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Resumo

A procura por materiais compósitos de fibra de carbono revelou grande crescimento na última

década, principalmente no sector aeroespacial, por apresentarem boa relação resistência-peso. Isto

torna-os ideais para uma redução do peso estrutural e do consumo de combustı́vel comparativamente

aos metais. As peças aeronáuticas feitas destes materiais são principalmente produzidas por duas

tecnologias avançadas de manufatura: Automated Tape Laying (ATL) e Automated Fiber Placement

(AFP). Estudos sobre a produtividade de máquinas de fabrico de compósitos e a influência dos seus

parâmetros de configuração na produção de peças aeroespaciais são escassos e os modelos de

deposição de compósitos publicados são bastante simples, não permitindo o estudo de peças com-

plexas.

Esta tese determina custos de materiais, taxas de deposição e desperdı́cio de material das tec-

nologias ATL e AFP para peças aeroespaciais planas de material compósito com complexidade ar-

bitrária. Para tal, foi desenvolvido um modelo paramétrico detalhado do processo de deposição autom-

atizado das máquinas de fabrico. Ao permitir uma simulação rápida e precisa do fabrico de peças nos

estágios iniciais, o modelo auxilia na tomada de decisão quanto à seleção de tecnologia e configuração

dos parâmetros da máquina. O modelo é validado com dados da literatura e dum corpo de prova

aeronáutico. Vários estudos são realizados para obter taxas de deposição e desperdı́cio de mate-

rial para peças aeronáuticas representativas. As máquinas ATL em duas fases fornecem as melhores

taxas de deposição embora possuam maiores taxas de material desperdiçado. O offset da primeira fita

revelou-se promissor para camadas com múltiplas descontinuidades e formas complexas.

Palavras-chave: Indústria Aeroespacial, Tecnologias de Deposição Automatizadas, Custos

de Material, Taxas de Deposição, Taxas de Desperdı́cio de Material
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Abstract

The demand for carbon fiber composite materials has grown considerably over the last decade, par-

ticularly in the aerospace sector, as they present high strength while yielding low weight. This makes

them ideal for structural weight and fuel consumption savings compared to metals, which have been the

primary aviation materials for almost a century. Carbon fiber composite aeronautical parts are mainly

produced through two advanced composite manufacturing technologies: Automated Tape Laying (ATL)

and Automated Fiber Placement (AFP). Studies on the productivity of composite manufacturing ma-

chines and the influence of their configuration parameters in the production of aerospace parts are

scarce, moreover composite lay-up models in the literature are relatively simple, not allowing the study

of more complex shapes.

This thesis assesses material costs, deposition rates and scrap levels of ATL and AFP technologies

for aerospace flat composite parts with arbitrary planar complexity. For that, a detailed parametric model

of the manufacturing machines’ automated lay-up process was developed. The model helps decision-

making regarding technology selection and machine’s parameters configuration by allowing fast and

accurate part manufacturing simulation in early development stages. The model is validated with litera-

ture results and data from an aeronautical specimen test part. Several studies are conducted to obtain

lay-up and scrap rates for aeronautical representative parts and a first tape lay-up offset study is per-

formed to survey technical scrap reduction. ATL two-phase systems provide the best lay-up rates while

yielding the highest scrap rates. First tape offset lay-up revealed promising for plies with multiple gaps

and complex shapes.

Keywords: Aerospace Industry, Automated Lay-up Technologies, Material Costs, Lay-up Rates,

Scrap Rates
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1. Introduction

The use of composite materials in the manufacturing industry has had a notorious growth over the

last decade, in major part due to its excellent properties [1]. A composite material is a combination of two

or more materials with different physical or chemical properties that forms a new material with different

characteristics from the ones which it’s created from. Composite materials tend to have high strength,

high elasticity modulus, low density and excellent resistance to fatigue, creep and corrosion. They also

have low coefficient of thermal expansion [2]. The aerospace sector in particular is one where this kind of

materials shows great upside due to their high strength to weight ratio and high temperature resistance.

For all the aforementioned, composites offer a great alternative to metals due to lower part count and

structural weight savings enabling aircraft to consume less fossil fuels as consequence. Better fatigue

resistance and corrosion suppression allows for reduced inspections providing another advantage over

metals. [3].

These composite aeronautical parts are mainly produced through two automated composite man-

ufacturing technologies: Automated Tape Laying or ATL and Automated Fiber Placement or AFP. Both

are considered additive manufacturing and consist of heating and compacting synthetic pre-impregnated

resin with non-metallic fibers onto a mold or surface. ATL was invented in the late 60’s as an upgrade

to manual lay-up as it brought more consistency to the material produced and productivity. Today, this

technology has the highest productivity rate of the two for flat parts, which is measured in kg of mate-

rial deposited per hour, and produces components like tail planes, wing skins and center wing boxes.

Its main disadvantage is the high technical scrap rates comparing to AFP due to utilizing larger tape

widths. Technical scrap is the excess material produced in the manufacturing process of a composite

part. AFP lays-up material in a fiber form and took its beginnings in the late 70’s, early 80’s and has

since then been growing quite strong. It is nowadays a well known process with high potential in the

most diversified areas, especially the aerospace area. Its greatest advantage is its steering capability

over contoured surfaces due to the smaller fiber tows utilized when comparing to ATL, which enables

the production of parts with higher curvature. AFP is responsible for manufacturing components such

as spars or fuselages in much less time comparing to its production in a metal structure, for example [4].

Both technologies require high initial investment in machines in the order of US$ 2 - 6 million for

ATL and US$ 5 - 25 million depending on the machine complexity and size for AFP [5, 6]. The material

used, pre-impregnated epoxy carbon fiber, called prepreg, is also expensive and finding ways to reduce

cost associated with it is critical to the development of these technologies. This can be achieved by

reducing technical scrap and/or by optimizing the lay-up strategy (the first can be a consequence of the

latter). Technical scrap also carries an indirect cost as it has a disposal value associated. This greatly

affects machine economics which is very important to manufacturing technologies as original equipment

manufacturers companies (OEM’s) are constantly working on developing more efficient machines.

