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Abstract
The aerospace industry increasingly uses fibre-reinforced plastics that are manufactured using au-
tomated fibre placement (AFP). A common problem in AFP is the occurrence of defects. The most
frequent defects are gaps and overlaps [18]. Especially narrow systemic gaps and overlaps are impor-
tant. Narrower gaps and overlap cause more fibre waviness [9]. The most significant effect of gaps
and overlaps is a compressive strength reduction mainly driven by fibre waviness [42, 53]. Randomly
distributed defects probably have no considerable negative effect. Systemic defects appear frequently
at the same planar location causing them to build up and lead to a knockdown in strength [9]. Tow width
fluctuation is an important cause of gaps and overlaps. Moreover, the resulting defects are narrow and
systemic.

Two developments in manufacturing are combined to create a new mitigation method for gaps and
overlaps. One development is fibre steering, which harnesses the flexibility of AFP to vary the fibre ori-
entation within the ply. Traditionally, all fibres within a single layer have the same orientation. There are
still many challenges that need to be faced before these so-called variable stiffness laminates become
widely used. Another development is smart manufacturing which means moving from a traditional,
linear and sequential supply chain to a dynamic interconnected system. The increased usage of data
allows it to respond to changes real-time.

The suggestion is to use fibre steering locally to place tows adjacent to each other to compensate
for tow width fluctuation. Local fibre steering can be considered a form of smart manufacturing as
the tow paths in the laminate construction respond to change in the material input. The research
question is: how effective is local fibre steering in increasing the structural performance of composite
laminates by reducing gaps and overlaps through compensating for tow width fluctuation in automated
fibre placement? The question is answered in the three steps.

Firstly, it is determined to what extent gaps and overlaps are reduced by constructing a conventional
and a steered laminate. The tow width is modelled using a cubic spline with nodes at a constant
distance from each other and their values taken from a normal distribution described by mean tow
width and standard deviation. Literature indicated that a typical tow width tolerance for a 6.350mm
tow is 0.254mm (4%) [21]. In the conventional laminate, the tow paths are straight and at a constant
distance from each other. The steered laminate uses numerical approximations of the equations for
parallel parametric curves. A problem is that the curvature accumulates leading to self-intersections
and cusps. Also, large angle deviations are experienced. The curvature accumulation is tackled by
smoothing a tow path iteratively with a smoothing spline until the minimum radius of curvature (ROC) is
reached. Theoretically, the lowest minimum ROC is about 50mm to avoid self-intersections and cusps.
Practically, automated fibre placement prescribes 400mm to avoid tow wrinkling or upfolding [38]. The
maximum fibre angle deviation can be limited by levelling the tow path by taking a weighted average
in the transverse direction.

Secondly, the tow width model is validated by measuring the tow width of two different materials.
The material is unwinded from a spool that is connected to an electric brake to maintain tension. A
different spool rewinds the material using a stepper motor after passing it by a laser-line scanner to
measure the tow width. The mean tow width and standard deviation can be derived directly from the
measurements. The spline node distance is found iteratively by varying it until the roughness measure
tow model is sufficiently close to that of experimental data. The roughness measure is the average
of the second derivative squared. Unfortunately, the data quality was not as expected. The tow width
was expected to be normally distributed. Therefore, a moving average was applied until the probability
density of the tow width resembled more that of a normally distributed variate. The mean tow widths
of the two materials that were tested deviate only slightly from what the supplier prescribed. Before
smoothing, the standard deviation is about five times smaller than literature indicated. The spline node
distance is roughly around one millimetre. Afterwards, the standard deviation is about ten times small
than expected. The spline node distance is in the order of millimetres.

Thirdly, the effect of the reduction in gaps and overlaps and the fibre angle deviation on the structural
performance is calculated using a finite element method (FEM). The basis is the defect layer method
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introduced by Fayazbakhsh et al.. Because the fibre orientation is not a direct function of the planar
location, each ply is separated into two layers: the material layer and the overlap layer. The elastic
properties in thematerial layer are scaled proportionally to the amount of gaps using the rule of mixtures.
The thickness of the overlap layer is scaled to the amount of overlaps. The fibre orientation in each
layer is determined by taking the average weighted by the area. The buckling load and the effective
stiffness are calculated. The finite element method is in good agreement with analytical results.

The results from the laminate model showed that local fibre steering is not able to eliminate gaps and
overlaps completely because it is limited by the minimum radius of curvature. The structural analysis
showed that local fibre steering can achieve a higher effective stiffness. The positive effect of reducing
gaps surpasses the negative effect of the induced fibre angle deviation. The conventional laminate
did have a higher buckling load than the steered laminate. This is ascribed to the fact that it depends
on the flexural stiffness which is proportional to the thickness cubed, so in the current model, overlaps
have a large positive effect on the buckling load.

The following recommendations are discussed. The ability of local fibre steering to reduce gaps
and overlaps can be improved by either lowering the minimum ROC required by the AFP process or
by improving the material quality to slow curvature accumulation by having smoother edges. Gaps
and overlaps especially have an effect on the compressive strength through induced fibre waviness, so
incorporating the fibre waviness and the damage behaviour of laminates can demonstrate the potential
of local fibre steering even more. Also, the productivity must be considered in order to more accurately
examine the real costs of local fibre steering. Future work should focus more on the practical side of
local fibre steering including what is necessary to employ it.
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Nomenclature
The next list describes several symbols and acronyms that will be later used within the body of the
document. The list does not include all symbols but only the ones used by the tow model, laminate
model or structural model directly. Some may be reused in other equations or text. When a symbol is
used for another purpose it is always specified locally.

𝛾 Tow path data point

𝜇 Mean tow width

𝜈 Poisson’s ratio

𝜌 Density

𝜎 Standard deviation

𝜃 Fibre angle
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𝑑 Centreline distance or half tow width

𝑑𝑙 Spline node distance

𝑑𝑥 Step size

𝐸 Stiffness modulus

𝑓 Tow model function

𝐺 Shear modulus

ℎ Laminate thickness

𝑖 Length index

𝑗 Tow index

𝑘 Curvature

𝑙 Tow length

𝑚 Number of points per tow

𝑛 Number of tows

𝑝 Levelling parameter

𝑝 Smoothing parameter

𝑟 Radius

𝑆 Smoothing splines

𝑠 Distance travelled along the tow material

𝑡 Ply thickness

𝑣 Volume fraction

xiii
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𝑤 Tow width

𝑥 Reference coordinate

𝑦 Reference coordinate

AFP Automated fibre placement

ATL Automated tape laying

CPS Cyber-physical system

CTS Continuous tow shearing

DAP Defect area percentage

FEM Finite element method

IoT Internet of things

OHC Open hole compression

PEKK Polyetherketoneketone

ROC Radius of curvature

RTD Room temperature dry

UD Unidirectional

VSL Variable stiffness laminate



1
Introduction

Fibre-reinforced plastics have a higher weight-specific stiffness and strength compared to historically
used materials in aerospace structures like aluminium alloys. The adoption of these light-weight mate-
rials enables a reduction in the fuel consumption of aircraft and ultimately results in a lower operational
cost.

To benefit from these properties, the aerospace industry has increased its use of composite mate-
rials over the past decades. Approximately half of the aircraft’s structural weight of recently introduced
models, such as the Boeing 787 Dreamliner, consist of fibre reinforced plastics [17]. In other sectors,
for instance, automotive and renewable energy, composites are also of growing interest.

1.1. Automated fibre placement
Two common production methods for composite structures are automated tape laying (ATL) and auto-
mated fibre placement (AFP) which can be seen in Figure 1.1. Both use tapes of continuous fibres that
are impregnated with a polymer resin which are placed alongside each other to form one layer known
as a ply. The plies are stacked in a certain sequence to form a laminate. Until recently all fibres within
a layer had the same orientation, typically 0°, ±45°, or 90°.

(a) Automated Fibre Placement [36] (b) Automated Tape Laying [35]

Figure 1.1: Main manufacturing processes for composite laminates

Automated tape laying uses prepreg that is typically 75, 150, or 300 mm wide which is similar to the
material used for manual layup. For automated fibre placement, the tapes are slit into smaller tows.
Common tow widths are 3.175mm (1/8 in), 6.35mm (1/4 in), and 12.7mm (1/2 in). To maintain the
productivity up to 32 tows are placed simultaneously in one so-called course. The tows are guided
from a creel cabinet, where the material is stored, to the robot system on which an end effector is

1



2 1. Introduction

mounted that deposits the material on a mould. A schematic overview of such a fibre placement head
can be seen in Figure 1.2. The material can also be stored on the head directly, but this usually requires
a more expensive gantry type system due to the increased weight [33].

Figure 1.2: Fibre placement head [11]

Two important elements on the AFP head are the compaction roller and the heating element. The
compaction roller applies pressure on the fibre course to make it conform to the shape of the mould.
The compression by the roller also reduces the amount of trapped air in the composite. The reason for
the controlled heat depends on the material that is used in the process. For thermoset composites, the
heater is used to increase the tackiness to adhere the tows to the previous layer or the tool surface.
The laminate is after placement cured in an autoclave where heat and pressure cause consolidation.
When laying thermoplastic material, the heat together with the compaction from the roller is generally
sufficient for in-situ consolidation. Independent of the material used, the purpose of the compaction
roller and the heater is to make one single product from separate layers that has a minimal amount of
voids and the required dimensions [41].

Before the heater and compaction roller, the material has gone through the cut, clamp and restart
module. It enables each tow to be controlled individually which is an important advantage of AFP. The
waste at the edges of products can be substantially reduced by being able to cut or restart each tow
separately. The same goes for cut-outs such as windows and doors in a fuselage section. It can also
regulate the speed with which each distinct tow is deposited.

1.2. Fibre steering
The differential tow payout capability, i.e. the ability to control the deposit rate of each tow, is especially
important for curvilinear paths. At a curvature the inner and outer edge of the material experience
different radii. As a result, one side is under tension while the other is under compression which can
cause wrinkling. Because AFP uses more narrow tows, that can be dispensed at different rates, higher
curvatures can be achieved.

Since manual and automated tape laying use wider tapes the design freedom in composite lami-
nates has traditionally been restricted to straight fibre paths. On top of that, stacking sequences have
generally been only a combination of four conventional fibre orientation: 0°, 45°, −45°, or 90°. Over
time a lot of knowledge and experience has been gained about conventional straight-fibre laminates
and consequently the design of fibre-placed composites is still often limited. Therefore the potential of
automated fibre placement is not fully utilised, but fortunately, it is changing.

Today, more research is done on using the flexibility of AFP to vary the fibre orientation within the
ply which is called fibre steering. A laminate where the fibre orientation in each ply is not uniform is
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known as a variable stiffness laminate (VSL). Allowing curvilinear tow paths enables the tailoring of
load paths that leads to an improved stress distribution and ultimately a higher laminate performance
[31]. The laminate can virtually be designed to conform to the local stress state [16].

There are numerous examples of research that have proven the advantages of fibre steering. Vari-
able stiffness laminates can have a significantly higher buckling load compared to their constant stiff-
ness counterparts according to numerical analysis [31, 43]. Also post-buckling, an improvement of
the failure load has been shown experimentally [30, 54] as well as numerically [31]. Furthermore,
curvilinear-fibre panels can be designed to have an increased tolerance to central holes relative to
straight-fibre laminates [30]. This can only be achieved by the ability to tailor load paths. For example,
in a plate with a hole under compression, the load is redistributed from the critical regions using fibre
steering and consequently, damage can be postponed [23, 31]. Not only the response to a single load
case can be improved but varying the fibre angle within the ply makes it easier to balance different
design objectives. For instance, for a certain VSL there exist many configurations with equal buckling
load yet different values for axial stiffness or vice versa [15], while for a comparable CSL a compromise
must be made. The decoupling of the design goals makes it easier to optimise for multiple conditions.

However, this freedom comes at a cost. The larger design space makes it difficult for the design to
converge to a practical solution. Another disadvantage of fibre steering is the difficulty of transforming
the design into an actual part that can be manufactured using automated fibre steering [16]. As a
result, the number of practical applications of variable stiffness laminates is limited and at the moment
the industry is not fully embracing the technology [32]. It can take a long time for manufacturers to
adopt fibre steering in composite laminates.

1.3. Smart manufacturing
Next to the employment of fibre steering, another development is happening in the world of manufac-
turing. Throughout history, there have been three industrial revolutions. The First Industrial Revolution
is marked by mechanisation, the transition from work by hand or with animals to the use of machines of-
ten using steam power or water power. The Second Industrial Revolution, or Technological Revolution,
is characterised by electrification and mass production enabled by the introduction of the production
line. The Third Industrial Revolution, or Digital Revolution, features automation facilitated by the use
of information and communications technology and electronics [50].

Currently, manufacturing is undergoing the Fourth Industrial Revolution, typically referred to as In-
dustry 4.0. The transformation is about manufacturing becoming smart. The major technologies driving
this are IoT (Internet of things), and CPS (Cyber-physical system) [24]. Previously seen automation en-
able elements in the manufacturing process to operate with a defined set of rules or thresholds. Smart
manufacturing differentiates itself from this by an increased usage of data that enables elements to
respond more flexibly and even make predictions and decisions in order to optimise the process.

This requires a complete redesign of the supply chain. A traditional supply chain is linear and
sequential and consists of discrete processes such as the planning phase, the actual manufacturing
and the product distribution [7]. To achieve smart manufacturing a supply chainmust become a dynamic
interconnected system. According to the vision of the National Institute of Standards and Technology,
smart manufacturing aims to have fully integrated, collaborative systems that can respond real-time
to changes in the customer requirements, supply network or manufacturing process [37]. Responding
directly to customer requirements allows manufacturers to move from standard mass production to
producing customised, yet high-volume, products.

IoT is an important technology in smart manufacturing because it enables each element to be con-
nected to a network. CPS is more about the relations between the elements. The interconnection
blurs the boundaries between physical processes, often seen in the actual manufacturing, and digital
systems that are more common in the design and logistics.
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1.4. Local fibre steering
The thesis topic is local fibre steering, which is a different application of fibre steering that fits within
the context of smart manufacturing. As mentioned, many challenges need to be faced before variable
stiffness laminates will become broadly used. Therefore, the focus is on improving fibre-placed constant
stiffness laminates. The next chapter will explain that tow width fluctuation is an important cause of gaps
and overlaps which severely affect the performance of composite laminates. The suggestion is to use
fibre steering locally to compensate for tow width fluctuation to reduce gaps and overlaps.

(a) Tow width fluctuation causing gaps and overlaps (b) Local fibre steering

Figure 1.3: A section of a conventional laminate versus local fibre steering

The result is visualised in Figure 1.3. On the left-hand side, the changing width leads to tows
overlapping or tows forming long narrow gaps between one another. On the right, local fibre steering is
applied. First, the lower tow is laid down straight. Next, the tow above follows the edge of the previous
tow. The following tows repeat this in such a way that each tow is adjacent to the preceding one. The
benefit is that no gaps or overlaps appear.

Compensating for the tow width fluctuation by local fibre steering to reduce gaps and overlaps can
be considered an example of smart manufacturing. Information is gathered about the inputs of the
system, in this case, the tow width. As a response, the tow paths laid down by the automated fibre
placement machine are adapted. The research question is: how effective is local fibre steering in
increasing the structural performance of composite laminate by reducing gaps and overlaps through
compensating for tow width fluctuation in automated fibre placement.
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Gaps and overlaps

Gaps and overlaps are the defect types that local fibre steering aims to mitigate. Therefore this chapter
covers their causes and effects in section 2.2 and 2.3. It moves on with current methods of modelling
and mitigation of gaps and overlaps in section 2.4 and 2.5 respectively. But, the chapter starts with
other defects that occur in automated fibre placement.

2.1. Other defects in automated fibre placement
Just like any other manufacturing process AFP is not perfect. There are many imperfections that can
occur. Heinecke andWillberg made a clear overview of these defects that will be summarised here [18].
The sevenmost relevant types of defects will be discussed. The first four are relatively well-understood.
The last three types of imperfections are seldom researched. One reason for this is that these defects
emerge less frequently. Another reason is that it is difficult to reproduce and control them.

