set swChildFeatNode =
Wend

swChildFeatNode.GetNext

End Sub
Function Contains(coll As Collection, item As Object)
Dim i As Integer

For i = 1 To coll.Count
If coll.item(i) Is item Then
Contains = True
Exit Function
End If
Next

Contains = False

End Function

222

typeName As String,

As Boolean

feats

swTreeControlItemType e.swFeatureManagerItem Feature Then