It is of important notice that this thesis was developed as I worked as an intern at Embraer in Évora

as a Product Development Engineer. I was able to interact with people highly proficient in composites
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knowledge and to see, in locu, these automated machines perform. There is currently a lack of litera-

ture information on part lay-up rates. This mostly happens because the information is well kept within

manufacturers to increase market competitiveness. Even when some lay-up rates are revealed it usually

comes without disclosing the exact shape of the geometry, the lay-up speed used or the machine con-

straints. This means that, even though the value of the lay-up rate is revealed, it is of no use to assess

that machine’s productivity in relation to the production of that part. Also, for comparison purposes, either

within the same automated technology or with other, it becomes useless. In addition, some information

exists on how to improve machine lay-up time by optimizing lay-up paths using algorithms that reduce

non-productive travel time [7], optimize the relationship between adjacent tapes in order to prevent wrin-

kling on complex geometries [8] or even to generate tow paths for double curved surfaces [9]. None of

these touch on the subject of technical scrap reduction. Furthermore, strategies that would reduce scrap

rates without making changes to the machine itself or the lamination process for a certain constant tape

width could not be found. Faster machines [4] or the pursue of cheaper materials that could maintain

adequate properties [10] are some of the ways to improve productivity but they don´t tackle the problem

without any major breakthroughs or difficult improvements. Marsh [4] expresses that there is software

that ”ensured that material wastage and removal operations were minimised” but fails to explain how so.

Information on how lay-up configuration is determined during the design phase of a composite part is

also a very pertinent matter. Why is this relevant for technical scrap reduction? Because, at a first stage,

all first tape/tows should be placed aligned with the first edge of the part in order to reduce scrap. In that

manner, technical scrap for that first tape would be deemed at a minimum. Although common sense,

and the so called eye test would say that that is the best way to go at it, if some thought is put into this

situation, it is conceivable that an offset of the first tape/tow might have a trickle down effect on the lay-up

configuration and reduce the material wasted thus improving any type of automated composite machine

productivity. Could a model or a tool be capable of answering this question?

The main goal of this thesis is then to develop an algorithm capable of reproduce and simulate the

lay-up process of flat laminates for both Automated Composite Manufacturing Technologies (ACMT)

and provide information on lay-up and scrap rates as well as improve the latter by reducing the material

wasted through improved lay-up configurations. This goal has many derivatives as the tool would be able

to not only reduce the technical scrap and the material related costs but also to provide productivity data

for comparison between machines for a certain flat component as well as data for the same machine with

different setup configurations. Influence of machine constraints and part geometry on lay-up productivity

can also be studied. Finally, the model would also serve as an estimating tool for the material costs of

the lay-up of any flat composite part, as well as helping decision making regarding technology selection

and machine’s parameters configuration and with it, improve the efficiency of its design phase. Most

manufacturers design their composite parts in a certain manner, access its production cost and set it as

standard for future comparisons. Then, as the production of that part increases, the configurations are

iterated as experience is gained through the operator, and scrap and cycle time are therefore reduced.

In the meantime, a lot of material scrap and machine time could be saved if a tool could provide newer

path information for scrap reduction. There are companies outside the machine manufacturing industry
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that provide software similar/more advanced to the one intended to develop here, for licenses that cost

in the range of the thousands of euros a month [11] granting the possibility of simulation without the

need to buy a machine that costs millions to utilize similar software. Nonetheless, there is currently no

available free tool for academic or even small companies’ economic power, which could be provided by

the work developed in this document.

1.1 Thesis Outline

This thesis starts in Chapter 2 with a historic perspective of composites in aviation. Secondly, global

composite and carbon fiber composites market is assessed in order to grasp the importance of this

work. Current state of the art machines will be described in light of a brief history through time since

its first beginnings to the most technologically developed ones. Furthermore, a literature review on the

lay-up process of the Automated Composite Technologies, ATL and AFP, and on lay-up productivity and

current progress in software development is shown in this chapter.

In Chapter 3, the work methodology behind this thesis is described.

Chapter 4 consists of the mathematical description of the composite technologies process itself. The

importance of this step is described in this section as it is the founding basis of the algorithm to be

developed.

In Chapter 5, the algorithm is succinctly described. Its inputs, outputs, some important developed

functions and a high-level and low-level flowcharts depicting the main script structure are shown in this

section. Implementation of improvements to obtain the best lay-up configuration regarding first tape/tow

is described here. Model guide and its capabilities are also discussed in this chapter.

Chapter 6 is the Results section. Here, the model is validated by crosschecking data with real part

lay-ups and models from other literature. Lay-up and scrap rates are obtained for aeronautical represen-

tative composite parts and its results compared and discussed. The potential cost saving applications

of the first tape/tow offset study is shown in order to access its value.

Finally, in Chapter 7 the conclusions of this thesis and future work are presented.
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2. State of the Art

A composite material is, as the name indicates, the combination of two or more materials at a macro-

scopic scale with significantly different physical and/or chemical properties. They usually create a ma-

terial with properties superior to those who compose them. Its two main constituents are designated

matrix and reinforcement. The most important function of the reinforcement is to provide strength and

stiffness to the material and to resist external loading. The matrix, which surrounds the reinforcement,

is responsible to transfer and distribute these external loads to the fibers and also to protect them from

the external environment. For the matter discussed in this thesis, composites with polymer matrix rein-

forced with carbon fibers, commonly denominated as carbon fiber reinforced polymers (CFRP), are of

particular research interest. Different types of materials can be chosen for the matrix and reinforcement

of a composite material. Also, different shapes and forms of reinforcements can be produced. All that,

combined with a multitude of manufacturing processes, provides the opportunity to design a material

that is unique and has characteristics adapted to any kind of application. This makes composite materi-

als very desirable when comparing to metallic materials which are not as versatile. As an example, the

combination of long unidirectional carbon fibers with an epoxy resin matrix provides high strength and

stiffness while yielding low density. This is ideal for the aerospace industry as weight reduction is one

of its main drivers due to high fuel costs. This type of material is most commonly used in the manu-

facturing methods discussed in this thesis (ATL and AFP) and is part of a group of premixed composite

materials where the fibers have been pre-impregnated with a polymer matrix, often called prepreg ma-

terial. Composite laminates are then a product made by stacking layers of prepreg or dry fiber material,

constituting a ply, with different angles of fiber reinforcement in directions of 0, 45, 90° or -45°. After the

lay-up is finished, the laminate, for a typical standard industry process, goes into an autoclave for curing

purposes.

2.1 Composites in aviation - historic perspective

The history of fiber reinforced composites in the aircraft industry probably started with the invention

of phenolic resin by L. H. Baekeland with a patent being filed in 1907 under the trade name ”Bakelit”.