The first defect to be treated is angle deviation. Often the fibre angle is optimised as a function of
the planar coordinates. An example of such a solution is visualised in Figure 2.1a. However, due to the
finite width course, the specified fibre paths cannot be followed as they are, but need to be converted
into a manufacture ply as in Figure 2.1b. It can be observed that only the centreline of the AFP head is
able to follow the ideal paths while the course edges deviate from the locally specified fibre orientation.
Reducing the fibre course width reduces the fibre angle deviation but also the fibre deposition rate and
thus the productivity of the process.

continuously
shifted

fibre path

(a) Ideal ply

head course
parallel tows

(b) Manufacturable ply

Figure 2.1: Fibre angle deviation due to finite course width [29]
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The second is fibre tow misalignment. This is the error between the projected and actual fibre path
due to the positioning accuracy of the end effector. The sources of error can be divided into three
groups [39]. One is stationary geometric. It is basically the inherent and inevitable error that the robot
has even when it is standing still. Another occurs when the robot is moving and is labelled dynamic. It
includes vibration resulting from motion and interaction with other objects such as the mould. It highly
depends on the inertia of the robot and the quality of the bearings. Another important factor is the
production speed which is always part of the trade-off with product quality. The final source of error is
thermal which essentially includes the thermal deformations in the robot. Fibre steering increases the
risk of fibre tow misalignment since the robot’s motion becomes more complex. Fibre tow misalignment
causes gaps and overlaps as can be seen in Figure 2.2.

Figure 2.2: Tow misalignment causing a gap [18] (Courtesy of Netherlands Aerospace Centre (NLR))

The third is fibre waviness. In-plane waviness occurs due to fibre steering and complex surfaces.
Out-of-plane waviness often emerges as a secondary phenomenon of, for example, the later mentioned
inclusion. A schematic illustration of fibre waviness is given in Figure 2.3
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(a) In-plane waviness
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(b) Out-of-plane waviness

Figure 2.3: Fibre waviness as defined by Heinecke and Willberg (adapted from:[18])

The fourth is tow twisting. It can already occur in the material supply. Tow width fluctuation can
be a cause because it allows the material to move sideways. However, it can also occur during the
deposition due to the movement of the end effector along the fibre path. Fibre steering consequently
increases the risk of twisted tows.
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Another defect type includes bridging and crowning. Bridging often occurs as a result of too much
tension on a concave surface while crowing happens due to too little tension on a convex surface. To
prevent it the fibre tension needs to be regulated throughout the production process.

Furthermore, there is a defect type containing tow wrinkling or upfolding. This is caused by insuf-
ficient adhesion. An example of upfolding is shown in Figure 2.4. Fibre steering increases the risk of
wrinkling due to the bending of tows in curves.

Figure 2.4: Tow upfolding due to lack of tackiness [18] (Courtesy of Netherlands Aerospace Centre (NLR))

The last defect that deserves to be mentioned is inclusions. The most common inclusion is in the
form of air often referred to as voids. One of the most important factors in the formation of voids is the
material quality [22]. The void content that is already present at the beginning of the process can only
be slightly reduced by compaction. Gaps and overlaps can cause voids as they hinder compaction.
The inclusion of foreign bodies is rather rare. Though often fuzzballs appear through the accumulation
of frayed fibre material (see Figure 2.5). Fuzzballs sometimes do get included in the product and cause
fibre waviness.

Figure 2.5: Fuzzball that contaminates the laminate formed by abrasion of fibre material [18] (Courtesy of Netherlands
Aerospace Centre (NLR))
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2.2. Causes
Gaps and overlaps are the most frequently occurring imperfections in automated fibre placement [18].
Even in an ideal manufacturing process gaps and overlaps cannot always be avoided, because a
complex geometry or layup cannot be translated into a perfectly aligning configuration of tows. Plus
there is the fact that gaps and overlaps often bring other defects with them. There are three main
causes of gaps and overlaps that will be discussed here, not in the order of prevalence.

2.2.1. Skew ply boundaries
The first is skew ply boundaries which means that the ply boundary is not perpendicular to the direction
of the tows. As a result, the fibre course width needs to be varied. The number of tows in a course is
discrete and the cutting is typically done perpendicular to the tow edge. Therefore so-called tow drop
areas appear where no material is present. To what extent gaps or overlaps occur is dependent on
the coverage strategy as illustrated in Figure 2.6. It could be that the ply boundary is a free edge of
the laminate that can be trimmed later. Another possibility is that multiple fibre directions are present
in one ply and that they coincide. This especially occurs often when fibre steering is used to make a
variable stiffness laminate.

0% Overlap
100% Gap

50% Overlap
50% Gap

100% Overlap
0% Gap

Figure 2.6: Different coverage strategies at ply boundaries (Adapted from: [33])

2.2.2. Shifted method
The second cause of gaps and overlaps is the shifted method. Fibre steering has a large design space
as a result. In order to decrease the number of variables often a reference curve is introduced. The
reference curve defines a single pass of the AFP head in a ply. To complete the layer a so-called ply
construction method is used. The shifted method is a common way to construct a ply. Each course is
identical to the reference path but translated with a certain distance. Because of the finite width of a
course, the inner and outer edges at a curve are different during steering. This means that two courses
do not fit exactly next to each other without the creation of gaps or overlaps. As with the skew ply
boundary, one can adopt a certain coverage strategy to choose a ratio between gaps and overlaps as
is illustrated in Figure 2.7.
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(a) Zero overlap (b) Zero gap

Figure 2.7: Shifted method with different configurations (adapted from: [45])

2.2.3. Tow width fluctuation
The third cause of gaps and overlaps is tow width fluctuation which is the most relevant for this thesis.
Typically in constant stiffness laminates, tows are placed with a set distance with respect to each other.
The tow width, however, is not constant and therefore the edges are never perfectly straight. This leads
to overlapping tows and longitudinal gaps between tows depending on the distance between them.

The severity of the tow width fluctuation depends on the material quality and the product form. There
are two product forms available in the manufacturing process: towpreg and slit tape. Both are carefully
described by a Composite Materials Handbook by the United States Department of Defense which is
summarised below [49].

Towpreg, also known as prepreg tow, is manufactured by impregnating bundles of dry fibre and
forming them to the desired width. It is commonly used in filament winding. Because the width is
specified, the thickness depends on the size of the fibre bundles. Even when a die is used to shape the
tow, the edges will still taper slightly resulting in a cross-section as illustrated in Figure 2.8a. Because
of this, precisely controlling the width is of the product is still the biggest challenge for suppliers. After
shaping the towpreg is spooled, often without the use of a backing film or separator sheet.

(a) Towpreg

(b) Slit tape

Figure 2.8: Cross-sectional shape of fibre placement materials [49]
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Slit tape is, as the name suggests, conventional unidirectional tape slit to a specified width. Similar
to towpreg, the parent tape is produced by impregnating dry fibres with resin at a high temperature
and pressure. The maximum length of the product is limited to either the amount of resin available or
the length of continuous fibre present on the bobbin. A range of widths can be chosen, sometimes
up to 1.5m. The sides of the master roll are trimmed and ultimately it is slit into smaller strands ready
to be used in the AFP machine. Due to the slitting, the cross-sectional shape is more rectangular as
illustrated in Figure 2.8b. When slit tape is spooled it is common to use a backing sheet centred over
the material to aid in separation. Because both a backing sheet as well as secondary slitting is required,
slit tape is generally more expensive than towpreg.

Typical tow widths and tolerances are displayed in Table 2.1. Only the handbook by the United
States Department of Defense distinguishes between the two product forms. Some sources do not
specify to which tow width the tolerance applies. According to Gruber et al. the width tolerance is ten
times bigger than the tolerance of the AFP machine [14].

Table 2.1: Tow width and respective tolerance according to different sources

Source Tow width Tolerance
in mm in mm %

United States Department of Defense [49] 0.125 3.175 0.005 0.1270 4.0 (Slit tape)
0.007 0.1778 5.6 (Towpreg)

Hulcher et al. [21] 0.250 6.350 0.010 0.2540 4.0
Evans [11] 0.125 3.175 0.015 0.3810 12.0
Gruber et al. [14] - - 0.010 0.2540 -
Grant and Benson [13] - - 0.025 0.6350 -

Tow width fluctuation is especially important because it also occurs often in straight-fibre laminates.
Local fibre steering is maybe an effective mitigation method for the gaps and overlaps caused by width
variation. To make clear why it is important to these defects the next section will discuss their effects.

2.3. Effects
To understand the effect of gaps and overlaps it is essential to look at the defects at a smaller scale.
The work relating to real defect geometries of Croft et al. and Lan et al. is summarised below.

Croft et al. tested four different defect configurations: gap, overlap, half gap/overlap, and twisted
tow. The defects have been introduced in a symmetric and balanced layup. For the gap, a pair of tows
has been removed. For the overlap, two tows have been introduced and for the half gap/overlap, they
have been shifted by half a tow width. The two tows each come from one of the two middle layers. This
is done for two reasons. The first to maintain symmetry to avoid coupling between in-plane loading
and out-of-plane deformation. The second is to increase the defect area. The assumption is that the
effect of a single defect is small. That is also why the defect width is one tow width which is rather
large relative to what would naturally occur during manufacturing. For the twisted tow, only one layer is
modified because it is difficult to accurately place two defects on top of one another and a twisted tow
rarely occurs twice at the same location.

Micrographs have been made using a scanning electron microscope (SEM) to investigate the real
defect geometries. The assumption is often made that gap areas are totally filled with resin, known
as resin-rich areas. However, this was not the case for the gap configuration as the pressure of the
autoclave helps tows to fill the gaps. It depends on the defect size because a smaller defect yield higher
curvatures and thus makes it harder to deform the tows into the gap region. In the half gap/overlap
configuration, for example, resin accumulation was observed as the pressure was not sufficient for the
tows to fill the defect [9]. Even though the defects may seem to have disappeared, on a larger level
fibre waviness is observed. The fibre waviness is caused by the fibres being pushed towards a gap or
away from an overlap. As will become clear below, waviness appears to be an important factor for the
compressive strength.

Lan et al. published two articles considering the effects of defects on tensile [26], and shear and
compression properties [27]. Five different defect configurations were tested. The first is the pristine
laminate made with manual layup used as a reference. The second was made with automated fi-
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Symmetry
axis

Gap

(a) Gap

Overlap

(b) Overlap

OverlapGap

(c) Half gap/overlap

Twisted tow

(d) Twisted tow

Figure 2.9: Defect configurations used by Croft et al. (Adapted from: [9])

bre placement leaving a 0.5mm gap between each course, which is considered the industry standard
for AFP. The third and fourth configuration has a single gap with a width of half a tow and a full tow
respectively. The final configuration contains a half-tow wide overlap.

Each defect configuration is investigated in two different layups. The first layup is [0∘/90∘ /0∘], where
the defect is superimposed in the five middle layers. The second layup is [(90∘/0∘) /90∘] and contains
only a single defect in the middle layers. Each combination of defect and layup is manufactured with
and without caul plate. A caul plate transmits normal pressure and provides a flat and smooth surface.
The caul plate reduces the thickness variation. The alternating plies in the second layup restrict material
movement and therefore the defects were not filled successfully even with the caul plate.

Figure 2.10 shows a selection of the micrographs from Lan et al.. The first four show the difference
between five superimposed gaps and a single gap horizontally and between with and without caul plate
vertically. Cross-sections without the caul plate show a large thickness variation. The superimposed
gaps even show that the gap has been pushed apart. This does not happen in the superimposed gaps
with a width of half a tow (see Figure 2.10e). A large thickness increase can be seen in the overlap
(2.10f).

(a) Five superimposed tow-wide gaps cured with caul plate (b) Single tow-wide gap cured with caul plate

(c) Five superimposed tow-wide gaps (d) Single tow-wide gap

(e) Five superimposed half-tow-wide gaps (f) Five superimposed half-tow-wide overlaps

Figure 2.10: Microstructural SEM observations of different defect regions (adapted from: [26])

Previous paragraphs the geometry of the defects. The rest of the section will discuss how they
affect the structural performance. Several studies are summarised below.

Sawicki and Minguet tested specimens under compression with many variables [42]. Two different
specimen types were tested: unnotched and with an open hole. The specimens were tested in two
different environments: room temperature with ambient humidity and 82.2 ∘C (180 °F) with 95% relative
humidity. Three different layups were used and the defect width varied between zero defect, narrow
defects of 0.762mm (0.03 in), and wider defects of 2.540mm (0.10 in).
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The defects were introduced by leaving out one tow in each 90° ply and adding it after the ply is
finished with the above-mentioned defect width as the offset. Because the layups contain a different
number of 90° plies, the number of defects is also varied. The defects are present in the transverse plies
to cause themaximum out-of-plane waviness in the adjacent longitudinal plies, because the assumption
is that waviness is the most important cause of compressive strength reduction.

The compressive strengths of the unnotched and open hole specimens were similar. In the 82.2 ∘C
environment the strength reduction was greater than at room temperature. For example, in an un-
notched compression test, a 0.762mm gap resulted in an 8.6% decrease of strength at room tem-
perature, but 19.7% at 82.2 ∘C. It indicates that the failure mechanisms were matrix-dominated. The
compressive strength decreased significantly with the presence of 0.762mm-wide defects, but the re-
duction was not significantly different for larger defects sizes. Also, the number of defects turned out
to have little effect. From these observations, it was concluded that it was indeed the out-of-plane
waviness in adjacent 0° plies that cause the compressive strength reduction.

Woigk et al. experimentally tested four different defect configurations: gaps, overlaps, staggered
gaps and a combination of staggered gaps and overlaps [53]. Tests were done for both tensile as
well as compressive strength and they came to the same conclusion about the failure mechanism as
Sawicki and Minguet. The out-of-plane waviness causes interlaminar shear stresses and out-of-plane
normal stresses that lead to failure. However, they found only significant strength reductions for the
specimen containing both gaps and overlaps. The results agree with previous research that found that
isolated defects do not cause a major knockdown in strength [9]. Nevertheless, it was not the amount of
imperfection, but the resulting level of fibre waviness that is the main driver behind strength reductions.

Hsiao and Daniel specifically studied the effects of fibre waviness [20]. They too found it causes
serious degradation of the compressive strength as well as the Young’s modulus. The dominant failure
mechanism under compressive loading was found to be interlaminar shear failure.

The research above showed what the defects look like and how they lead to failure. The next step is
to see how this influences the structural properties. Sawicki and Minguet found a significant reduction
in compressive strength (5- 27%) caused by gaps of at least 0.762mm [42]. The testing of Croft et al.
concluded that the effect on the specimens with an open hole was larger (up to 13%) compared to
specimens without it (overall less than 5%) [9]. Marouene et al. performed both experimental and
numerical studies on the effects of gaps and overlaps on the open-hole compressive strength [34].
They concluded that the effect varies, and can even become positive, depending on the location of
a defect relative to the hole. Li et al. found that the effect of gaps and overlaps also depends on the
orientation of the ply in which they are present [28].

The problem is that most of the research until now focused on isolated defects in laminates under
single loading conditions. Woigk et al. concluded that these do not cause amajor knockdown in strength
[53]. Instead, future research should focus on systemic defects. Tow width fluctuation, for instance,
causes many small defects instead of a large single defect. Some studies simulated gaps and overlaps
by removing or adding a tow. Others, such as Blom et al. focused on tow drop regions and concluded
that the stiffness reduction is proportional to the tow drop area [5]. Neither, however, specialised in the
long narrow gaps and overlaps caused by tow width fluctuation. Gaps as wide as a tow may be filled
with material, but thinner gaps may stay resin-rich.

Though more research needs to be done on complex defect configuration under combined load-
ing the information summarised above indicates that gaps and overlaps have a severe effect on the
mechanical properties and that is necessary to find a way to mitigate them.
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2.4. Modelling
In this section, it will be explained how the effects of gaps and overlaps can be incorporated in a
structural model. Previously, a gap was often modelled by changing the properties of a number of
elements to that of the matrix or no material at all. Similarly, overlaps were modelled by doubling the
thickness. Such a binary approach requires the mesh to be fine enough to accurately represent the
shape of the defect. The problem is illustrated in Figure 2.11b where the geometry of a defect cannot
be described properly. Figure 2.11a solves the issue but requires a large number of elements and thus
a high computational effort.

(a) Previous approach
Fine mesh

(b) Previous approach
Coarse mesh

(c) Defect element approach
Coarse mesh

Figure 2.11: Defect layer method compared to previously existing approaches for different mesh sizes

Fortunately, Fayazbakhsh et al. introduced a solution: the defect layer method. The method is able
to represent the defects more accurately using the same mesh as the previous approach. Instead of
an element either having the properties of the default material or that of a gap, the elastic properties are
scaled to the amount of gap present in an element. Likewise, the thickness is not simply doubled but
rather scaled to the amount of overlap in an element. This is illustrated in Figure 2.11c where elements
on the boundary of the material and the defect are not one of the two but something in between,
proportional to the defect area percentage.

For the scaling of the elastic properties to the gap area percentage Fayazbakhsh et al. use a graph.
The graph can be shown to correspond to the rule of mixtures. The rule of mixtures is used to predict a
property of a composite material. There are two forms of the rule of mixtures. The Voigt model assumes
that reinforcement and matrix experience equal uniform strain and is used for the longitudinal elastic
properties [10]. This results in the rule of mixtures as used for the longitudinal modulus in Equation 2.1.

The Reuss model assumes equal uniform stress experienced by the constituents that leads to the
inverse rule of mixtures that can be used for parallel properties such as the transverse modulus (𝐸 )
and the in-plane shear modulus (𝐺 ) as in Equation 2.2 and 2.3.

𝐸 = 𝑣 𝐸 + 𝑣 𝐸 (2.1)

1
𝐸 = 𝑣

𝐸 + 𝑣
𝐸 (2.2)

1
𝐺 = 1

𝐺 = 𝑣
𝐺 + 𝑣

𝐺 (2.3)

In these equations 𝑣 stands for the composite volume fraction, in other words, the amount of mate-
rial present. Also, 𝑣 does not refer to the actual matrix volume fraction, but the gap area percentage
that is assumed to be filled with resin.
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There are two important elastic properties that are not present in the graph by Fayazbakhsh2013.
The first is the Poisson’s ratio, which is identical for the composite and matrix in the paper, so no rule of
mixtures is required. The second is 𝐺 which is the out-of-plane shear modulus. The rule of mixtures
for the two are shown below. The other out-of-plane shear modulus 𝐺 can be assumed to be identical
to 𝐺 . It is important to mention that the equations for 𝐺 and 𝐺 are not very reliable since neither
the Voigt nor the Reuss model accurately represent what happens with a fibre reinforced composite
when it is loaded in shear [1].

𝜈 = 𝑣 𝜈 + 𝑣 𝜈 (2.4)

𝐺 = 𝑣 𝐺 + 𝑣 𝐺 (2.5)

2.5. Mitigation
It might also be interesting to mention that local fibre steering is not the first attempt in reducing gaps
and overlaps or their effects. Four methods have been identified in literature and will be discussed
here.

The first method is staggering, which means shifting plies of the same orientation with respect to
each other. Research on the effects of staggering is summarised below.

Tatting and Gürdal used a finite element model to investigate the stress distribution of curvilinear
fibre laminates with a central hole under axial loading [44]. They refer to staggering as the interwoven
technique. Staggering successfully reduced the thickness variations caused by overlaps which is illus-
trated in Figure 2.12. On the left side, a laminate is present where no staggering is applied. The darker
the colour of an element the more plies are present on top of each other and the larger the thickness.
On the right, the same laminate can be seen but with staggering. It is evident that the overlaps are
more distributed over the composite. However, the difference in the buckling load between the two
was negligible. It was suggested that staggering could not only be used for distributing the thickness
variation caused by overlaps but also caused by gaps such as tow drop areas.

(a) No staggering applied (b) Staggering applied
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Figure 2.12: The effect of staggering on the thickness distribution of variable-stiffness laminates [44]
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Blom et al. performed a numerical analysis on the effect of tow drop area on stiffness and strength
of variable stiffness laminates [5]. It included the effect of staggering. In their approach, when there are
two plies with the same orientation present, then one is shifted by half a course width. If four plies have
the same orientation the shift between each of them is one-quarter of the course width. This assures
that course gaps, overlaps and course boundaries, of identical plies are not at the same planar location.

The study concluded that failure occurs at tow drop locations in both inner and outer plies. Stagger-
ing had a positive effect on the strength of the laminates while the improvement was less decisive. The
increase in strength is explained by the distribution of tow drop areas over the laminate and through it
reducing stress concentrations and postponing failure. The effects are confirmed by the increase in the
number of failed elements and the failure load. Even laminates containing no tow drop areas benefited
from staggering. This is understood to be due to the distribution of angle deviation caused by the finite
course width occurring in variable stiffness laminates.

Turoski performed open hole compression (OHC) test with three different variables [48]. The first is
the gap width which in this case is the distance between tapes. The second is the stagger repeat num-
ber: the number of plies with the same orientation between two plies with the same in-plane location.
The third is the in-plane distance between two sequential plies of the same orientation.

The study found no strength increase when staggering was applied. In fact, it is even questioned
if staggering is worthwhile considering the increased constraints on the stacking sequences and the
effort of additional programming of the AFP machine that is required.

The second method has been studied by Rakhshbahar and Sinapius [40]. The study aims to elimi-
nate gaps by detecting them with a profile sensor after tow placement and filling them with continuous
fibre reinforced plastic using a 3D printer. Unfortunately, there is no 3D printer capable of directly
printing material in the gaps, so they are printed on a separate panel and then inserted at the defect
locations. The five specimens used in the study used a nominal tow width of 6.35mm and the gaps had
a width of 3mm and a depth of 0.36mm. Gaps as narrow as 1mm can be printed in different shapes.
The mechanical performance of the specimen with gaps filled with a 3D printer was nearly identical to
the pristine specimen [40].

The method still faces many challenges. Though the material that is 3D printed is a continuous fibre
reinforced plastic, there are still discontinuities present at the edges of the gap. Besides, the method
does not eliminate overlaps but solely gaps. Also, it requires an additional step in the production using
material that is added under different conditions. The results may be promising, but the exact effects
are complex and therefore it is difficult to verify the method to use it commercially.

The last to methods to mitigate gaps and overlaps is by applying a different ply construction. As
discussed in section 2.2 a common way to overcome the difficulty of translating a design into a part that
can be manufactured is by the use of a reference path. The often-used shifted method causes gaps
and overlaps as can be seen in Figure 2.13a.

One option is the parallel method displayed in Figure 2.13b. Tows are placed parallel to one another
to align their edges. This is similar to the local fibre steering that will be studied in this thesis. Here the
centreline of the reference path is curved and the edges are assumed to be perfectly parallel to it. In
local fibre steering, the centreline of the first tow is assumed to be straight and it is the edges that are
curved. A problem that can occur using the parallel method is the accumulation of curvature. This can
be observed in the top half of the figure where the curvature of the right tow is much higher than the left
tow. Eventually, the curvature becomes so high that it leads to tow wrinkling. The problem of curvature
accumulation and its effect on local fibre steering will be discussed in section 4.4.
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Another option has been introduced by Kim et al. named continuous tow shearing (CTS) [25]. Tra-
ditionally, AFP steers tows by rotating the end effector and thereby applying an in-plane bending de-
formation on the tow. The compression caused by the bending can result in fibre buckling. Instead,
CTS steers tows by applying a shear deformation that avoids fibre buckling. A special end effector
is required. A compaction shoe compresses the end of the tow to maintain its position while at the
other end a pinching device moves along with the head. Continuous tow shearing also asks for a dif-
ferent material. The matrix in conventional composite material is too viscous for the fibres to be easily
sheared. Because of the curvature accumulation in the parallel method and the required equipment
and material for CTS, both are not considered feasible mitigation methods at the moment.

(a) Shifted method (b) Parallel method

(c) Continuous tow shearing (CTS)

Figure 2.13: Different ply construction methods (adapted from: [25])



3
Research outline

In the first chapter, the problem of gaps and overlaps was introduced as well as a possible solution:
local fibre steering. The second chapter dived deeper into gaps and overlaps. It discussed their causes,
effects and methods for modelling and mitigation. This chapter will explain the path forward. The
introduction ended with the following main research question:

How effective is local fibre steering in increasing the structural performance of
composite laminates by reducing gaps and overlaps through compensating

for tow width fluctuation in automated fibre placement?

Local fibre steering in the context of this thesis is defined as using steering capability of automated
fibre placement locally to compensate for the tow width fluctuation. To answer the main research
question, three sub-questions need to be answered first:

1. To what extent can gaps and overlaps be reduced using local fibre steering?
The goal of chapter 4 is to answer this question by constructing the conventional and steered
laminate. The resulting defect area percentage of the conventional and steered laminate are
presented in section 4.6.

2. What is the effect of the reduction in gaps and overlaps and the fibre angle deviation on
the structural performance?
A finite element analysis will calculate whether the decrease of the defect area percentage im-
proves the structural performance. This will be discussed in Chapter 6. The model will calculate
the buckling load and effective stiffness of the conventional and steered laminate which are pre-
sented in section 6.4.
It is known that local fibre steering comes at a cost. Deviating from the tow path to compensate for
the tow width fluctuation causes the fibre orientation to vary which affects the stiffness locally. The
effects of fibre angle deviation are included in the model that calculates the structural performance
using a finite element method (FEM).

3. How accurate is the current understanding of tow width fluctuation?
The laminate model that constructs the tow paths uses a model of the tow material. Assumptions
were made to determine the values for the tow width fluctuation. Chapter 5 attempts to validate
the assumptions. The results of the validation are discussed in section 5.2

17
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Eventually, the research objective is...

...to determine to which extent local fibre steering can reduce
gaps and overlaps and what the effects are on the structural performance.

The practical side of local fibre steering, e.g. the technologies necessary to employ local fibre
steering, is determined to be out of the scope of this thesis. When it is determined how effective local
fibre steering is, it can be decided whether the research and development of the required technologies
are worthwhile.

Tow model Laminate model FEM model

Validation Defect reduction Structural performance

Figure 3.1: Research outline

The way forward is visualised in Figure 3.1. The amount of gaps and overlaps is expressed in the
so-called defect area percentages (DAPs). Chapter 4 calculates the DAPs of a conventional laminate
and a laminate where local fibre steering is applied. To do that, first, the tow material that is used
is modelled in Section 4.1. The tow model is then used to construct the conventional laminate in
Section 4.2. The rest of the chapter explains how the steered laminate is constructed and finishes with
preliminary results containing the defect area percentages of both laminates.

The values for the parameters in the tow model are based on assumptions or taken from literature
presented in Chapter 2 about tow width fluctuation. The goal of Chapter 5 is to validate the assumptions
by measuring the actual width of different tow materials.

Chapter 6 will calculate the structural performance of the laminates, more specifically, the buckling
load and the effective stiffness. It can be used to compare the conventional laminate with the steered
laminate to assess the effectiveness of local fibre steering.

The conclusions that can be drawn from the defect area percentages, validation of the tow width
fluctuation and the structural performance are covered in Chapter 7 which is followed by Chapter 8
discussing any recommendations for future work.
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Model

This chapter explains how the laminates are constructed. The first section describes the model for the
tow material. In the second section, the tow model is used to construct the conventional laminate. The
tow model continues to be used in the third section in which parallel curves are constructed to create
a model of the steered laminate. The two subsequent sections cover challenges that were faced in
the process of local fibre steering: the exceedance of the minimum radius of curvature and the large
fibre angle deviations. At the end of this chapter, a comparison of the defect area percentages of both
laminates is presented as a preliminary result.

4.1. Tow model
The tow model represents the material that is used in the automated fibre placement. Section 2.2.3
has already discussed the current knowledge of tow width fluctuation. The tow model will use a typical
value of 6.35mm (0.25 in) for the tow width. The standard deviation is assumed to be 0.254mm (0.01 in)
which is 4% of the tow width, because Table 2.1 showed that this is common.

The mean width 𝜇 and standard deviation 𝜎 are not sufficient to model a realistic tow width fluctua-
tion. Figure 4.1 shows a tow with a length 𝑙 of 100mm. Using the mean width and standard deviation
mentioned above, a random tow width is generated for every step in the longitudinal direction 𝑥 with a
step size 𝑑𝑥 of one millimetre. It can be observed that the tow edge is very rough. Upcoming sections
will show that large changes in the tow width and large rates of changes can become a problem when
attempting to construct parallel tows.

0 10 20 30 40 50 60 70 80 90 100

−𝜇/2

0

𝜇/2

𝑠 (mm)

𝑤
(m
m
)

Figure 4.1: Rough tow model
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Because of this a tow model needs to be created that can take into account these properties. There-
fore, a third parameter is introduced, 𝑑𝑙, which is the distance along the tow path between the point for
which a random width is generated. Through these points a set of natural cubic splines is constructed.
This tow model is visualised in Figure 4.2. It is important to notice that for cubic splines to be a realistic
representation of the tow width the edge of the material needs to be smooth. In Chapter 5 the tow
model will be validated including the assumption about the smoothness.

0 10 20 30 40 50 60 70 80 90 100

−𝜇/2

0

𝜇/2

𝑑𝑙

𝑠 (mm)

𝑤
(m
m
)

Figure 4.2: Smooth tow model ( 10mm)

4.2. Conventional laminate
With the established tow model, the conventional laminate can be constructed. This is done as follows.
For each ply and its fibre orientation, the tow length 𝑙 and the number of tows 𝑛 necessary to cover
the laminate are calculated. Some margins are included. The first tow of each layer is placed with its
centerline along the 𝑥 axis from 𝑥 = −𝑙/2 to 𝑥 = 𝑙/2. The consecutive tows are placed alternating
above or below the existing group of tows. The centreline of all tows are all spaced a constant distance
𝑑 apart. The result of one ply (see Figure 4.3) can be transformed to the required ply orientation
according to the stacking sequence. The parameters used are shown in table 4.1.

Table 4.1: Standard tow and laminate parameters

Description Symbol Value Unit

Mean tow width 𝜇 6.35 mm
Standard deviation 𝜎 0.254 mm
Spline node distance 𝑑𝑙 10 mm
Step size 𝑑𝑥 1 mm
Tow length 𝑙 500 mm
Centreline distance 𝑑 6.35 mm
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d

x

y

Figure 4.3: An example of a single ply of the conventional laminate

The centreline distance 𝑑 is chosen to be equal to the mean tow width. This means the probabil-
ity of a gap or an overlap are equal. A manufacturer can, however, choose to change the distance to
prefer one over the other. The paragraph below will explain how the distance 𝑑 is connected to the con-
ventional one-, two- and three-sigma heuristics. The tow width is assumed to be normally distributed.
Algebraically, this can be written as below.

𝑤 ∼ 𝒩(𝜇, 𝜎 ) (4.1)

w

w

d

Figure 4.4: The centreline distance between tows and the resulting gaps and overlaps

Figure 4.4 shows two tows of width 𝑤 with distance 𝑑 between them. The linear transformation of
a normal distribution goes as follows.

𝑎𝑋 + 𝑏 ∼ 𝒩 (𝑎𝜇 + 𝑏, 𝑎 𝜎 ) (4.2)

This means the upper edge of the first tow and the lower edge of the second tow can be described
using the following two equations.

𝑦 = 1
2𝑤 ∼ 𝒩(12𝜇,

1
4𝜎 ) (4.3)
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𝑦 = −12𝑤 + 𝑑 ∼ 𝒩(−12𝜇 + 𝑑,
1
4𝜎 ) (4.4)

The following is true for the subtraction of two normally distributed variates.

𝑋 − 𝑌 ∼ 𝒩 (𝜇 − 𝜇 , 𝜎 + 𝜎 ) (4.5)
Applying this to the two tow edges gives

𝑦 − 𝑦 ∼ 𝒩(12𝜇 − (−
1
2𝜇 + 𝑑) ,

1
4𝜎 + 14𝜎 ) = 𝒩(𝜇 − 𝑑, 12𝜎 ) (4.6)

This can be used to set the distance 𝑑 for the desired heuristic (1𝜎, 2𝜎, or 3𝜎) and defect type
(gap or overlap). The derivation continues with an example for the probability of an overlap set at the
thee-sigma boundary, but a similar method can be used to derive any other specification.

Pr(overlap) = Pr(𝑦 > 𝑦 ) = Pr(𝑦 − 𝑦 < 0)

Pr(𝑋 ≤ 𝜇 + 3𝜎 ) = Pr(𝑦 − 𝑦 < 0)

𝜇 + 3𝜎 = 0

𝜇 − 𝑑 + 3√12𝜎 = 0

𝑑 = 𝜇 + 3√12𝜎

(4.7)

4.3. Parallel curve construction
The construction of the steered laminate begins from the same starting point: a tow aligned with the
𝑥-axis from 𝑥 = −𝑙/2 to 𝑥 = 𝑙/2. It continues differently. The next centreline is placed parallel to the
previous one with the distance being the sum of the half widths of both tows. This is done as follows.