Later, in 1916, Robert Kemp also filed a patent with the name ”Structural Element” for the production of

several airframe parts such as wings and fuselage with fibre reinforced phenolic resin. An example of

the use of this composite material could be seen in the Fokker F18, a commercial aircraft produced in

1935, which had wings with Bakelite glued plywood [12]. In the late 1930’s, N. A. de Bruyne, an aircraft

engineer known for its pioneering work in structural adhesive bonding, started investigating new, stiffer,

stronger and lightweight materials with the purpose of minimizing structural weight. His efforts, alongside

J. E. Gordon, a naval architect, came into fruition when they discovered that stacking impregnated

phenolic resin flax thread fibers and submitting them to heat and pressure enabled the formation of a

high strength, low density material [13]. This was one of the first examples of an industrial composite

used in the aerospace sector and it was called prototype ”Gordon-Aerolite”. This material was present in
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the design of the Supermarine Spitfire aircraft, famous for its role in the second world war [14]. Gordon

was also a pioneer in understanding that composites needed to be produced in an efficient way if they

were to compete with metals in part manufacturing which is still a main driver of the composites industry

to this day. In 1940, Pierre Castan made an important breakthrough for the composites world with the

introduction of polyester and epoxy resins [12, 13]. It enabled the production of glass fiber reinforced

polymers (GFRP) in the early part of the 1950’s which, a decade later, were used to produce the first

fiberglass rotor. Major aircraft companies like Boeing and McDonnell were quick to acknowledge the

advantages of a composite rotor structure due to structural weight reduction and thus started developing

further research in the subject. When composites were incorporated on large transport helicopters in the

1980’s, these enjoyed not only better performance but also required less part inspections which further

reduced costs. In addition, fiberglass rotor blades improved damage tolerance relating to the array of

ballistic threats, common to this type of aircraft [15].

Fiberglass composites were present, in the late 1950’s, in the McDonnell Douglas DC-9 and the

Boeing 707 in tertiary components like interior parts, sidewalls, bag racks and galleys, the latter with

about 2% composite structural weight [15, 16]. However, a steadier utilization of composite materials

in aircraft structures only materialized with the discovery of carbon fibers in the UK, in 1964, and its

commercial availability in 1966 [17]. Carbon fibers were, at that time, tagged with a high price and

were mainly used in high-tech and high-cost applications like military aircraft such as the previously

mentioned helicopters. Its introduction to civil aviation was slow and progressive being used in a smaller

scale at first. It was only in the final years of 1960’s that fiberglass fibers, proving successful in interior

parts, started to be applied into secondary aircraft structures like spoilers, rudders, flaps and ailerons.

Example of this was the introduction of the Airbus A300 in 1972 with around 5% composites in their

structural weight including GFRP fairings and radome and CFRP air brakes and rudders. Finally, in

the late 1970’s, with the emergence of Automated Tape Laying, carbon fibers replaced fiberglass fibers

in most of these secondary structures and proved they were there to stay for the long haul. By that

time, carbon fibers could be produced on larger industrial scale (first larger scale commercial production

occurred in 1971 at Toray, in Japan) [12] providing manufacturing capacity to the aviation industry.

Over the next two decades CFRP were progressively introduced in primary critical structures such

as stabilizers, fuselage barrels and wings. The Boeing 737 classic horizontal stabilizer and the vertical

stabilizer of the A310 are references of that, happening in the middle 1980’s. The latter allowed a total

weight saving of almost 400kg when compared to its previous unit made of aluminum alloy. Also, the

reduction from 2076 parts in metal to only 95 excluding fasteners made it much easier to produce and

require less inspections. In 1987, the appearance of the A320 extended the use of composite materials

to the horizontal stabilizer together with multiple control surfaces, main landing gear, nose landing gear

doors, wing trailing edge panels, flap track and pylon fairings, nacelle cowling and floor panels. All

these changes generated a weight saving of 800kg over its aluminum predecessor increasing the total

percentage of structural weight made of composite materials to around 16%. It was estimated, at that

time, that a reduction of 1 kg in weight produced a save over 2900 liters of fuel per year which represent

considerate cost reductions. In the mid 1990’s, the full empennage of the B777 was also made of CFRP.
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It is was then clear that the use of composite materials reduced the number of parts and structural weight

in aerospace applications [14, 15].

With the turn of the millennium, Airbus introduced the first fuselage applications made of CFRP.

These were the rear pressure bulkhead and the keel beam on its A340 program. This trend continued

in the development of its A380 aircraft, whose composite percentage was increased to just over 20%

with the complete center wing box being a CFRP design. Furthermore, its rear fuselage, wing ribs and

upper deck floor beams were also made of CFRP. Airbus took another step forward in the composite

trend when they had its first full wing aircraft made of CFRP on its A400M, a military aircraft, in 2009.

In the last decade, composite materials really took over aircraft design with complete airframes being

formed of CFRP (tail, wing and fuselage) in Boeing’s 787 Dreamliner in 2011 and the Airbus A350XWB

in 2014, both made by a record 50 plus percent composite materials [15]. The most recent aircraft

confirmed by Boeing to be introduced in 2022 is the B777X which is a newer version of the B777 with

composite weight percentage raised to 30% due to wings with folding wingtips made of CFRP [18].

Aircraft structural materials breakdown of the B787 can be seen in Figure 2.1.

Figure 2.1: Boeing 787 structural materials [19].

Aircraft manufacturing companies all around the world also contain composite technologies in its

products. Embraer, a brazilian company, has composite knowledge dating back to 1968 with the EMB-

110 where composite assemblies were utilized in its airframe [20]. Recently, composite materials can

be seen in their business jets Phenom 100E, 300, with around 18% and 20% respectively [21] and

in the bigger Legacy 500. Their latest commercial aircraft, the E175-E2, developed to compete within

the regional flights market and to be introduced into the market in 2021 has its full empennage and

all of its control surfaces such as flaps, ailerons, rudder, elevator and spoilers made of CFRP [22].

Bombardier in Canada, now extinct, launched the C100 series in 2010 with 20% of the aircraft weight

resultant from composite materials [23]. This value was raised to 46% with the launch of the renovated

A220 by Airbus which acquired that program from Bombardier in 2016 [24]. The PJSC United Aircraft
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Corporation, in Russia, is currently manufacturing the Irkut MC-21, the first aircraft with out of autoclave

(OOA) composite wings made with resin infusion dry fiber, totaling its composite percentage to 40% and

planned to be introduced in 2021 [25]. Last but not least, the entrance in scene by Japan’s Mitsubishi

Heavy Industries with the launch of its SpaceJet program in 2021-2022, an aircraft formerly known as

the MRJ, with 10-15% composite airframe [26] and COMAC, in China, with the C919 jet containing

12% composite materials [27], predicted to launch in 2021. Both will prove to be major players in

the aerospace composite industry. However, the introduction of any composite innovation is slow to

be applied due high safety standards in the aerospace industry which justifies the high gaps in time

between the introduction of new aircraft composite parts and its increased usage through the years,

visibly portrayed in Figure 2.2.

In the same figure it’s possible to distinct three levels of composite material structural weight percent-

age in commercial aircraft. The lower end, with 5% or less, translates to composite usage in secondary

and tertiary structures like spoilers, fairings and cowlings. The middle tier, with around 10% structural

weight made of composites, indicates its use in the empennage (e.g horizontal and vertical stabilizer)

and some primary control surface such as rudders and flaps. If the wing box, meaning its skin and spars,

is also made of composite materials, the structural weight percentage increases steeply into the range

of 35%. Finally, adding a composite fuselage structure raises the value to 55% which is the case for the

Boeing 787 and Airbus 350XWB. Weight savings for secondary structures using composite materials

instead of metal alloys are around 40% and for primary structures such as wings and fuselages this

value decreases to 20% [14].

Figure 2.2: Commercial aircraft composite structural weight percentage by year of introduction. Adapted
from [12].
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2.2 Composites today and future trends

The global composite market size was estimated at US$ 89.04 billion in 2019 and is expected to

expand at compounded annual growth rate (CAGR) of 7.6% from 2020 to 2027 as per Grand View

Research report released in July 2020. The most dominant sector was the glass fiber reinforced com-

posites with 61.8% share. Nevertheless, the carbon fiber product segment has a strong forecast for

continuous growth, registering the same CAGR of 7.6% from 2020 to 2027. Thermoset resins, such as

epoxies, had a remarkable share of the overall revenue accounting for 72.0% as its use in aerospace,

defense and transportation applications is rising. The lay-up manufacturing process segment, in which

ATL and AFP are inserted, also had the largest portion in overall revenue with 33.1 % market share [28].

2.2.1 Carbon fiber composites market

In 2018, the global carbon fiber composites demand was estimated to be 154,7 kt with a turnover of

US$ 23.15 billion based on 140,6 kt and US$ 21.14 billion being achieved in 2017. This represented

a CAGR of 10.03% in demand and 9.51% in turnover since 2013 which shows a healthy development

of the composites industry. The matrix of composites can be of different types of materials. The most

common are metal alloys (metal matrix composites, MMC), ceramic compounds (ceramic matrix com-

posites, CMC) and polymers (polymer matrix composites) which when reinforced with carbon fibers are

called CFRP as already stated in this document. As it can be seen in the Figure 2.3 the CFRP estima-

tion for 2018 was a dominant one, gathering 82.7% (127.8 kt) market share of the global carbon fiber

composites market and 71.2% of its revenue turnover [29].

Figure 2.3: Distribution of the global carbon composites market by matrix materials with reference to
demand (above) and turnover (below) - 2018 estimations [29].
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An average annual growth of 11.88% since 2013 until 2018 is estimated for the global turnover of

CFRP and its value was estimated to be US$ 16.48 billion in 2018 which indicated market growth for

the foreseeable future. The segment with highest expression among non-polymer matrix are the CMC,

mostly due to its use as high performance brake disks or materials for high temperatures. Although

non-polymer matrix occupy only 17.3% in demand they settle for 28.8% of the revenues. This happens

in major part because these segments contain customized solutions used in space applications and avi-

ation which translates to higher market prices. Within the CFRP segment, thermoset matrix accounted

for 69% of turnover although a steady increase is occurring for thermoplastic matrices since 2014 (24%;

25%; 26.3%; 27.6%) to 28.8% in 2018, which represents a CAGR of about 16.8% [29].

The same company who produced this data in 2018 released a report in 2019 stating that global

CFRP demand was, in fact, 128.5 kt for 2019, a small raise comparing to its predictions made in 2018,

as stated above. The demand for 2019 was estimated at 141.5 kt with a growth of 10.1% comparing to

2018 and netting a CAGR (2010-2018) of 12.24%, as it is shown in Figure 2.4. The CFRP turnover was

approximately US$ 17.88 billion, a raise of 9.64% from the previous year and a CAGR of 11.69% (2013-

2018) indicating the ascending development of the CFRP industry [30]. The major drivers of this growth

are the increasing usage in the aerospace and defense sector as well as the wind energy industry [31]

and the automotive sector. The latter is of particular interest as in the near future, due to Corporate

Average Fuel Economy (CAFE) standards, vehicle weight will need to diminish and composite materials

will become crucial in this aspect.

Figure 2.4: CFRP demand from 2010-2023 - 2019 (*Estimations) [30].

The carbon fiber composites demand and turnover estimations for 2018 are shown distributed by

application in Figure 2.5 and Figure 2.6. The aerospace segment has established its market dominance

with approximately US$ 12.91 billion (56%) generated although its demand share is predicted lower at

55.31 kt (36%). This difference can be explained by the elevated prices per kg of aerospace material

due to high safety requirements and high quality parts which require expensive certifications and quali-

fications. The second largest sector, both regarding required quantity and turnover was the automotive

sector, 37.13 kt (24%) and US$ 4.17 billion (18%), respectively. On a tertiary position, the wind energy

segment has risen in market share due to almost all large dimensions wind turbine models of newer

generations using carbon composites for tension and compression chords. An example of this was seen
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in October 2017, when Vestas Wind Systems, the world’s largest wind turbine manufacturer, started the

transition to rotor blades made of carbon fiber composites supplying themselves with Hexcel Corp. [32].

Figure 2.5: Global carbon fiber composites demand by application in 2018 [29].

Figure 2.6: Global carbon fiber composites turnover by application in 2018 [29].

Another market study, performed by Arthur D. Little consulting in 2018 [33], also attributed the largest

portion of market share of demand for carbon composite materials to the aerospace sector. In that

report, market share was claimed to be close to 60% of the global carbon fiber demand by value which

is in accordance with the 56% estimation of Sauer and Kühnel [29], presented above. However, there is

a divergence between the studies relating to size of the aerospace sector for demand, as Arthur D. Little

claims 29 kt and Sauer and Kühnel [29] predicted 55,31 kt, which can be attributed to the first study

not including aerospace defense data. Furthermore, Arthur D. Little reports that the aerospace sector

would be in continuous growth until 2023 at rate of 7% CAGR which indirectly influences growth for the

composites market. Aircraft demand for composite materials constituted 75% of the total demand for

the aerospace industry being the rest allocated to rockets, satellites, and missiles. Commercial aircraft

was the most relevant slice of the aircraft segment with 90% market share [33].