Imagine if the curve representing the centerline of a tow would be described by the parametric
function as in Equation 4.8.

𝛾(𝑡) = (𝑥(𝑡), 𝑦(𝑡)) (4.8)
A parallel curve 𝛾 (𝑡) = (𝑥 (𝑡), 𝑦 (𝑡)) at distance 𝑑 can then be described with

𝑥 (𝑡) = 𝑥(𝑡) + 𝑑 ⋅ 𝑦 (𝑡)
√𝑥 (𝑡) + 𝑦 (𝑡)

(4.9)

𝑦 (𝑡) = 𝑦(𝑡) − 𝑑 ⋅ 𝑥 (𝑡)
√𝑥 (𝑡) + 𝑦 (𝑡)

(4.10)

These formulae, however, require an analytical description of the tow path. One could describe the
initial tow paths analytically, but the solution for the next centreline becomes complicated. The result
becomes more cumbersome as more curves are constructed. Therefore the model uses a numerical
approach. Before the approach can be explained first the notation must be described which is best
done visually as in Figure 4.5.

In 𝛾, index 𝑗 indicates the tow and index 𝑖 the point in the tow, so 𝛾 , represents the third point in the
fifth tow. The last point in a tow located at 𝑖 = 𝑚 and the last tow has number 𝑛. Now that this is defined
the analytical parallel curve construction can be rewritten to a numerical form as in Equation 4.11 and
4.12.
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(x1, yn−1) (xm, yn−1)

(x1, y1) (xm, y1)

(x1, yn) (xm, yn)

dx0 x

y

γi,j−1

γi,jγi−1,j

di,j−1

di,j

dsi,j

Figure 4.5: Coordinate system

𝑥 , = 𝑥 , −
(𝑑 , + 𝑑 , ) ⋅ 𝑑𝑦 ,

√𝑑𝑥 , + 𝑑𝑦 ,
(4.11)

𝑦 , = 𝑦 , +
(𝑑 , + 𝑑 , ) ⋅ 𝑑𝑥 ,

√𝑑𝑥 , + 𝑑𝑦 ,
(4.12)

One problem that is encountered is that the construction is a loop. The new point 𝛾 , is computed
using point in the previous tow 𝛾 , and the distances 𝑑 , 𝑑 , . However, the latter depends on
the location in the tow model referred to as 𝑠. It can be calculated summing the euclidean distances
between all the points including the distance between the current point 𝛾 , and its preceding point in
the tow 𝛾 , , which means the location of the new point depends on itself. The complexity is better
illustrated using the flowchart in Figure 4.6.

The loop asks for the code to do the process iteratively, but this becomes computationally expensive.
Furthermore, the tow width at the spline nodes in the tow model is a random variable. Because of the
required effort and the randomness in the tow model, it is not considered worthwhile doing multiple
iterations, but it is something that can be done to improve the accuracy of the laminate model.

Last but not least it needs to be mentioned how the derivatives are calculated. The denominator
of the difference quotient is not used as it would be cancelled out in the fraction. A forward or cen-
tral numerical difference method is not possible, since only preceding points are known. This means
the derivative is simply calculated using the primary backward numerical difference method in Equa-
tion 4.13

𝑑𝛾 = 𝛾 , − 𝛾 , (4.13)

Using the standard tow parameters from Table 4.1 and the method stated above one can try to
construct the steered laminate. A typical result is displayed in Figure 4.7.

There are two problems that can be observed in this laminate. The first is the high curvatures
that are causing self-intersection and cusps. What this means and how this can be avoided will be
discussed in the next section. The second is the occurrence of large angle deviations. Why and how
this will be addressed in section 4.5.
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Previous data point

(xi,j−1, yi,j−1)

New data point

xi,j = xi,j−1 − di,j ·dyi,j−1√
dx2

i,j−1
+dy2

i,j−1

yi,j = yi,j−1 +
di,j ·dxi,j−1√
dx2

i,j−1
+dy2

i,j−1

Step in location along tow

dsi,j =
√

dx2
i,j + dy2i,j

Half tow width

di,j = f(si,j)

Location along tow

si,j =
∑i

1

∑j
1 dsi,j

Figure 4.6: Loop in the construction of a parallel curve

Figure 4.7: Local fibre steering resulting in self-intersections and cusps

4.4. Minimum radius of curvature
If nothing is done, the curvature of the tow paths can become too high. Two indications of that are
self-intersections and cusps. A self-intersection is when the tow path forms a loop where it crosses
itself. A cusp is a singularity that can be considered an earlier form of a self-intersection as is shown in
Figure 4.8. The graph depicts a simple sine in blue and a circle which best approximates the function
at its maximum. The radius of this circle is called the radius of curvature (ROC) which is the reciprocal
of the curvature. The curvature of a parametric function can be calculated using Equation 4.14. The
centre of the circle is called the centre of curvature.

𝑘 = 𝑥 𝑦 − 𝑦 𝑥

(𝑥 + 𝑦 ) 𝑟 = 1
𝑘 (4.14)

Under the sinusoid, three parallel curves are constructed using the analytical method described in
the previous section. What is interesting is that a point on a curve always shares its centre of curvature
with the same point on a parallel curve and the ROC decreases with the offset distance 𝑑. As can be
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seen in the figure, a cusp occurs when the distance is equal to the ROC and when 𝑑 increases even
more a self-intersection occurs.

What is important to remember is that the curvature increases with the offset distance. So if there
is some curvature present in a tow path, then, even without introducing additional fluctuations, self-
intersections and cusps will appear at a certain number of tows. This will be referred to as curvature
accumulation. However, in an ideal situation, the curvatures as a result of tow width fluctuation cancel
each other out. If there is sufficient balance the curvatures would stay within limits for enough tow paths
to be constructed to form a laminate of the required dimensions.

−π π 2π

−2

−1

1

x

y

Figure 4.8: Accumulation of curvature: self-intersections and cusps

Unfortunately, even if self-intersections and cusps can be avoided the curvatures are still too high
for a laminate to be manufactured. In automated fibre placement, the tows are steered by rotating the
end effector to cause an in-plane bending deformation. Due to the finite tow width, the inner edge un-
dergoes compression while the outside experiences tension. This leads to tow wrinkling and upfolding
respectively [18]. To prevent this a minimum radius of curvature is introduced.

Beakou et al. introduced an analytical solution to calculate the minimum radius of curvature which
is shown in Equation 4.15.

𝑟 = 𝐸 𝑏ℎ
2𝛼𝑁 (4.15)

Here, 𝐸 , is the longitudinal Young’s modulus, 𝑏/2, and ℎ, are the width and thickness of the tow
respectively, and 𝑁 is the critical buckling load of the tow. Factor 𝛼 is a load parameter which is
defined as in Figure 4.9.

Figure 4.9: Distribution of applied in-plane stress for different values of [2]

Typical values for the minimum radius of curvature have been given by Blom and are displayed in
Table 4.2. From these numbers, it can be concluded that the minimum radius of curvature is related
quadratically to the tow width. Typically, automated fibre placement prescribes 400mm to avoid tow
wrinkling or upfolding [38].

Now that is clear that tow paths should conform to the minimum radius of curvature a method should
be found to actually reduce the curvatures in a laminate. The methods that have been tried are listed
here and are shortly explained below.
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Table 4.2: Minimum radii of curvature for different tow widths using a 102mm-wide course [6]

Tow width 𝑏/2 Typical minimum turning radius 𝑟
in mm in mm

1/8 3.175 25 635
1/4 6.35 70 1778
1/2 12.7 350 8890

• Increase distance

• Remove points

• Move vertically

• Smoothing spline

The first method to reduce the curvature was to increase the distance 𝑑. The idea behind it was to
move away from the corner where the curvature is high. However, as explained earlier, the ROC only
decreases with the offset distance, so this is actually adversarial.

The second method to limit curvature accumulation was to remove points. This was done either
during the curve construction by removing a point when the curvature was too high or by removing the
self-intersections as a post-processing step. One thing to say against this method is that it removes
information. A tow is represented by a 𝑛 number of points. If many points will be removed every time a
curve is constructed then after a certain number of tows there are not enough points left to realistically
represent a tow path. Another reason not to go for this method is that by removing points singularities
occur at the edges where data is removed. The transition between the sections actually becomes rough
with high curvatures as a result. Thus, removing points is also unsuccessful. Similar to the first method
the third aims to move away from the corner where the curvature is high. However, instead of moving
perpendicular to the curve, it moves vertically. When a curvature is too high the point is moved away
from the previous curve. Then again there is the problem of the transition between the corrected point
and the original curve, so in its turn, the points around also have to be moved away vertically. The
method actually is proven to be successful, but only sporadically. The challenge is to find how much
the point needs to be moved. It can happen that the solution does not converge and the points keep
moving further and further away from the original curve.

The fourth and final method is smoothing splines. They can be used to determine how much the
points should be moved to correct enough for the curvature and still not differ too much from the original
data. Smoothing splines find a balance between having a smooth curve and being close to the original
data. The set of splines 𝑆 is found by minimising the weighted sum of the error measure and the
roughness measure displayed in Equation 4.16.

𝑝 ∑(𝑦 − 𝑆 (𝑥 ))
⏝⎵⎵⎵⎵⏟⎵⎵⎵⎵⏝

error measure

+(1 − 𝑝 ) ∫ (𝑑 𝑆𝑑𝑥 ) 𝑑𝑥
⏝⎵⎵⎵⎵⏟⎵⎵⎵⎵⏝
roughness measure

(4.16)

The error measure is the sum of the squared error between the original points 𝑦 and the new
points 𝑆(𝑥 ) from the spline. The roughness measure is calculated by integrating the second derivative
squared of the spline over the domain. The ratio between the two is determined by smoothing parameter
𝑝 . When it is equal to one the solution is a regular cubic spline through the points and the original data
remains intact. When 𝑝 = 0 the solution will be a linear least-squares estimate since this is infinitely
smooth and yet as close to the data as possible. How the minimum of Equation 4.16 is calculated is
explained in the next paragraph.

A simple cubic spline is described as shown in Equation 4.17. To demonstrate how the smoothing
splines are calculated, the spline needs to written in the so-called value-second derivative represen-
tation. It is assumed that the value (𝑆(𝑥 )) and the second derivative (𝑆 (𝑥 )) are known. Substituting
gives the equation for how the entire spline can be plotted using these parameters as shown in Equa-
tion 4.18.
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𝑆 (𝑥) = 𝑎 + 𝑏(𝑥 − 𝑥 ) + 𝑐(𝑥 − 𝑥 ) + 𝑑(𝑥 − 𝑥 ) for 𝑥 ≤ 𝑥 ≤ 𝑥 , 𝑖 = 1, .., 𝑚 (4.17)

𝑆 (𝑥) = (𝑥 − 𝑥 )𝑆(𝑥 ) + (𝑥 − 𝑥)𝑆(𝑥 )
𝑥 − 𝑥

− 16(𝑥 − 𝑥 )(𝑥 − 𝑥) {(1 + 𝑥 − 𝑥
𝑥 − 𝑥 )𝑆 (𝑥 ) + (1 + 𝑥 − 𝑥

𝑥 − 𝑥 )𝑆 (𝑥 )}

for 𝑥 ≤ 𝑥 ≤ 𝑥 , 𝑖 = 1, .., 𝑚

(4.18)

A requirement for a set of cubic splines is that the first derivatives of neighbouring splines in their
common node need to be equal. This is done in the following three equations.

𝑆 (𝑥 ) = 𝑆(𝑥 ) − 𝑆(𝑥 )
𝑥 − 𝑥 − 16(𝑥 − 𝑥 )(𝑆 (𝑥 ) + 2𝑆 (𝑥 )) (4.19)

𝑆 (𝑥 ) = 𝑆(𝑥 ) − 𝑆(𝑥 )
𝑥 − 𝑥 + 16(𝑥 − 𝑥 )(2𝑆 (𝑥 ) + 𝑆 (𝑥 )) (4.20)

𝑆(𝑥 ) − 𝑆(𝑥 )
𝑥 − 𝑥 − 𝑆(𝑥 ) − 𝑆(𝑥 )

𝑥 − 𝑥 = 1
6(𝑥 −𝑥 )𝑆 (𝑥 )+ 13(𝑥 −𝑥 )𝑆 (𝑥 )+ 16(𝑥 −𝑥 )𝑆 (𝑥 )

(4.21)
Let 𝑆 be the vector (𝑆(𝑥 )...𝑆(𝑥 ) and 𝑆 the vector (𝑆 (𝑥 )...𝑆 (𝑥 ) . Then the relation above can

be displayed in matrix form

𝑄 𝑆 = 𝑅𝑆 (4.22)

where 𝑄 is a 𝑚 × (𝑚 − 2) tridiagonal matrix with the elements

𝑞 , =
1

𝑥 − 𝑥 , 𝑞 = − 1
𝑥 − 𝑥 − 1

𝑥 − 𝑥 , 𝑞 , =
1

𝑥 − 𝑥 for 𝑖 = 2, ..., 𝑚 − 1 (4.23)

and 𝑅 is a symmetric (𝑚 − 2) × (𝑚 − 2) matrix with the elements

𝑟 = 1
3(𝑥 − 𝑥 ) for 𝑖 = 2, ..., 𝑚 − 1

𝑟 , = 𝑟 , =
1
6(𝑥 − 𝑥 ) for 𝑖 = 2, ..., 𝑚 − 2

All elements of the two band matrices that are undefined here are equal to zero. The error measure
can be written in matrix form as follows.

∑(𝑦 − 𝑆 (𝑥 )) = (�⃗� − 𝑆) (�⃗� − 𝑆) (4.24)

Using the relation in Equation 4.22 the roughness measure can also be written in matrix form. The
derivation below uses integration by parts and the fact that for a natural set of cubic splines 𝑆 (𝑥 ) =
𝑆 (𝑥 ) = 0 and that 𝑆 is constant on each interval [𝑥 , 𝑥 ] and zero outside [𝑥 , 𝑥 ].
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∫ (𝑆 (𝑥)) 𝑑𝑥 = ∫ 𝑆 (𝑥) 𝑑𝑑𝑥 (𝑆 (𝑥))𝑑𝑥

= [𝑆 (𝑥)𝑆 (𝑥)] − ∫ 𝑆 (𝑥)𝑆 (𝑥)𝑑𝑥

= −∫ 𝑆 (𝑥)𝑆 (𝑥)𝑑𝑥

= − ∑ 𝑆 (𝑥 )∫ 𝑆 (𝑥)𝑑𝑥

= ∑ 𝑆 (𝑥 ) − 𝑆 (𝑥 )
𝑥 − 𝑥 (𝑆(𝑥 ) − 𝑆(𝑥 ))

= ∑ 𝑆 (𝑥 )𝑆(𝑥 ) − 𝑆(𝑥 )
𝑥 − 𝑥 − 𝑆 (𝑥 )𝑆(𝑥 ) − 𝑆(𝑥 )

𝑥 − 𝑥

=∑𝑆 (𝑥 )𝑆(𝑥 ) − 𝑆(𝑥 )
𝑥 − 𝑥 − ∑ 𝑆 (𝑥 )𝑆(𝑥 ) − 𝑆(𝑥 )

𝑥 − 𝑥

= ∑ 𝑆 (𝑥 ) (𝑆(𝑥 − 𝑆(𝑥 ))
𝑥 − 𝑥 − 𝑆(𝑥 ) − 𝑆(𝑥 )

𝑥 − 𝑥 )

= (𝑆 ) 𝑄 𝑆 = 𝑆 𝑄𝑅 𝑄 𝑆 = 𝑆 𝐾𝑆

(4.25)

Using the combination of the error and roughness measure expressed in vectors and matrices it
can be proven that a unique minimum exists that can be calculated using a linear time algorithm. It
starts with introducing 𝜆 = .