A year later, in 2019, the aerospace composite segment exceeded US$ 12.7 billion, a slight decrease

comparing to the 2018 US$ 12.9 billion from Figure 2.6. One other study claimed it continued to have

the largest share of the advanced carbon composites market, turnover wise, comparing to the previous

year [34]. The forecast for its growth between 2020 and 2026 is around 9.3% making its market value
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prediction set in US$ 15.7 billion for 2026. The fastest growing segment of the aerospace composite

market and still gaining popularity is aircraft exterior applications (airframe) which dominated in 2019

with around 60% of market share. Exterior parts such as fuselages, stabilizers, wings and control

surfaces made of composite materials are gradually shifting to become the standard in the industry. The

carbon fiber reinforced plastics sector is expected to dominate the composite aerospace market in the

coming years as in 2019 it accounted for over 40% share [35]. This shows the importance of automated

lay-up in composites technologies will only tend to increase in the future. The two main drivers of the

aerospace market are, logically, the increase in structural weight percentage of composite material and

aircraft production. Both are increasing as average composite material share of aircraft empty weight is

estimated to have increased from 7% to 13% since 2010 until 2018 [33] albeit a ceiling is probably being

reached for a maximum value.

As of 2018, the two main aircraft programs were the A350XWB and the B787 in commercial avi-

ation composite market followed by the A320, B737 and A220 at a smaller scale. Focusing on the

second driver, both Airbus and Boeing announced their intentions on increasing production rates of the

A350XWB and B787 which are much lower comparing to their highest profit programs: the A320 and

B737. Airbus was able to produce 8 A350XWB per monthly basis in 2018 [33] and projected an increase

of plus 2 to reach a total production rate of 10 aircraft per month in the following year which was exactly

accomplished as 112 aircraft were delivered in 2019 [36]. On the other hand, Boeing increased the

production of the B787 from 12 to 14 aircraft per month from 2018 to 2019 [33], only to have them be

reduced to 12 in 2020 due to the USA-China economic tension. Despite fluctuations, these big aircraft

increased production contributed to a rise on the demand for composite material for commercial aircraft

to over 29 kilotons in 2019 [35], matching the total composite demand for the entire aerospace sector in

the previous year. Boeing also has plans to introduce a new midsize aircraft (NMA) that would fit between

the B737 and B787 in terms of size and range around 2025. This new aircraft design is very significant

to the composite industry because, as the next all-new aircraft, it is expected to feature major structures

manufactured with carbon fiber composites. Moreover, there is expectations for the announcement of

replacements of the 737MAX and the Airbus A320 which are planned to enter service around 2028. On

account of that, the important question to ask is if and where composites will be used in these planes. If

the answer is affirmative, it would represent a major increase in the carbon fiber market demand as the

rates of the replacement aircraft would be significantly higher comparing to those of the NMA.

In the aerospace defense segment, it is predominantly aircraft programs F-35, Boeing KC46, Airbus

A400M and Embraer KC-390, as well as the helicopter programs V-22 Osprey, Black Hawk, Sikorsky

CH-53K and Airbus H160 that lead to a stable composite demand [29, 37]. The space industry has also

contributed to the carbon composites market and is expected to have that contribution increased with

the privatization and competitive environment of space enterprises. An example of that are companies

like SpaceX or Blue Origin which have increased their usage of composite materials being present on

panels, cargo doors or boosters in their products [29, 38, 39]. Also Orion, a program to carry astronauts

into space, manufactured by Airbus Defense and Space in conjunction with Lockheed Martin and ESA

is developing a carbon fiber heat shield manufactured using OOA prepreg from Toray Composites [40].
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Although aircraft production may be on the rise for the near future, its maximum composite airframe

structural weight percentage is probably reaching a ceiling, which is around 50%. To further increase

the growth of the aerospace sector in the composite industry and to meet faster production demands,

further development of current processes is needed as well as innovation from other areas like materials

and new manufacturing processes. Forecasts predict that in 2020 composite manufacturing will be

around 50% [41] performed by AFP and ATL machines comparing to the 33.1% overall revenue share

in 2019 [28], being AFP the most dominant technology and growing faster too. This can be attributed

to its greater precision over ATL and better lay-up rates for most parts while producing less waste.

Nevertheless, some competitive alternatives to autoclave curing processes are increasing its relevance.

Resin transfer molding (RTM) is gaining traction in the aerospace industry as manufacturers search for

innovative cheaper processes.

This process starts by using AFP technology, but instead of laying the usual prepreg tows, it uses dry

fibers with binder powder or, more recently, thermoplastic veils, to build a stack of plies called preform

[42, 43]. The next step is to place it on a closed mold and have low viscosity resin and catalysts pumped

in under low to moderate pressure and heat through injection ports or have it vacuumed in a bag on

a slightly different process called vacuum assisted resin transfer molding (VARTM). In both processes,

the autoclave cure is not needed reducing cycle times and reducing tooling costs. Also, dry fiber and

resins used in RTM or VARTM are cheaper than the prepreg material. In addition, VARTM does not

require high heat or pressure and therefore operates with even lower cost tooling, making it possible

to inexpensively produce large, complex parts in one shot. RTM is used for components such as the

rudders of the Boeing 757 and 777, landing gear doors for the Airbus A330/A340 and flap shroud and

landing gear doors for the F/A-18 [44]. A similar but novel process to VARTM is being used to produce

the CFRP wing box of the MS-21 single-aisle jet by Russian OEM and fabricator Aerocomposit. In this

process, a semipermeable membrane is used to enable a consistent, robust process, delivering 100%

impregnation resulting in no dry spots or voids. A robotic arm machine from Coriolis Composites is

now producing the wing spar and stringer preforms at Aerocomposit, while a gantry-based machine by

MTorres is laying up the wing skin preforms. OOA infusion has also been demonstrated on large tooling

and structures for NASA’s Space Launch System program using epoxy and bismaleimide resins [43, 45].

Future composite aircraft development will come in areas like supersonic travel, urban air mobility

and all-electric commercial jets. Boom Aerospace is developing the Overture, an aircraft with a fair

composite composition designed to travel at speeds up to Mach 2.2 and at heights of 18000 m. An

emergent aerospace market segment is related to intra and inter-city travels on small aircraft, up to 10

passengers. Hyundai and Uber are working on a EVTOL 100 km range on charge aircraft which will

require composites use to make it viable as large batteries utilized need a reduced structural weight to

offset its mass. Also Boeing and Porsche are working on a EVTOL prototype. Nevertheless, certification,

airspace management and safety standards will postpone entrance in commercial service likely until

2025 [46, 47]. Also Airbus with its E-Fan X hybrid-electric commercial aircraft will certainly be of major

importance for composites use in electric aircraft going forward [48].
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2.3 Automated Composite Manufacturing Technologies

It is important to understand how ACMT developed over time and its current state of the art (SOA) in

order to deliver one of this work main goals which is to develop an algorithm capable of simulating the

lay-up of any flat composite part. There are currently two main technologies to manufacture advanced

composite laminates from unidirectional prepregs: ATL and AFP. Both consist of laying fiber tape, or

tows for AFP, in some specific sequence and angle orientation to form a laminated composite material.

ATL was originally invented to automate hand lay-up and increase its efficiency. Both technologies aim

to reduce costs, enhance repeatability, reproducibility, productivity and increase part quality. Despite

high initial investments in the machines, these automated processes can reduce labor hours per com-

ponent, lower material scrap rates comparing to manual lay-up and also reduce the need for in-process

inspection thus lowering manufacturing costs [49]. Global AFP/ATL machines market is forecasted to

grow at an imposing rate over the next five years to reach an estimated value of US$ 294.7 million in

2024 [50].

2.3.1 Developments through time

Automated Tape Laying - ATL

The first reference to an ATL system dates back to 1971 with a patent assigned to Chitwood and

Howeth designating a method of laminating composite tape onto a rotatable base-plate using computer

numeric control (CNC) [51] although some research was already in place since the end of the 1960’s

[49]. In 1974, a machine was designed by Goldsworthy [52] to deliver 76 mm wide tape being capable of

lay-up over curved surfaces as the head was able to turn. At that time, ATL systems were built in-house

and were part of a component centered production system. Lay-up speeds were reported at 10-20

m/min which is not great but it was argued that it did not affect overall productivity [53]. Moreover, ATL

could minimize lay-up errors, lay-up time and material wastage comparing to the standard hand lay-up

as scrap rates were up to 30% for smaller parts and 2-4% for larger ones comparing to rates of 50-100%

for hand lay-up [54]. In Figure 2.7 it is depicted the Goldsworthy prototype ATL machine which consists

of spools of tape, a winder, winder guides, a compaction shoe or roller, tape cutter and a position sensor

[55].

Figure 2.7: Drawing of an early ATL system [53].
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In the 1980’s the technology broaden itself in order to reach higher lay-up rates. Most machines

available were only capable of depositing flat laminates and, in order to solve this problem, in 1984,

K. L. Stone introduced a commercial ATL system from Cincinnati Milacron (now Fives Group) that was

capable of laying tapes up to a curvature of 15º and follow the contour of the mold making it the first

example of a Contour Tape Laminating Machine (CTLM). However, problems relating to lay-up speed,

reliability and accuracy were still very critical. Furthermore, the system was not able to deliver tape

with the necessary compaction pressure and breakage of the ply backing was a regular occurrence. In

1985, R. Grone and M. Grimshaw introduced an ATL system where direct lay-up force control and head

normality over curved surfaces was enabled by a force-controlled Z and A axes which improved accuracy

[56]. Nonetheless, ATL systems were still majorly unreliable being utilized only on simple components

due to low tack levels and degradation caused by limited heating. Even though pressure control was

mostly dominated by the end of the decade, the question remained on which pressure levels were

actually desirable and, with the problems stated above being unresolved, the lay-up speeds remained

unchanged from previous designs. At this time, tape layers were used primarily on military aircraft due

to the high price of an ATL machine, tagged at US$ 3.5 million [57]. In addition, some studies, although

not very reliable due to not taking into account all the variables, were questioning the desirability of

automation claiming similar rates to pre-existing hand lay-up making the emergence of ATL a strenuous

process [53].

In 1991, tape heating was finally introduced. It was applied first for thermoplastic lay-up and it allowed

to overcome tack control past issues [58]. Further improvements from the middle 1990’s until today have

been fairly limited due to the appearance of AFP machines and were solely productivity driven. ATL is

nowadays a standard process for prepreg lay-up, with high lay-up rates, specifically used for flat or quasi-

flat large parts. It has higher scrap rates comparing to AFP but can have better lay-up rates than the

latter for large flat parts [5] and it is also easier to perform offline programming. It is commonly used to

manufacture parts like wing skins, illustrated in Figure 2.8, stabilizer skins or wing box centers.

Figure 2.8: MTorres TORRESLAYUP machine manufacturing a wing skin [59].

Main manufacturers of ATL equipment are the Fives Group, Automated Dynamics and Accudyne

System (USA), M.Torres Diseños Industriales S.A.U (Spain), Mikrosam AD (Macedonia) and GFM (Ger-

many). Current SOA ATL machines like the Cincinnati CHARGER Tape Layer can deliver lay-up rates
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up to 60 m/min and achieve 25 degree contours. Tape width used for this machine can vary from 3, 6 to

12 inches (76.2, 152.4 to 304.8) mm and it can provide up to 10 machine axis [60]. A strong competitor

is the MTorres ATL system called TORRESLAYUP, seen in Figure 2.8, whose biggest advantage is the

possibility to use different multi-tape configurations such as 4 x 152.4 mm, 4 x 76.2 mm or even 2 x

152.4 mm up to a maximum 609.6 mm wide band. This provides the ”capability to lay down several

tapes simultaneously in order to boost productivity by increasing band width, scrap reduction by means

of independent control of each tape and scrap reducing strategies” as stated in the machine’s website

[61]. It also figures 11 independent axis. Current SOA ATL machines initial cost can vary between US $

2 and 6 million [5] depending on machine configuration, rotational ability, head configuration and cutting

system. MTorres has also been developing smaller robotic flat tape layers in order to provide a cheaper

machine and increase ATL versatility making it accessible to smaller companies [55].