∑(𝑦 − 𝑆 (𝑥 )) + 𝜆∫ (𝑑 𝑆𝑑𝑥 ) 𝑑𝑥

= (�⃗� − 𝑆) (�⃗� − 𝑆) + 𝜆𝑆 𝐾𝑆
= �⃗� �⃗� − 2�⃗� 𝑆 + 𝑆 𝑆 + 𝜆𝑆 𝐾𝑆
= 𝑆 (𝐼 − 𝜆𝐾)𝑆 − 2�⃗� 𝑆 + �⃗� �⃗�

(4.26)

The minimum for this function is located at

𝑆 = (𝐼 + 𝜆𝐾) �⃗� (4.27)

Now that there is a method to calculate the smoothing spline, it can be used for the curve construc-
tion. Fortunately, MATLAB has a built-in cubic smoothing spline function called csaps. In the script,
the smoothing parameter 𝑝 is calculated iteratively. After each tow path, the smoothing is applied,
starting at 𝑝 = 0 e.g. no smoothing. The parameter gradually decreases until the lowest radius of
curvature in the tow path is below the minimum ROC.

Note that the roughness measure uses only the second derivative which is an approximation of
the actual curvature in Equation 4.14. However, it is only used to smooth the curves and the amount
of smoothing is still defined by a numerical approximation of the curvature. This approximation is
displayed in Equation 4.28. It shows that differences can be used instead of the derivatives because
the time steps cancel each other out.
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𝑘 = 𝑥 𝑦 − 𝑦 𝑥

(𝑥 + 𝑦 )
=

−

(( ) + ( ) )

= 𝑑𝑥 ⋅ 𝑑 𝑦 − 𝑑𝑦 ⋅ 𝑑 𝑥

(𝑑𝑥 + 𝑑𝑦 )
(4.28)

For calculating the curvature, the backward, central, and forward difference methods are used that
are displayed respectively in Equation 4.29 for both the first-order as second-order difference. The
central difference methods are used except for 𝛾 and 𝛾 where this is impossible.

∇𝛾 = 𝛾 − 𝛾 𝛿𝛾 = 𝛾 − 𝛾
2 Δ𝛾 = 𝛾 − 𝛾

∇ 𝛾 = 𝛾 − 2𝛾 + 𝛾 𝛿 𝛾 = 𝛾 − 2𝛾 + 𝛾 Δ 𝛾 = 𝛾 − 2𝛾 + 𝛾
(4.29)

Smoothing allows for an infinite amount of tows to be constructed as long as the minimum radius of
curvature is large enough. Defect area percentages for different amounts of smoothing will be covered
in section 4.6.

4.5. Fibre angle deviation
The second problem is the occurrence of large angle deviations. In the conventional laminate, there
might be a large amount of gaps and overlap but, at least in an ideal situation, the fibres are aligned
in one direction. In the steered laminate the tows move away from the paths to reduce the gaps and
overlaps. The fibre angle is sacrificed for the defect area percentage which might, as will be explained
in this section, not be worth it.

Automated fibre placement uses orthotropic continuous fibre reinforced plastic material. Orthotropic
means the mechanical properties depend on the orientation. The stiffness, for example, is often more
than ten times higher in the direction of the fibres compared to the other directions.

The strains and stress referred to the principal axes are related as in

{
𝜀
𝜀
𝛾
} = [
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𝑆 𝑆 0
0 0 𝑆
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𝜏
} =

⎡
⎢
⎢
⎢
⎣

0
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⎤
⎥
⎥
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{
𝜎
𝜎
𝜏
} (4.30)

The engineering constant referred to the principal axes

{
𝜎
𝜎
𝜏
} = [𝑇] {

𝜎
𝜎
𝜏
} {

𝜀
𝜀
𝛾
} = [𝑇] {

𝜀
𝜀
𝛾
} (4.31)

[𝑇] = [
𝑚 𝑛 2𝑚𝑛
𝑛 𝑚 −2𝑚𝑛
−𝑚𝑛 𝑚𝑛 𝑚 − 𝑛

] 𝑚 = cos𝜃
𝑛 = sin𝜃 (4.32)

The transformation of the stresses and strains can be used to find the transformation of the math-
ematical constants.

{
𝜀
𝜀
𝛾
} = [𝑇] {

𝜀
𝜀
𝛾
} = [𝑇] [
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0 0 𝑆
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𝜎
𝜎
𝜏
}
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𝑆 𝑆 0
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𝜏
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𝑆 𝑆 𝑆
𝑆 𝑆 𝑆
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𝜎
𝜏
}

(4.33)
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Just like how in Equation 4.30 the mathematical constants are related to the engineering constants
referred to the principal this can be done relative to the reference axes in Equation 4.34.

{
𝜀
𝜀
𝛾
} = [

𝑆 𝑆 𝑆
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] {
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𝜏
} =
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⎣

⎤
⎥
⎥
⎥
⎦

{
𝜎
𝜎
𝜏
} (4.34)

Substituting gives the direct transformation of the engineering constant from one coordinate system
to the other.

1
𝐸 = 𝑚

𝐸 (𝑚 − 𝑛 𝜈 ) + 𝑛𝐸 (𝑛 −𝑚 𝜈 ) + 𝑚 𝑛
𝐺

1
𝐸 = 𝑛

𝐸 (𝑛 −𝑚 𝜈 ) + 𝑚𝐸 (𝑚 − 𝑛 𝜈 ) + 𝑚 𝑛
𝐺

1
𝐺 = 4𝑚 𝑛

𝐸 (1 + 𝜈 ) + 4𝑚 𝑛
𝐸 (1 + 𝜈 ) + (𝑚 − 𝑛 )

𝐺

(4.35)

The transformation of the engineering constants in Equation 4.35 can be plotted resulting in Fig-
ure 4.10. It can be observed that the longitudinal stiffness reduces drastically when angle 𝜃 increases.
At about 15° the Young’s modulus has decreased by half.
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Figure 4.10: Young’s modulus and shear modulus of unidirectional composite material as a function of fibre orientation (AS4/
3501-6 carbon/epoxy) (adapted from: [10])

The magnitude of this variable should not exceed prescribed requirements for the manufacturing
method. The tolerances for fibre angle deviations are generally ±3° on short distances and ±2° on
distances over circa 300mm [4]. The first would result in a longitudinal stiffness change of −1.78%
and the latter −3.91%. Similar to the problem with limiting the radius of curvature a method needs to
be found to keep the fibre angle within bounds. This is done using a weighted average of the original
values and the mean of all values as displayed in Equation 4.36. This process will henceforth be
referred to as levelling, since it actually forces the tow paths to be more horizontal.

𝑦 = (1 − 𝑝 ) ⋅ �̄� + 𝑝 ⋅ 𝑦 (4.36)
The effect of levelling is visualised in Figure 4.11. Smoothing also levels the data partially and vice

versa. Smoothing, however, will be done first, because it essential to construct the laminate. Levelling
is optional and balances the fibre angle deviation with the fidelity to the data. As a result, the absolute
fibre angle may decrease, but in turn, the defect area percentage will increase as will be shown in the
next section.
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Figure 4.11: The effect of levelling on a simple sine curve

4.6. Preliminary results: defect area percentages
Table 4.3 shows the defect area percentages for different degrees of smoothing and levelling. The
standard parameters from Table 4.1 are used for the model. The defect area percentage is the sum of
the gap and overlap area divided by the total area of the laminate. The latter is the product of the mean
tow width 𝜇, number of tows 𝑛, and the tow length 𝑙. Vertically different minimum radii of curvature that
are required are shown. Horizontally the maximum absolute fibre angle that is allowed is varied. The
last column shows the results of no levelling. Next to the defect are percentage it also includes the
maximum absolute fibre angle observed in the laminate. The ultimate minimum ROC is about 50mm,
since below that the curvature accumulates and the desired number of tows cannot be constructed.
This ROC without levelling shows the lowest theoretical defect area percentage for this input. The
negative side-effects are the high angle deviation of up to almost 12 degrees. A minimum ROC of
6400mm is an interesting case as well. The smoothing is so high that no levelling is required to stay
below the often used one-degree limit for the angle deviation. When levelling is used to comply with this
constraint a local minimum of the defect area percentage is present around 400mm for the minimum
ROC.

Of course, all these results are preliminary since the input parameters are based on literature and
educated guesses. The next chapter will cover the validation of the tow model and the resulting outputs
from experimental data.

Table 4.3: Defect area percentages

Minimum ROC Maximum absolute fibre angle [°]
[mm] 1 2 3 4 5 ∞
50 1.78% 1.55% 1.37% 1.18% 1.04% 0.98% 11.9°
100 1.71% 1.45% 1.28% 1.14% 1.17% 1.08% 6.4°
200 1.65% 1.43% 1.33% 1.32% 1.33% 1.29% 6.1°
400 1.63% 1.49% 1.45% 1.42% 3.9°
800 1.67% 1.59% 1.9°
1600 1.73% 1.72% 1.8°
6400 1.84% 0.5°





5
Validation of tow model

The previous chapter explained the model that constructs the laminates. The input, the tow model,
still contains a lot of assumptions. The goal of this chapter is to validate the tow model. The tow width
fluctuation is measured and compared to the previously chosen parameters. The first section describes
the setup, material, and sensor respectively. The second discusses the results of the validation.

5.1. Method
The setup that is used is illustrated in Figure 5.1. Prepreg tow material is unwinded from a spool and
passed by a sensor after which it is rewinded on a different spool. The material is kept under tension by
an electric brake that controls the torque on the shaft to which the unwinding spool is connected. The
rewinding spool is rotated at a constant rotational speed by a stepper motor. Both spools are connected
to their shaft using an Uhing Easylock clamping system in order to prevent slipping. The tape is guided
by rollers from one end to the other to make sure it does not slide and it is at the right distance from
the sensor.

Electric brake

Electric brake

Stepper motor

Figure 5.1: Render of the tow width measurement setup
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5.1.1. Material
Two different materials are measured separately. Prepreg tapes with a thermoplastic matrix are used
because they can be stored for a long period at room temperature. The properties of the first material
are shown in Table 5.1. All material is unidirectional (UD).

Table 5.1: Material 1: Toray Cetex TC1320 PEKK [47]

Property Value

Physical properties Standard Modulus Carbon UD Tape

Fiber areal weight (FAW) 145g/m2 (4.28oz/yd2)
Weight per ply (PAW) 221g/m2 (6.52oz/yd2)
Resin content by weight (RC) 34%
Consolidated ply thickness (CPT) 0.14mm (0.006 in)
Density 1.59g/cm3 (99.3 lb/ft3)
Width 6.35mm (0.25 in)*
*The original width of the material is 305mm (12 in)
Narrower widths are available through secondary slitting

Mechanical properties Standard Modulus Carbon 145gsm UD Tape (45% RC)*

Tensile Modulus 0° 135GPa
Tensile Modulus 90° 10GPa
Compression Modulus 0° 124GPa
In-Plane Shear Modulus 5.2GPa
*Room temperature dry (RTD) condition
Fiber type AS-4D

Typical neat resin properties PEKK (Polyetherketoneketone)

Density (specific gravity) 1.30g/cm3 (80.5 lb/ft3)

Note that the table actually contains two different materials, but only the resin content differs. Using
the density of the resin and of the composite at a resin content by weight of 34% results in a matrix
volume fraction of 42%. It can also be calculated that the density of AS-4D fibres must be 1.80g cm 3.
This density agrees with a datasheet from a supplier of AS-4 carbon fibre [19]. Assuming that the
variant used for determining the mechanical properties has the same fibre areal weight of 145 g/m2 and
a resin content by weight of 45% the following properties can be deducted. The fibre volume fraction
is estimated to be 47%. The ply thickness is increased to 0.17mm due to the higher resin content
while the grams of fibre per square metre stays the same. The density of the composite material is
1.53g/cm3.

The second material that is tested is Suprem T62% IM7/PES-4100 where 62% represents the fibre
volume content and IM7 is a type of carbon fibre. PES stands for polyethersulfone which is the matrix
polymer and 4100 refers to its reduced viscosity (RV) which the supplier uses to categorise the polymer
in different grades. According to the product description, the tape is 5mm wide and 0.16mm thick. The
mechanical properties of the fibres and the polymer are summarised in Table 5.2 and 5.3 respectively.

The shear modulus of PES is calculated using Equation 5.1 which holds for isotropic material. The
properties of the reinforcement and the matrix can be combined using the rule of mixtures to determine
the properties of the composite as described in section 2.4.



5.1. Method 35

Table 5.2: IM7 carbon fibre properties [10]

Property Value

Density 𝜌 1.80g/cm3

Longitudinal modulus 𝐸 290GPa
Transverse modulus 𝐸 21GPa
Axial shear modulus 𝐺 14GPa
Poisson’s ratio 𝜈 020

Table 5.3: PES polymer properties [3]

Property Value

Density 𝜌 1.37g/cm3

Tensile modulus 𝐸 2.4GPa
Shear modulus 𝐺 0.86GPa
Poisson’s ratio 𝜈 04

𝐺 = 𝐸
2(1 + 𝜈) (5.1)

5.1.2. Sensor
The sensor that is used to determine the tow width is the Micro-Epsilon scanCONTROL 2950-100/BL
laser scanner. It uses the triangulation principle to measure the profile which is shown schematically
in Figure 5.2.

Figure 5.2: Single point optical triangulation based on a single laser beam and a position-sensitive detector (Adapted from: [51])

The laser source projects light at a known projection angle 𝛼 with respect to the 𝑋 − 𝑍 coordinate
system. The light is then reflected by the surface of interest to pass through the collection lens and fall
onto the position-sensitive detector. The source, lens and detector are at a fixed location with respect
to one another. The distance between the optical centre of the lens and the laser source is known as
baseline 𝐵. The laser spot detector is at a distance 𝑓 from the collection lens. From the measured
spot position 𝑝 on the detector, the collection angle 𝛽 can be determined and using the cosine law the
coordinates 𝑋 and 𝑍 of a point on the surface can be derived. The relation can be found in Equation 5.2
and 5.3.

𝑋 = 𝑍 tan(𝛼) (5.2)

𝑍 = 𝐵𝑓
𝑝 + 𝑓 tan(𝛼) (5.3)

A laser-line scanner is chosen as the sensor because a stand-alone camera is not suitable for
several reasons. The first is that the camera must be perpendicular to the tow surface. Tow twisting
introduces more uncertainty to the measurements. The second reason is that carbon fibre tows have
a dark colour and high reflectance. It makes it difficult to get a good contrast between the tow and
the background. The third is that if the same method would be used online, during automated fibre
placement, the heating element used for consolidation increases the reflections on the material and
thus make it even more difficult to detect the width accurately.

Figure 5.3 shows a screen capture of the scanCONTROL Configuration Tools, a software package
available from Micro-Epsilon to communicate with the sensor with a Windows PC. The sensor will only
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give a 2D profile that is just one slice of the tape at a certain moment in time. From this, the course of
the tape is constructed by converting the slices to their locations along the tape.

The connection between the moment in time 𝑡 and the location along the tape 𝑠 can be derived as
follows. The angular velocity of the spool winding the material is constant. The radius is assumed to
increase linearly, approximately the thickness of the tape every revolution. The tangential velocity is
linear accordingly.

The speed of the material is measured by placing marking tape of a known width (50mm) on the
roll. Using the time that it takes for the marking tape to pass the sensor, the speed can be derived. This
is done at several points along the tow and linear regression is applied to estimate speed over time.
Integrating the velocity allows the timestamp of each profile to be translated into a location 𝑠.

Figure 5.3: Screen capture of scanCONTROL Configuration Tools
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5.2. Validation results: tow width fluctuation
In section 4.1 a tow model was introduced that used three parameters: mean tow width, standard
deviation and spline node distance. The goal of this section is to examine whether the model accurately
represents the tow material and if the values chosen for the parameters are valid.

The first two parameters are the mean tow width 𝜇 and standard deviation 𝜎. They can be calculated
directly from the data. The results are shown in Table 5.4. The mean tow width of the two materials
deviate 2.2% and 0.1% from the expected value respectively. The standard deviation is about five
times smaller than literature indicated.

The last parameter, spline node distance 𝑑𝑙 cannot be calculated directly. In someway 𝑑𝑙 represents
how smooth the tow width fluctuates. To derive this parameter from the measurements the roughness
of both the measurements and the tow model need to be compared. In Chapter 4 the smoothing spline
was introduced which includes a common roughness measure that is repeated below.

∫ (𝑑 𝑆𝑑𝑥 ) 𝑑𝑥 (5.4)

Equation 5.4 is the analytical equation for calculating the total roughness from 𝑥 to 𝑥 for a cubic
spline. The integral can be approximated by a summation as shown in eq. (5.5), which is a numerical
way to determine the average roughness for a𝑚 number of data points of the tow width measurement.
The second derivative is calculated in a way similar to the formulae stated in eq. (4.29).