Automated Fiber Placement - AFP

The first AFP system designed is most likely the one depicted in the Figure 2.9 which was, on theory,

already capable of performing one of AFP signature tasks, the ability to lay-up material on a curved

surface. At the time of its design, the tape width used measured 76 mm and some challenges arose

when this tape, being somewhat to wide, had difficulties to conform over strongly curved surfaces. The

solution would convey from slitting that tape into smaller 3.2 mm tows and deliver them at individual

speeds by keeping the excess material on the head. Translating that idea into reality would prove

difficult as further developments were stagnant at time. Nevertheless, the basic principle for future AFP

machines was set.

In early 1980’s, Hercules Aerospace took the development process ahead and by 1983 the first fiber

placement machine was invented [62]. However, it was only by the end of that decade that the first AFP

machine was made commercially available by Cincinnati Machine (now the Fives Group) [62]. They

combined the cut-restart and compaction features of ATL machines and the ability to simultaneously

supply different rates of material from filament winding (FW). An important amount of knowledge ac-

quired from early ATL developments was therefore crucial to the introduction of AFP machines in the

market. The limitations of the Goldsworthy machine were lifted by Evans et al. solution of keeping the

slit tape on different bobbins, which worked independently [63]. In the early 1990’s, AFP systems were

thus capable of controlling tension, temperature and lay-up speed of each tow independently which was

later perfected with the introduction of offline programming systems. Lay-up speeds were, at that time,

approximately 7 m/min for AFP which would be comparable to the lower end of the spectrum of ATL

productivity. That, in turn, would result in a productivity of 5 kg/h, which was fairly low. Some technical

problems like reliability and accuracy were present due to unwanted tension in the tows. Combining that

with the tow small width, made the systems prone to gaps in the material laid which negatively impacted

the mechanical performance of the laminate [53].

Productivity saw some improvement when Measom and Sewell reported, in 1996, an increase of this

value by 450% on the fabrication of a complex component using AFP compared to its production using

FW and manual lay-up. Also, the scrap rate was reported to reduce from 62% to 6% [53]. The ability
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to steer, which translates to the capability of laying material along curvilinear paths, was enabled by the

possibility of using narrower tapes allowing AFP systems to manufacture complex composite parts that

were forbidden in the past while also reducing scrap rates. Despite the rise in productivity, it was still not

enough to offset the high initial capital expenditure of an AFP machine which was near US$ 6 million

[57].

Figure 2.9: CORIOLIS C1 robotic arm machine [64].

Until the year 2000, AFP systems were mainly employed to military and space programs like the V-22

Osprey or the F22 Raptor due to affordability factors. Major problems like splicing errors (welding of the

tape ends), dropped tows, and material changes resulted in increased downtime and consequently low-

ered productivity. Some of these issues were minimized with the introduction of infrared heating which

allowed lay-up at higher temperatures, increased tack levels and reduced lay-up errors [65]. In 2008,

it was engineered a system that was capable of splicing the tows together [66], reducing the downtime

for material refilling, and also an automated inspect system to detect lay-up errors [67], reducing time

for quality inspection after lay-up, therefore contributing to increase productivity. In that same year, the

invention of a system with multiple placement heads, replaceable creels, and replaceable placement

heads by T. Oldani and D. Jarvi [68] allowed the simultaneous use of two or more fiber placements

heads, capable of independent movement from each other, to work synchronously on forming a com-

posite part on a tool surface. However, lay-up rates were not reaching their full potential due to the

inability to cut or add ”on the fly”, meaning that the machine needed to slow down from its maximum

lay-up velocity in order to successfully perform the cut or add process. One year later, the same authors

were able to fix this problem by creating a system that was able to determine the initial location to start

the high-speed event of the cut or add operation with a suitable advance in the toolpath thus eliminat-

ing the need to reduce speed [69]. This greatly affected AFP machine productivity. Despite all these

improvements in reliability and raw productivity, issues relating to the high machine and material costs

comparing to other methods remained. Offline programming was, in the beginning of 2010’s, in a none

optimized state with tow gaps and overlaps still being a main technical problem. As the main focus of

this thesis is in the offline programming spectre, this matter will be further studied in subsection 2.3.4.

In the aerospace industry, AFP machines are commonly used to manufacture fuselage panels, ex-

amples being the production of the Airbus A350XWB and the Boeing 787 fuselage. In 2008, the latter
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placed an order for six VIPER 6000 fiber placement from MAG Cincinnati to manufacture that part [70].

The ”VIPER’s enable independent control over feed, clamp, cut and start for up to 32 individual tows or

slit tape. This allows automated ”on-the-fly” adjustment of fiber band width, controlled bending of fiber

layout around changing contours, and precise configuration of openings (doors, hatches, etc.)” [70]. It

is also able to lay-up parts with diameters up to 8 m [71]. Other SOA machines like the GEMINI hybrid

model with its interchangeable heads grants the possibility to change between AFP and ATL systems

in the same lay-up which ”provides flexibility to process a wider array of parts, optimizes bandwidth and

lay-up capabilities, eliminates parasitic time for material loading and provides minimal capital investment

which will maximize profits with one machine platform for multiple processes” as described in [72]. MTor-

res hybrid machine claims a similar system with head exchange within 90 seconds boosting productivity

up to three times and higher scrap savings [73]. Ingersoll Mongoose Hybrid can also provide the flex-

ibility of interchangeable heads with the advantage of having optional number of tows, ranging from 4

to 32. Moreover, it allows the use of thermoplastic materials which can reduce cycle times [74] and

increase productivity. Finally, CORIOLIS C3 AFP machine is particularly suitable for big doubled curva-

ture surfaces, claiming maximum lay-up speeds up to 1.2 m/s and accelerations of 3 m/s2 which are the

highest that could be found in all manufacturers websites. Top AFP system manufacturers are the Fives

Group, the world’s largest supplier, Ingersoll Machine Tools Inc. which is involved in fiber placement

since its beginnings in the early 1990’s, Accudyne System, Automated Dynamics and Electroimpact

Inc., all these five companies being located in the USA. There is also Coriolis Composites technologies

SAS in France, M.Torres Diseños Industriales S.A.U in Spain and Mikrosam AD in Macedonia.

Figure 2.10: Eletroimpact AFP gantry machine manufacturing a fuselage panel [75].