̄𝑘 = 1
𝑚 ∑(𝑑 𝑤𝑑𝑠 ) (5.5)

The average roughness ̄𝑘 can be used to calculate the spline node distance 𝑑𝑙 as follows. First
the average roughness of the measurement data is calculated. Then a tow model is generated using
the 𝜇 and 𝜎 from the same data. Lastly, 𝑑𝑙 in the tow model is varied until the ̄𝑘 of the data and the
tow model are sufficiently close (three decimal digits). Both are shown in table 5.4.

Table 5.4: Results of the validation of the tow width fluctuation before smoothing

Material 1 Material 2 Tow model

𝜇 6.492mm 5.006mm 6.350mm
𝜎 0.050mm (0.8%) 0.039mm (0.8%) 0.254mm (4.0%)
̄𝑘 0.072 0.090 0.081
𝑑𝑙 0.837mm 0.705mm 1.842mm
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Unfortunately, the quality of the data is not as anticipated. The data from the experiment shows
large variations in the tow width that are not observed visually. The same section of a tape is measured
twice and the data is shown in Figure 5.4.
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Figure 5.4: A section of prepreg tape measured twice

It shows that the measurements do follow the trend of the tow width, but it is not very accurate.
Also, rapid shifts in tow width are observed, which may not have a large effect on the average tow
width but the effect is larger on the standard deviation and especially important for the roughness since
it depends on the course of the tow width fluctuation. To make the data more suitable, the choice is
made to smooth the data.

There are multiple methods to smooth the data to make it more practical. One is the smoothing
splines used in the laminate model. This requires the user to balance the fidelity to the data with the
smoothness of the spline. However, it is the smoothness of the spline that is important, so it must not
be set by the smoothing method, but by the data itself.

Another option is using the moving average. The moving average replaces every data point with
the mean of it and several points around it. This is shown mathematically in Equation 5.6.

�̄� =
𝑤 + ... + 𝑤 + 𝑤 + 𝑤 + ... + 𝑤

Δ𝑚 (5.6)

Here, 𝑤 is the width at a certain point and Δ𝑚 is the number of points included in the subset over
which the average is calculated.

The next step is to determine the sliding window length Δ𝑚 used for the moving average. The
method is based on the chi-square goodness-of-fit test. The test determines if a data sample comes
from a normal distribution with the 𝜇 and 𝜎 estimated from the data. The data is grouped into bins and
the observed counts (𝑂 ) and expected counts (𝐸 ) are computed. The formula for the variable 𝜒 is
shown in Equation 5.7.

𝜒 =∑(𝑂 − 𝐸 ) /𝐸 (5.7)

Here, 𝑂 and 𝐸 are the observed and expected counts of the 𝑖-th bin and 𝑛 is the number of bins.
The lower 𝜒 the more the data is normally distributed, thus the variable is calculated for different
number of Δ𝑚 until a local minimum is reached.

The results are shown in Figure 5.5. The counts are scaled using the number of bins and the bin
width to give the probability density. On the left the distribution of the data before smoothing is shown
while on the right the probability density is shown at a local minimum of 𝜒 with the required Δ𝑚. The
blue bars are the scaled observed counts 𝑂 and the red line is the estimated normal distribution from
which the values for 𝐸 are derived. The jumps in the tow width observed in Figure 5.4 can also be
observed in the distribution before smoothing. However, after smoothing, the tow width resembles
much more normal deviate which it is expected to be. The three tow model parameters 𝜇, 𝜎, and 𝑑𝑙
are also calculated for the smooth data as well as the average roughness. The results of the validation
are shown in Table 5.5.
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Figure 5.5: Probability density distribution before and after smoothing

Table 5.5: Results of the validation after smoothing

Material 1 Material 2 Tow model

Δ𝑚 9 10 -
𝜇 6.492mm 5.006mm 6.350mm
𝜎 0.023mm (0.4%) 0.024mm (0.5%) 0.254mm (4.0%)
̄𝑘 6.171 × 10 4 6.358 × 10 4 6.265 × 10 4

𝑑𝑙 1.875mm 1.896mm 6.267mm





6
FEM

In order to make the comparison of the structural performance between local fibre steering and tradi-
tional approaches, a finite element analysis is carried out. The basis for the analysis is the defect layer
method by Fayazbakhsh et al. explained in section 2.4. Section 4.5 will explain how the fibre angle
deviation is incorporated into the method. Section 6.2 discusses how the laminate model is mapped to
the finite element mesh. Section 6.3 treats the analysis in the FEM software before section 6.4 shows
the results.

6.1. Fibre angle
In section 4.5 about fibre angle deviation it was shown that when the principal axes and reference axes
are not aligned the engineering constants can be transformed, the resulting stress-strain relations are
repeated below.

{
𝜀
𝜀
𝛾
} =
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⎢
⎣

0
0

0 0
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⎦

{
𝜎
𝜎
𝜏
} (6.1)

It can be observed that with the transformation two engineering constants are introduced. These
are the shear coupling coefficients 𝜂 and 𝜂 . 𝜂 and 𝜂 in the right-hand matrix in Equation 6.1 can
be derived using the fact that the matrix is symmetric.

The variable that is required to calculate the transformed engineering constants is the fibre orien-
tation. Fayazbakhsh et al. use a fibre path definition where the fibre orientation is directly correlated
with a location on the plate. In the laminate model from Chapter 4 tows with different fibre angles can
overlap. To solve this the decision was made to take the weighted average of the fibre orientation and
use that to do the transformation. This is shown in Equation 6.2 where 𝜃 is the fibre orientation of each
piece of material and 𝑣 is its prevalence in terms of area.

�̄� = ∑𝑣 𝜃 (6.2)
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6.2. Mapping
In order to calculate the properties of each mesh element, the defect area percentages are necessary
as well as the weighted average of the fibre orientation. This section shows how the tows from the
laminate model are mapped to the FEM mesh to be able to calculate the necessary values.

Chapter 4 showed how the tows are constructed. Each tow has𝑚 points along its centreline and its
edges. The tow is divided into 𝑚− 1 tow elements. An example of such a tow element is illustrated in
Figure 6.1. The four vertices are the transformed coordinates of the tow edge and the fibre orientation
𝜃 is determined by calculating the angle of the centreline relative to the laminate coordinates.
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Figure 6.1: Tow element

Now that the tow elements are constructed they can be mapped to the finite element mesh. First
is determined for each mesh element which tow elements intersect. The process is visualised in Fig-
ure 6.2. On the left, it is checked for every tow element whether it intersects with the mesh. If not,
the tow element can be discarded. Then, for each mesh column, it is figured out which tow elements
intersect. The same is done for the mesh rows. The two steps are shown in the centre of Figure 6.2.
By combining the information of the two steps it can be determined for each mesh element which tow
elements intersect. Separating rows and columns is computationally more efficient then determining
the intersections of each individual mesh element directly.
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Figure 6.2: Determining which tow elements intersect with a certain mesh element
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Currently, it is only known for each mesh element which tow elements intersect, but it is not yet
known to what extent. How much a tow element intersects with a mesh element is determined next,
together with whether the tow elements overlap. The process is visualised in Figure 6.3. On the left,
the intersections are calculated. Then for each tow element, it is computed if and how much it overlaps
with tow elements of the previous tow. In the centre of the figure, it can be seen that the overlaps are
separated in a different layer from the material without overlaps. On the right, the properties of the
two layers are calculated. The overlap layer has its thickness scaled according to the overlap area
percentage. The material layer has its elastic properties scaled with the rule of mixtures. For both
layers, the average fibre orientation is calculated individually. The whole process from the tow model
to the laminate construction and the mapping of the tows to the mesh is done using a script presented
in Appendix A.
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Figure 6.3: Separating into a material and overlap layer and scaling the properties

6.3. Analysis
With the laminate model mapped to the finite element mesh the analysis can finally be performed. This
is done in two steps. First, the buckling analysis is performed which gives the buckling displacement.
Secondly, the static analysis calculates the buckling load from which the effective stiffness can be
derived. The material properties of the composite material are presented in Table 6.1 and of the matrix
material in Table 6.2. The ply thickness 𝑡 is set at 0.1mm.

Table 6.1: Composite material properties carbon-reinforced epoxy (AS4/3501-6) [10]

Property Symbol Unit Value

Density 𝜌 g/cm3 1.60
Longitudinal modulus 𝐸 GPa 147
Transverse in-plane modulus 𝐸 GPa 10.3
Transverse out-of-plane modulus 𝐸 GPa 10.3
In-plane shear modulus 𝐺 GPa 7.0
Out-of-plane shear modulus 𝐺 GPa 3.7
Out-of-plane shear modulus 𝐺 GPa 7.0
Major in-plane Poisson’s ratio 𝜈 0.27
Out-of-plane Poisson’s ratio 𝜈 0.54
Out-of-plane Poisson’s ratio 𝜈 0.27
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Table 6.2: Matrix material properties epoxy (3501-6) [10]

Property Symbol Unit Value

Density 𝜌 g/cm3 1.27
Young’s modulus 𝐸 GPa 4.3
Shear modulus 𝐺 GPa 1.6
Poisson’s ratio 𝜈 0.35

In both cases the following boundary conditions are applied. All edges are fixed in the 𝑧-direction.
This means the plate is simply supported. On the right edge, a displacement is applied. The left edge
is also fixed in the 𝑥-direction to counter it. Its midpoint in fixed in the 𝑦-direction as well to anchor the
plate in space.

In the buckling step, the right edge is under a unit displacement. A linear perturbation analysis is
performed. The out-of-plane displacement of the first mode is displayed in Figure 6.4. The plate is
shown from above where the displacement is plotted on the undeformed shape. The eigenvalue of the
first mode gives the first buckling displacement of the laminate.

Figure 6.4 shows that the buckling shape is not completely symmetric, but is different in the two
diagonal directions. This can be attributed to the fact that +45° and -45° plies are at different distances
to the midplane. The further the distance, the stronger the contribution to the flexural stiffness.
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Figure 6.4: Buckling analysis
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The buckling displacement is applied on the right edge of the plate in the second, static step. An
example of a result of the static step is displayed in Figure 6.5 which shows the longitudinal displace-
ment as a result of the compression. The static analysis also gives the reaction force at the nodes at
the left edge. The sum of all the nodes gives the total reaction force as a result of the displacement
which is the buckling load of the laminate.

Figure 6.5 does not show the asymmetry observed in the buckling analysis. This due to the fact that
axial stiffness is of importance in the static load case which, in a symmetric layup, does not depend on
the through-the-thickness location of plies.
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Figure 6.5: Static analysis

The buckling displacement is converted to strain by dividing by the plate length of 500mm. The
stress is calculated by dividing the buckling load by the cross-sectional area of the plate. Though the
laminate thickness varies per configuration and differs per location, it is assumed to be constant with 8
plies of 0.1mm. Multiplied with the plate width this gives a cross-sectional area of 400mm2. Eventually,
the effective stiffness 𝐸 can be calculated by dividing the stress by the stain.
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6.4. Results: structural performance
The results of the finite element analysis concerning the structural performance are summarised below.
Five different comparisons are discussed.

The material uses in the analyses is described in Table 6.1 and 6.2. The tow width fluctuation can
be found inTable 4.1. The smoothing and levelling for the local fibre steering use a 𝑅𝑂𝐶 of 400mm
𝜃 of 2° unless stated otherwise. The distance between tow centrelines for the conventional laminate
is set at the mean tow width 𝜇 unless stated otherwise.

6.4.1. Cases
The first comparison includes four different cases. The first two are ideal which means there are no
gaps or overlaps or any fibre angle deviation. The other two are the conventional laminate with its
imperfections and a laminate where local fibre steering is applied. The results are summarised in
Figure 6.6.
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Figure 6.6: The structural performance for different cases

For the analytical case, similar to the numerical analysis, first the buckling load is calculated and
then the effective stiffness. The buckling load of a square plate can be calculated using Equation 6.3
[52].

𝑁 = 𝜋
𝑎 (𝐷 + 2(𝐷 + 2𝐷 ) + 𝐷 ) (6.3)

Here, 𝑁 is the buckling load per unit length. 𝐷 are bending or flexural laminate stiffnesses relating
moments to curvatures. The latter can be calculated with Equation 6.4.

𝐷 = 1
3 ∑𝑄 (𝑧 − 𝑧 ) (6.4)

𝑄 𝑗 are the transformed stiffnesses of the 𝑘-th layer and 𝑧 and 𝑧 are the locations of its surfaces.
Classical laminate theory gives a general expression relating in-plane forces and moments to ref-

erence plane strains and curvatures as shown in Equation 6.5.

[ 𝑁𝑀 ] = [ 𝐴 𝐵
𝐵 𝐷 ] [ 𝜀𝜅 ] (6.5)

For a symmetric laminate (𝐵 = 0) under axial compression (𝑁 = 𝑁 = 0) the expression can be
reduced to
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𝜀 = [𝐴] [
−𝑁
0
0
] (6.6)

The matrix constituent 𝐴 are the extensional stiffnesses, or in-plane laminate moduli, relating in-
plane loads to in-plane strains, which can be calculated using Equation 6.7.

𝐴 = ∑𝑄 (𝑧 − 𝑧 ) (6.7)

Identical to the numerical cases, the effective stiffness 𝐸 can eventually be calculated using the
buckling load and the strain.

Figure 6.6 shows a good agreement between the finite element method and the analytical solution.
Local fibre steering is able to increase the effective stiffness, but the buckling load of the conventional
method remains higher.

6.4.2. Coverage strategies
The second comparison covers different coverage strategies. In this context, it means the distance 𝑑
between tow centrelines in the conventional laminate. A manufacturer can choose a different value for
𝑑 in order to avoid the detrimental effects of gaps or the unpredictability of overlaps. The comparison
includes seven different coverage strategies for the conventional laminate based on three heuristics
commonly used in statistics, namely one, two, or three standard deviations from the mean. How these
ranges are converted to different values of 𝑑 has been explained in section 4.2. The results are shown
in Figure 6.7 next to the standard local fibre steered laminate.
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Figure 6.7: The effect of different coverage strategies on the structural performance
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6.4.3. Layup
A quasi-isotropic and a cross-ply layup are compared. A cross-ply layup only contains fibre orientations
0° and 90°. The buckling load decreases with 19% while the effective stiffness increases with 36% for
both methods.
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Figure 6.8: The effect of local fibre steering on a quasi-isotropic and a cross-ply layup

6.4.4. Maximum fibre angle
In this subsection, the different grades of levelling are compared to study the effect of the maximum
fibre angle. The range displayed on the y-axis is about one per cent of the average value in contrast to
60% in the other figures. The maximum fibre angle observed without levelling is about four degrees.
This explains why levelling to 5° has no effect.

1 2 3 4 5 ∞
201.5

202

202.5

203

203.5

Maximum fibre angle [°]

Bu
ck
lin
g
lo
ad

[N
]

Buckling load Effective stiffness

57.6

57.75

57.9

58.05

58.2

Ef
fe
ct
iv
e
st
iff
ne
ss

[G
Pa

]

Figure 6.9: The effect of a maximum fibre angle on the structural performance ( 400mm)
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6.4.5. Minimum radius of curvature
The range displayed again is about one percent of the average value. No levelling is applied because
it is no requirement for the construction of a laminate. It also helps to show the effects of 𝑅𝑂𝐶
separately.
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Figure 6.10: The effect of the minimum radius of curvature on the structural performance
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6.4.6. Individual defect types
Previous results showed the effect of changing parameters, but they never showed the effects of gaps,
overlaps and fibre angle deviation separately. Throughout the report, fibre angle deviation has been
treated as a side effect of local fibre steering, but it could also be seen as a defect. In this subsection, the
defect types are one by one excluded from the analysis. What this looks like is visualised in Figure 6.11.
In the standard situation (a) the fibre angle of both the material layer as well as the overlap layer are
calculated separately. The fibre content 𝑣 is visualised by the density of the shading. In the second
situation (b) the fibre angle deviation is set to zero and all fibre are aligned in the direction of the ply
orientation. In the third situation (c) content of the material layer is reset to one. The last situation (d)
the thickness of the overlap layer is set to zero. The results show the conventional laminate and the
steered laminate smoothed to 𝑅𝑂𝐶 = 400mm and not levelled.
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Figure 6.11: Mesh element with individual defect types excluded
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Figure 6.12: Individual defect types excluded in the calculation of the buckling load
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Figure 6.13: Individual defect types excluded in the calculation of the effective stiffness





7
Conclusion

In Chapter 3 the research question has been introduced: How effective is local fibre steering in in-
creasing the structural performance of composite laminates by reducing gaps and overlaps through
compensating for tow width fluctuation in automated fibre placement? To answer this, the research is
divided into three sub-questions:

1. To what extent can gaps and overlaps be reduced using local fibre steering?

2. What is the effect of the reduction in gaps and overlaps and the fibre angle deviation on the
structural performance?

3. How accurate is the current understanding of tow width fluctuation?

The answers to these sub-questions will be discussed in the following three sections: reduction of gaps
and overlaps, structural performance, and tow width fluctuation.

7.1. Reduction of gaps and overlaps
To what extent local fibre steering can reduce is measured with the defect area percentage. An impor-
tant conclusion to make is that local fibre steering is not able to eliminate gaps and overlaps completely.
Instead, it only decreases the amount of gaps and overlaps, because it is limited by the minimum radius
of curvature. The 𝑅𝑂𝐶 was introduced as a theoretical limit to avoid cusps and self-intersections.
To achieve this the minimal value is around 50mm. However, in practice, the parameter is defined by
the manufacturing process. In automated fibre placement, a typical value is 400mm.

The defect area percentages resulting from the laminate model are shown in section 4.6. The DAP
is indeed not reduced to zero, but at minimal smoothing and levelling it can be reduced from 1.84% to
0.98%. It means that the total amount of gaps and overlaps is reduced with 47%. However, when the
more practical minimum radius of curvature of 400mm is used the DAP only goes down to 1.42% of
the laminate (−23% relatively).

7.2. Structural performance
The effect of the reduction on structural performance has been analysed with a FEMmodel in Chapter 6.
Two structural properties have been investigated: the buckling load and the effective stiffness. The
following conclusions can be drawn.

Firstly, the finite element method of the ideal laminate is in good agreement with the analytical
solution. Especially the numerical calculation of the effective stiffness is very accurate compared to
the analytical result. Secondly, local fibre steering is able to achieve a higher 𝐸 by reducing the
amount of defects. Despite being limited by the minimum radius of curvature, the gaps can be reduced
sufficiently to increase the effective stiffness.

This is despite the induced fibre angle deviation. Figure 6.8 showed that the relative decrease of
the buckling load and the effective stiffness when going from the quasi-isotropic layup ([0/± 45/90] )
to a cross-ply layup ([0/90] ) is equal for the conventional and the steered laminate. Figure 6.12 and
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6.13 showed that positive effect of reducing gaps surpasses the negative effect of the induced fibre
angle deviation.

The effects of varying the maximum fibre angle or the minimum radius of curvature are small com-
pared to changing the layup or coverage strategy or excluding individual defect types. The maximum
fibre angle and 𝑅𝑂𝐶 limit the ability of local fibre steering to decrease the defect area percentage.
There is, however, an optimum between the increase in performance due to the reduced defect area
percentage and the decrease due to the fibre angle deviation. The respective optima according to
Figure 6.9 and 6.10 are at a maximum angle of 2° and 𝑅𝑂𝐶 = 400mm.

The conventional method has a higher buckling load than local fibre steering as can be seen in
Figure 6.6. The buckling load depends on the flexural stiffness. The flexural stiffness is proportional to
the thickness cubed. The effect is observed in Figure 6.7. The effective stiffness only linearly increases
with distance 𝑑 asmore tows are necessary to cover the same plate width. Somemanufacturers choose
to increase the distance between tows to avoid overlaps. This comes at a cost as the amount of gaps
is increased. Local fibre steering, however, can reduce the amount of overlaps without increasing the
gap area percentage.

It is important to reflect on how well the buckling load and the effective represent the structural
performance of a composite laminate. They only consider the mechanical properties of a laminate, but
not the damage behaviour. Chapter 2 explained that the effect of gaps and overlaps is most seen in the
compressive strength as they induce fibre waviness. Fibre waviness and damage behaviour, however,
are not included in the model.

7.3. Tow width fluctuation
The initial values of the mean tow width and standard deviations come from literature as has been
explained in section 4.1. Though a standard deviation of 4% of the tow width was chosen, this was
actually the lowest result from literature. Tolerances from other studies were up to 12% of the mean
tow width. The absolute standard deviation was expected to be 0.2540mm for a 6.350mm tow, while
other studies indicated up to two and a half times the value.For the purpose of this research the course
of the tow width fluctuation is important. Therefore a third parameter, spline node distance 𝑑𝑙 has been
introduced which was assumed to be 10mm.

Chapter 5 aimed to validate the assumptions by measuring the tow width fluctuations of two different
materials. Both indicated that the standard deviation is in reality 0.4%, five times smaller than expected.
The value for 𝑑𝑙 was actually more than ten times lower than assumed. The data, however, showed
many sudden shifts that are symptoms of a large source of error. Therefore, the data was smoothed
using a moving average until it resembles more a normally distributed variable. After smoothing, the
standard deviation was about ten times lower than was initially taken from literature. The spline node
distance was calculated to be 1.9mm. To conclude, the variation in tow width appears to be much
smaller than literature indicated and the tow width fluctuation is much rougher than assumed.
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Recommendations

The recommendations have been divided into two sections. The first section examines the possible
improvements for the current assessment of local fibre steering. Making it better strengthens the current
judgement on local fibre steering. The second section discusses the way forward. With the shown
capabilities of local fibre steering, how could it be employed effectively?

8.1. Improve the current research
The improvements will be covered in the three aspects seen throughout the report. One is the con-
struction of the laminates. The current model only considers individual tows with the goal to decrease
gaps and overlaps as much as possible. However, the productivity in the manufacturing process is not
taken into account. To harness the flexibility of the AFP process, but still achieve a sufficiently high
productivity, tows are typically placed in courses. It is not completely clear how this will affect the lami-
nate model. If tows cannot be steered individually this would simply decrease the ability to reduce gaps
and overlaps. Furthermore, deviating from straight fibre paths causes lower deposition speeds to be
achieved which ultimately affects the productivity. A future laminate model should consider productivity
in order to more accurately examine the real costs of local fibre steering.

Another aspect is the analysis of the structural performance. The numerical analysis benefits from
a higher number of elements to be used. The defect layer method divides the gaps and overlaps over
the mesh element. By having smaller mesh elements the local effects of defects can be observed.
An important change is to include more aspects of the structural performance. The current analysis
only considers two mechanical properties: the buckling load and the effective stiffness. Chapter 2
showed that a significant effect of gaps and overlaps is the induced fibre waviness affecting the com-
pressive strength. Reducing gaps and overlaps could decrease the fibre waviness and with it increase
the compressive strength. Involving damage behaviour in the structural analysis will more accurately
demonstrate the effects of local fibre steering.

Finally, there are a lot of ways the tow model can be improved. It was assumed that the tow width
fluctuation is normally distributed. The current tow model validation focused on the values for the pa-
rameters in the tow model. Future work, however, should focus on whether the cubic spline accurately
describes the actual tow material geometry. Research should not only measure more materials and
other types of materials, such as thermoset but also consider the real tow geometry after manufacturing.

8.2. Improve local fibre steering
Local fibre steering is effective in decreasing gaps and overlaps and increasing (some aspects of)
the structural performance. Nevertheless, it can still be improved. The ability of local fibre steering
to reduce gaps and overlaps is limited by the minimum radius of curvature. It can be extended by
either altering the automated fibre placement process to lower the required 𝑅𝑂𝐶 or by improving the
material quality so that tows have a smoother edge and the curvature accumulates slower. However,
to know what would be the most profitable it is necessary to understand how tow width fluctuation is
caused in the production of tow material.
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Additionally, future work should put more emphasis on how to successfully employ local fibre steer-
ing. for now, the technologies required have been left out of the scope of research. Though this
research covered more the theoretical side, ultimately the goal is to bring it into practice. Online tow
width detection and tow path adjustment is something future work should be dedicated to. Fortunately,
this could be combined with current trends in the aerospace industry. One trend has been introduced
in Chapter 1: smart manufacturing. Smart manufacturing implies an interconnected supply chain and
the sharing of data within the manufacturing process. More information about the variation in the tow
material could, for example, come from the supplier. Another trend is the automation of inspection.
Much of the manufacturing process in the aerospace industry has become automated, but inspection
not so much [46]. Measurement of the tow width could not only be used for local fibre steering but also
play a role in automated inspection to share the costs.
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A
MATLAB code

1 %% Layup
2 t = [0 45 −45 90 ] ; % Ply o r i e n t a t i o n [ deg ]
3 t = [ t f l i p ( t ) ] ;
4 t = deg2rad ( t ) ;
5 n_k = leng th ( t ) ; % Number o f p l i e s
6

7 %% Load tow
8 tow_type = ’ sp l i ne ’ ;
9 tow_name = ’ tow_material_20200925_110354 ’ ;
10

11 f = loadTow ( tow_name , tow_type ) ;
12

13 i f strcmp ( tow_type , ’ sp l i ne ’ )
14 Mu = mean( f . coefs ( : , 4 ) ) ; % Mean tow width [mm]
15 Si = std ( f . coefs ( : , 4 ) ) ; % Standard dev ia t i on [mm]
16 e l s e i f strcmp ( tow_type , ’ data ’ )
17 Mu = mean( f . Width ) ;
18 Si = std ( f . Width ) ;
19 end
20

21 %% Dimensions
22 a = 500; % Pla te width [mm]
23 b = 500; % Pla te leng th [mm]
24 da = 1 .05 ;
25 db = 1 .05 ;
26

27 l = da*a*cos ( abs ( t ) ) +db*b* s in ( abs ( t ) ) ; % Tow leng th [mm]
28 n = c e i l ( ( da*a* s in ( abs ( t ) ) +db*b*cos ( abs ( t ) ) ) /Mu) ; % Number o f tows
29 n ( rem (n , 2 ) == 0) = n ( rem (n , 2 ) == 0) + 1 ;
30

31 %% Mesh
32 m_ = 30; % Number o f mesh columns
33 n_ = 30; % Number o f mesh rows
34 x_ = l inspace (−a /2 , a /2 ,m_+1) ; % Mesh element coord ina tes [mm]
35 y_ = l inspace (−b /2 , b /2 , n_+1) ;
36 mesh = polyshape ( [ x_ (1 ) x_ ( end ) x_ ( end ) x_ (1 ) ] , [ y_ (1 ) y_ (1 ) y_ ( end ) y_ ( end

) ] ) ;
37 mesh_column = polyshape . empty (0 ,m_) ;
38 f o r i _ = 1 :m_

63



64 A. MATLAB code

39 mesh_column ( i _ ) = polyshape ( [ x_ ( i _ ) x_ ( i _ +1) x_ ( i _ +1) x_ ( i _ ) ] , [ y_ (1 )
y_ (1 ) y_ ( end ) y_ ( end ) ] ) ;

40 end
41 mesh_row = polyshape . empty (0 , n_ ) ;
42 f o r j _ = 1 : n_
43 mesh_row ( j _ ) = polyshape ( [ x_ (1 ) x_ ( end ) x_ ( end ) x_ (1 ) ] , [ y_ ( j _ ) y_ ( j _ )

y_ ( j _ +1) y_ ( j _ +1) ] ) ;
44 end
45 mesh_element = polyshape . empty (m_, 0 ) ;
46 f o r i _ = 1 :m_
47 f o r j _ = 1 : n_
48 mesh_element ( i_ , j _ ) = polyshape ( [ x_ ( i _ ) x_ ( i _ +1) x_ ( i _ +1) x_ ( i _ )

] , [ y_ ( j _ ) y_ ( j _ ) y_ ( j _ +1) y_ ( j _ +1) ] ) ;
49 end
50 end
51

52 VariableNames = { ’ i ’ , ’ j ’ , ’ k ’ , ’ p ’ , ’E1 ’ , ’E2 ’ , ’ v12 ’ , ’G12 ’ , ’G13 ’ , ’G23 ’ , ’
th i ckness ’ , ’ o r i en tAng le ’ , } ;

53 T = ar ray2 tab le ( zeros (0 ,12) , ’ VariableNames ’ , VariableNames ) ;
54

55 %% Mate r i a l
56 % Carbon / Epoxy AS4/3501−6 % Composite ma te r i a l
57 h0 = 0.1e−3; % Ply th ickness [mm]
58 pc = 1.60E3 ; % Densi ty [ g /mm3]
59 E1c = 147E9 ; % Long i t ud i na l s t i f f n e s s modulus [Pa ]
60 E2c = 10.3E9 ; % Transverse in−plane s t i f f n e s s modulus [Pa ]
61 v12c = 0 .27 ; % Poisson ’ s r a t i o
62 G12c = 7.0E9 ; % In−plane shear modulus [Pa ]
63 G13c = 7.0E9 ; % Out−of−plane shear modulus [Pa ]
64 G23c = 3.7E9 ; % Out−of−plane shear modulus [Pa ]
65

66 % Epoxy 3501−6 % Mat r i x ma te r i a l
67 pm = 1.27E3 ; % Densi ty [ g /mm3]
68 Em = 4.3E9 ; % S t i f f n e s s modulus [Pa ]
69 Gm = 1.60E9 ; % Shear modulus [Pa ]
70 vm = 0.35 ;
71

72 %% Generate tow
73 % Mu = 6.350;
74 % Si = 0.2540;
75 % dl = 10; % Spl ine node d is tance [mm]
76

77 % f = generateTow (Mu, Si , d l ,2*n* l *n_k ) ;
78 % saveTow ( f )
79

80 %% Parameters
81 % Model
82 dx0 = 1; % Step s ize [mm]
83 s0 = 0; % S ta r t i n g pos i t i o n a t tow [mm]
84 m = f l o o r ( l / dx0 ) +1; % Number o f po in t s per tow
85

86 % Smoothing and l e v e l l i n g
87 pa0 = 1; % I n i t i a l value l e v e l l i n g parameter
88 dpa = 0 .01 ; % Step change l e v e l l i n g parameters
89 maxAngle = deg2rad ( I n f ) ; % Maximum f i b r e angle dev i a t i on ( rad )
90 pk0 = 1; % I n i t i a l value smoothing parameter
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91 cpk = 0 .99 ; % Coe f f i c i e n t change smoothing parameter
92 minROC = 50; % Minimum rad ius o f curva tu re [mm]
93

94 wb = wai tbar (0 , ’ Please wa i t . . . ’ ) ;
95 %% Loop
96 f o r k = 1 : n_k
97 %% I n i t i a l tow
98 x = zeros (m( k ) ,n ( k ) ) ;
99 x ( : , 1 ) = − l ( k ) / 2 : dx0 : l ( k ) / 2 ;
100 y = zeros (m( k ) ,n ( k ) ) ;
101 y0 = y ;
102

103 dx = zeros (m( k ) ,n ( k ) ) ;
104 dx ( 1 :m( k ) ,1 ) = dx0 ;
105 dy = zeros (m( k ) ,n ( k ) ) ;
106 ddx = zeros (m( k ) ,n ( k ) ) ;
107 ddy = zeros (m( k ) ,n ( k ) ) ;
108

109 ds = dx ;
110 dydx = zeros (m( k ) ,n ( k ) ) ; % Fibre angle dev i a t i on [ rad ]
111 ddyddx = zeros (m( k ) ,n ( k ) ) ; % Tow path curva tu re [ 1 /mm]
112 r = zeros (m( k ) ,n ( k ) ) ; % Radius o f curva tu re [mm]
113 r ( 1 :m( k ) ,1 ) = I n f ;
114

115 pa = ones ( n ( k ) ) ; % Leve l l i n g parameter
116 pk = ones ( n ( k ) ) ; % Smoothing parameter
117

118 s = zeros (m( k ) ,n ( k ) ) ; % Locat ion along tow [mm]
119 d = zeros (m( k ) ,n ( k ) ) ; % Hal f tow width [mm]
120

121 s ( : , 1 ) = x ( : , 1 )−x (1 ,1 )+s0 ;
122 d ( : , 1 ) = evaluateTow ( s ( : , 1 ) , f , tow_type ) / 2 ;
123

124 %% Loop
125 f o r j = 2 : n ( k )
126 %% Pa r a l l e l curve cons t r uc t i on
127 s (1 , j ) = s ( end , j −1) ;
128 f o r i = 1 :m( k )
129 d ( i , j ) = evaluateTow ( s ( i , j ) , f , tow_type ) / 2 ;
130 i f j == 2
131 x ( i , j ) = x ( i , j −1) − ( d ( i , j ) +d ( i , j −1) ) *dy ( i , j −1) / sq r t ( dx ( i ,

j −1)^2+dy ( i , j −1) ^2) ;
132 y ( i , j ) = y ( i , j −1) + ( d ( i , j ) +d ( i , j −1) ) *dx ( i , j −1) / sq r t ( dx ( i ,

j −1)^2+dy ( i , j −1) ^2) ;
133 e l s e i f rem ( j , 2 ) == 0
134 x ( i , j ) = x ( i , j −2) − ( d ( i , j ) +d ( i , j −2) ) *dy ( i , j −2) / sq r t ( dx ( i ,

j −2)^2+dy ( i , j −2) ^2) ;
135 y ( i , j ) = y ( i , j −2) + ( d ( i , j ) +d ( i , j −2) ) *dx ( i , j −2) / sq r t ( dx ( i ,

j −2)^2+dy ( i , j −2) ^2) ;
136 else
137 x ( i , j ) = x ( i , j −2) + ( d ( i , j ) +d ( i , j −2) ) *dy ( i , j −2) / sq r t ( dx ( i ,

j −2)^2+dy ( i , j −2) ^2) ;
138 y ( i , j ) = y ( i , j −2) − ( d ( i , j ) +d ( i , j −2) ) *dx ( i , j −2) / sq r t ( dx ( i ,

j −2)^2+dy ( i , j −2) ^2) ;
139 end
140 i f i == 1 && j == 2
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141 dx ( i , j ) = dx ( i , j −1) ;
142 dy ( i , j ) = dy ( i , j −1) ;
143 e l s e i f i == 1 && j > 2
144 dx ( i , j ) = dx ( i , j −2) ;
145 dy ( i , j ) = dy ( i , j −2) ;
146 else
147 dx ( i , j ) = x ( i , j ) − x ( i −1, j ) ;
148 dy ( i , j ) = y ( i , j ) − y ( i −1, j ) ;
149 end
150 i f i ~= m( k )
151 ds ( i , j ) = sq r t ( dx ( i , j ) ^2+dy ( i , j ) ^2) ;
152 s ( i +1 , j ) = s ( i , j ) + ds ( i , j ) ;
153 end
154 end
155

156 %% Smoothing and l e v e l l i n g
157 f o r i = 1 :m( k )
158 i f i == 1
159 dx ( i , j ) = x ( i +1 , j )−x ( i , j ) ;
160 ddx ( i , j ) = x ( i +2 , j )−2*x ( i +1 , j ) +x ( i , j ) ;
161 e l s e i f i == m( k )
162 dx ( i , j ) = x ( i , j )−x ( i −1, j ) ;
163 ddx ( i , j ) = x ( i , j )−2*x ( i −1, j ) +x ( i −2, j ) ;
164 else
165 dx ( i , j ) = ( x ( i +1 , j )−x ( i −1, j ) ) / 2 ;
166 ddx ( i , j ) = x ( i +1 , j )−2*x ( i , j ) +x ( i −1, j ) ;
167 end
168 end
169

170 %% Smoothing
171 pk ( j ) = pk0 ;
172 smooth = f a l s e ;
173 y0 ( : , j ) = y ( : , j ) ;
174 whi le ~smooth
175 y ( : , j ) = csaps ( x ( : , j ) , y0 ( : , j ) , pk ( j ) , x ( : , j ) ) ;
176 f o r i = 1 :m( k )
177 i f i == 1
178 dy ( i , j ) = y ( i +1 , j )−y ( i , j ) ;
179 ddy ( i , j ) = y ( i +2 , j )−2*y ( i +1 , j ) +y ( i , j ) ;
180 e l s e i f i == m( k )
181 dy ( i , j ) = y ( i , j )−y ( i −1, j ) ;
182 ddy ( i , j ) = y ( i , j )−2*y ( i −1, j ) +y ( i −2, j ) ;
183 else
184 dy ( i , j ) = ( y ( i +1 , j )−y ( i −1, j ) ) / 2 ;
185 ddy ( i , j ) = y ( i +1 , j )−2*y ( i , j ) +y ( i −1, j ) ;
186 end
187 ddyddx ( i , j ) = ( dx ( i , j ) *ddy ( i , j )−dy ( i , j ) *ddx ( i , j ) ) / ( ( dx ( i , j

) ^2+dy ( i , j ) ^2) ^ ( 3 / 2 ) ) ;
188 r ( i , j ) = 1 / ddyddx ( i , j ) ;
189 end
190 i f min ( abs ( r ( : , j ) ) ) < minROC
191 pk ( j ) = pk ( j ) * cpk ;
192 else
193 smooth = t rue ;
194 end
195 end
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196

197 %% Leve l l i n g
198 pa ( j ) = pa0 ;
199 l e v e l = f a l s e ;
200 y0 ( : , j ) = y ( : , j ) ;
201 whi le ~ l e v e l
202 y ( : , j ) = (1−pa ( j ) ) *mean( y0 ( : , j ) ) +pa ( j ) *y0 ( : , j ) ;
203 f o r i = 1 :m( k )
204 i f i == 1
205 dy ( i , j ) = y ( i +1 , j )−y ( i , j ) ;
206 e l s e i f i == m( k )
207 dy ( i , j ) = y ( i , j )−y ( i −1, j ) ;
208 else
209 dy ( i , j ) = ( y ( i +1 , j )−y ( i −1, j ) ) / 2 ;
210 end
211 dydx ( i , j ) = atan2 ( dy ( i , j ) , dx ( i , j ) ) ;
212 end
213 i f max( abs ( dydx ( : , j ) ) ) > maxAngle
214 pa ( j ) = pa ( j ) − dpa ;
215 else
216 l e v e l = t rue ;
217 end
218 end
219 wai tbar ( j / n ( k ) ,wb , [ ’ Cons t ruc t ing tows . . . ( ’ , num2str ( k ) , ’ / ’ , num2str

( n_k ) , ’ ) ’ ] ) ;
220 end
221

222 s0 = s ( end ) ;
223

224 %% Tow edges
225 x l = x + d . * dy . / sq r t ( dx .^2+dy . ^ 2 ) ;
226 y l = y − d . * dx . / sq r t ( dx .^2+dy . ^ 2 ) ;
227 xu = x − d . * dy . / sq r t ( dx .^2+dy . ^ 2 ) ;
228 yu = y + d . * dx . / sq r t ( dx .^2+dy . ^ 2 ) ;
229

230 %% Transformat ion o f tow paths
231 u = x*cos ( t ( k ) ) − y* s in ( t ( k ) ) ;
232 v = x* s in ( t ( k ) ) + y*cos ( t ( k ) ) ;
233 u l = x l *cos ( t ( k ) ) − y l * s in ( t ( k ) ) ;
234 v l = x l * s in ( t ( k ) ) + y l *cos ( t ( k ) ) ;
235 uu = xu*cos ( t ( k ) ) − yu* s in ( t ( k ) ) ;
236 vu = xu* s in ( t ( k ) ) + yu*cos ( t ( k ) ) ;
237

238 %% Tow elements
239 tow_element = polyshape . empty (m( k ) −1 ,0) ; % Tow element geometry
240 o = zeros (m( k ) ,n ( k ) ) ; % Tow element o r i e n t a t i o n

[ rad ]
241 f o r i = 1 :m( k )−1
242 f o r j = 1 : n ( k )
243 tow_element ( i , j ) = polyshape ( [ u l ( i , j ) u l ( i +1 , j ) uu ( i +1 , j ) uu ( i

, j ) ] , [ v l ( i , j ) v l ( i +1 , j ) vu ( i +1 , j ) vu ( i , j ) ] ) ;
244 o ( i , j ) = atan2 ( v ( i +1 , j )−v ( i , j ) , u ( i +1 , j )−u ( i , j ) ) ;
245 wai tbar ( ( i −1+ j / n ( k ) ) / (m( k )−1) ,wb , [ ’ Generat ing tow elements . . .

( ’ , num2str ( k ) , ’ / ’ , num2str ( n_k ) , ’ ) ’ ] ) ;
246 end
247 end
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248

249 %% Trim edges
250 wai tbar (0 ,wb , [ ’ Trimming edges . . . ( ’ , num2str ( k ) , ’ / ’ , num2str ( n_k ) , ’ ) ’ ] ) ;
251 M0 = over laps ( tow_element ,mesh) ;
252 M = repmat (M0, [ 1 1 m_ n_ ] ) ;
253 wai tbar (1 ,wb , [ ’ Trimming edges . . . ( ’ , num2str ( k ) , ’ / ’ , num2str ( n_k ) , ’ ) ’ ] ) ;
254

255 %% Mesh columns
256 f o r i _ = 1 :m_
257 i j = f i n d (M0) ;
258 TF = ~over laps ( tow_element ( i j ) ,mesh_column ( i _ ) ) ;
259 [ i , j ] = ind2sub ( [m( k )−1,n ( k ) ] , i j (TF) ) ;
260 M( sub2ind ( s ize (M) , repmat ( i , n_ , 1 ) , repmat ( j , n_ , 1 ) , repelem ( i_ , n_*

l eng th ( i ) ,1 ) , repelem ( 1 : n_ ,1 , leng th ( i ) ) . ’ ) ) = f a l s e ;
261 wai tbar ( i _ /m_,wb , [ ’ Mapping to mesh columns . . . ( ’ , num2str ( k ) , ’ / ’ ,

num2str ( n_k ) , ’ ) ’ ] ) ;
262 end
263

264 %% Mesh rows
265 f o r j _ = 1 : n_
266 i j = f i n d (M0) ;
267 TF = ~over laps ( tow_element ( i j ) ,mesh_row ( j _ ) ) ;
268 [ i , j ] = ind2sub ( [m( k )−1,n ( k ) ] , i j (TF) ) ;
269 M( sub2ind ( s ize (M) , repmat ( i ,m_, 1 ) , repmat ( j ,m_, 1 ) , repelem ( 1 :m_,1 ,

leng th ( i ) ) . ’ , repelem ( j_ ,m_* l eng th ( i ) ,1 ) ) ) = f a l s e ;
270 wai tbar ( j _ / n_ ,wb , [ ’ Mapping to mesh row . . . ( ’ , num2str ( k ) , ’ / ’ ,

num2str ( n_k ) , ’ ) ’ ] ) ;
271 end
272

273 %% Mate r i a l l a ye r
274 mate r i a l = repmat ( { polyshape . empty } ,m_, n_ , n ( k ) ) ;
275 o_mater ia l = repmat ( { [ ] } , m_, n_ , n ( k ) ) ;
276 f o r i _ = 1 :m_
277 f o r j _ = 1 : n_
278 i j = f i n d (M( : , : , i_ , j _ ) ) ;
279 P = i n t e r s e c t ( tow_element ( i j ) ,mesh_element ( i_ , j _ ) ) ;
280 o_ = o ( i j ) ;
281 [ ~ , i j 2 j ] = ind2sub ( [m( k )−1,n ] , i j ) ;
282 f o r j = unique ( i j 2 j ) . ’
283 mate r i a l { i_ , j_ , j } = [ ma te r i a l { i_ , j_ , j } P( i j 2 j == j & P.

area > 0) ] ;
284 o_mater ia l { i_ , j_ , j } = [ o_mater ia l { i_ , j_ , j } o_ ( i j 2 j == j &

P. area > 0) ] ;
285 end
286 wai tbar ( ( i_−1+j_ / n_ ) /m_,wb , [ ’ Mapping to mesh elements . . . ( ’ ,

num2str ( k ) , ’ / ’ , num2str ( n_k ) , ’ ) ’ ] ) ;
287 end
288 end
289

290 %% Overlap l aye r
291 over lap = repmat ( { polyshape . empty } ,m_, n_ , n ( k )−1) ;
292 o_over lap = repmat ( { [ ] } , m_, n_ , n ( k )−1) ;
293 mater ia l_minus = ma te r i a l ;
294 f o r i _ = 1 :m_
295 f o r j _ = 1 : n_
296 f o r j 1 = 2 :n ( k )
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297 i f j 1 == 2
298 j 2 = j1 −1;
299 e l s e i f j 1 > 2
300 j 2 = j1 −2;
301 end
302 f o r i = 1 : leng th ( ma te r i a l { i_ , j_ , j 2 } )
303 P = i n t e r s e c t ( ma te r i a l { i_ , j_ , j 1 } , ma te r i a l { i_ , j_ , j 2 } ( i )

) ;
304 A = area (P) ;
305 i f any (A, ’ a l l ’ )
306 over lap { i_ , j_ , j1 −1} = [ over lap { i_ , j_ , j1 −1}; P(

l o g i c a l (A) ) ] ;
307 o_over lap { i_ , j_ , j1 −1} = [ o_over lap { i_ , j_ , j1 −1};

o_mater ia l { i_ , j_ , j 1 } ( l o g i c a l (A) ) ] ;
308 mater ia l_minus { i_ , j_ , j 1 } = sub t rac t ( mater ia l_minus

{ i_ , j_ , j 1 } ,P) ;
309 end
310 end
311 end
312 wai tbar ( ( i_−1+j_ / n_ ) /m_,wb , [ ’ Ca l cu l a t i ng over laps . . . ( ’ ,

num2str ( k ) , ’ / ’ , num2str ( n_k ) , ’ ) ’ ] ) ;
313 end
314 end
315

316 %% Defect l aye r method
317 D = zeros (m_*n_*n_k *2 ,12) ;
318 f o r i _ = 1 :m_
319 f o r j _ = 1 : n_
320 %Mate r i a l l a ye r
321 v f = sum( area ( ve r t c a t ( mater ia l_minus { i_ , j_ , : } ) ) ) / area (

mesh_element ( i_ , j _ ) ) ;
322 o_ = sum( area ( ve r t c a t ( mater ia l_minus { i_ , j_ , : } ) ) . * ve r t c a t (

o_mater ia l { i_ , j_ , : } ) ) / sum( area ( ve r t c a t ( mater ia l_minus { i_ , j_
, : } ) ) ) ;

323

324 p = v f *pc+(1− v f ) *pm;
325 E1 = v f *E1c+(1− v f ) *Em;
326 E2 = ( v f / E2c+(1− v f ) /Em) ^−1;
327 v12 = v f *v12c+(1− v f ) *vm;
328 G12 = ( v f /G12c+(1− v f ) /Gm) ^−1;
329 G13 = ( v f /G13c+(1− v f ) /Gm) ^−1;
330 G23 = v f *G23c+(1− v f ) *Gm;
331

332 D( sub2ind ( [m_, n_ ] , i_ , j _ ) *2−1 ,:) = [ i _ j _ k*2−1 p E1 E2 v12 G12
G13 G23 h0 o_ ] ;

333

334 %Overlap l aye r
335 v f = sum( area ( ve r t c a t ( over lap { i_ , j_ , : } ) ) ) / area (mesh_element ( i_

, j _ ) ) ;
336 o_ = sum( area ( ve r t c a t ( over lap { i_ , j_ , : } ) ) . * ve r t c a t ( o_over lap { i_

, j_ , : } ) ) / sum( area ( ve r t c a t ( over lap { i_ , j_ , : } ) ) ) ;
337 h = v f *h0 ;
338

339 D( sub2ind ( [m_, n_ , n_k ] , i_ , j_ , k ) *2 , : ) = [ i _ j _ k*2 pc E1c E2c
v12c G12c G13c G23c h o_ ] ;

340 wai tbar ( ( i_−1+j_ / n_ ) /m_,wb , [ ’ Ca l cu l a t i ng sec t ion s t i f f n e s se s
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. . . ( ’ , num2str ( k ) , ’ / ’ , num2str ( n_k ) , ’ ) ’ ] ) ;
341 end
342 end
343

344 % Convert to t ab l e
345 D(D( : , 1 1 ) == 0 , : ) = [ ] ;
346 D = ar ray2 tab le (D, ’ VariableNames ’ , VariableNames ) ;
347 T = [T ; D ] ;
348 end
349

350 %% Export
351 wr i t e t a b l e (T , s t r c a t ( ’ dataset_ ’ , da t es t r ( datet ime , ’yyyymmdd_HHMMSS ’ ) , ’ . csv ’ )

)
352 disp ( ’Done ! ’ )
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