These companies offer systems in different types of configurations: Automated Dynamics and Ac-

cudyne only supply their systems on small gantries and industrial robots which demand lower capital

investment and are better suited for specific applications. The Fives Group, MTorres, Mikrosam and

Eletroimpact solely provide their systems in moving column type, winding platforms or even high rail

gantries like the one in Figure 2.10 which implicate higher productivity and reliability by using more tows

in the machine’s head. Coriolis and Ingersoll supply all the types stated providing higher versatility to the

costumer. An example of a robotic AFP system by Coriolis Composites is depicted in Figure 2.9. More-

over, machines by Coriolis Composites, Accudyne Systems, Electroimpact, and Automated Dynamics

also provide small scale lab set up for research purposes [55].
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2.3.2 Process description

It is important for the purpose of this thesis to obtain a solid knowledge of the fundamentals of

ACMT processes. A thorough research was conducted on the subject which complemented the already

presented ATL and AFP SOA machines and history developments. In order to create an algorithm

capable of the simulation of ATL and AFP lay-up of flat laminates it was essential to understand how

these machines work. These technologies can be viewed as additive manufacturing since a composite

laminate is made by stacking plies on top of each other, thus adding material, as opposed to machining

where a part is made by removing material. Currently, a wide variety of automated composite lay-

up machines exists, from robotic arms to column, table and gantry based systems, unidirectional or

bidirectional lay-up, single technology or hybrid, single head to multiple heads working in sync but one

set of rules is horizontal to them all. These machines lay single tape (ATL) or multiple tows (AFP) on a

mold, in a defined sequence, at a certain speed, benefiting from a set axis acceleration until a layer is

completed. The process is then repeated until all programmed layers are completed. These systems

have some constraints in common such as the minimal course length, meaning the shortest distance

that can be laid up, which consists of the distance between the machine’s blade and the lay-up roller or

the minimum cut-restart length which is the minimal length necessary to lay-up a tow after the previous

was laid down and is dependent on the configuration of the cutting and feeding systems. The values of

these constraints change from ATL to AFP and can vary within a technology. A detailed description of

these technologies is presented in the next paragraphs with unique and common traits between them.

Automated Tape Laying

ATL works typically by placing a single fiber tape onto a flat or slightly curved mold or surface. ATL

uses tape with 3, 6, or 12 inches (76.2, 152.4 or 304.8 mm) width. The width of the tape is normally

selected taken into account the curvature of the part to be produced. ATL machines are usually mounted

on horizontal gantries, typically on an open bay gantry configuration, or vertical column system due

to the mass of the material and machine head. They can have up to 11 axis of movement, as the

TORRESLAYUP machine discussed earlier, 6 for the machine head and 5 for the gantry movement.

These machines can either be a flat tape laminating machine (FTLM) or a contour tape laminating

machine (CTLM), being the latter the most used in the industry. As the name indicates, CTLM is capable

of laying material in both contoured concave (up to 40º) and flat surfaces while FTLM is only capable of

depositing material in flat surfaces [76].

Both ATL and AFP systems are driven by CNC that follow accurately predetermined paths, called tool

paths, contouring the mold. During the lay-up of each ply, tapes are placed consecutively next to one

another with a gap of 0.5-1 mm, necessary to respect variations in tape placement resultant of lay-up

control error margin and tape tolerances. There are three different material delivery technologies used

in ATL systems: single-phase (most common), two-phase and dual-phase. For the first, the process

starts by loading the spool of material into the delivery head which is then pulled through the feed

rollers and past the cutting blades. After, the prepreg has its backing paper removed and the lay-up can
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begin with the tape being laid onto the tool through a silicone roller with compaction pressure and heat

application. During material guiding, tack should be low to allow for smooth feeding and reliable cutting.

However, adhesion to the paper has to be sufficient to ensure that the prepreg remains on the carrier

during and after the cutting process. As a general rule, tack is controlled via temperature activation,

based on the fact that adhesion increases with increasing temperatures. In the single-phase process

the machine must slow down or stop to make the materials cuts. In the two-phase system, which is

a more advanced technology, present in machines like the Forest-Liné ATLAS, from Fives, the excess

material for complex course paths is pre-cut on an offline cutting machine [77]. In this case, the machine

does not need to decelerate for the cutting operation reducing lay-up time and prompting productivity.

Also, the after process of removing scrap is eliminated thereby heightening the savings. In contrast,

this type of system has disadvantages like the increase in logistical costs and complexity due to the

advanced preparation of the tapes and also some relative instability during the lay-up process. A dual-

phase system is simply the combination of these two: one machine head runs a single-phase system

and the other a two-phase system. This kind of material system delivery was chosen to manufacture the

wings of the 787 by Boeing’s subcontractors Mitsubishi and Fuji by purchasing a large Fives Forest-Liné

dual-phase ATL system [49]. One unique feature of SOA ATL systems is its ability to provide net shape

contours which enables the lay-up of any contour on the component without the scrap being placed on

the part, contrary to AFP systems. However, net shape cutting of wide tapes may cause relatively high

tape scrap rates, depending on the component geometry [78]. An example of a typical ATL machine

configuration is displayed in Figure 2.11.

Figure 2.11: Typical ATL lay-up head configuration [53].

For the actual lay-up process, the machine starts on a standstill elevated position in relation to the

mold, being this distance defined by the operator, then it begins moving by coming down and touching

the mold. Subsequently, it accelerates in the lay-up plane while laying down material, until the velocity

defined by the operator is reached [56, 79–82]. It can happen that the machine does not reach this

speed due to a short course length. Before finishing a course, the machine starts to decelerate and

cuts the material feed with rotating or pinching blades if it has a single-phase system. Scrap is then

generated and it can be disposed off in different manners, either removed together with the carried

paper and resulting in a lower productivity as the cutting speed is reduced or, if it would interfere with

subsequent process steps, deposited outside the part on the work area after each course lay-up. If
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the latter is not feasible, scrap cuts may be placed in a designated external area in a secondary lay-up

process of each course resulting in a even higher decrease of productivity [78, 83]. The rest of the

material is then deposited until the machine comes to a stop and lifts back to the starting height. This

height, a set distance from the lay-up plan, is usually a number chosen from a set of discrete values

that varies between automated composite machines and it is of high importance because it has to be far

enough to avoid collision and not too far to cause unproductive travel time. After, the machine returns to

the other side of the part or, if it is capable of, rotates its head, which by itself eliminates unproductive

travel time, and starts the next lay-up course, repeating the whole process until finishing the ply.

SOA ATL machines also include continued visual inspection through the lay-up process to reduce

error and avoid defected tape placing by automatically stopping the machine if some defect is detected

[67]. Studies claim that using visual inspection during lay-up can reduce up 30% of the time to build

up a part [59]. Heating tape temperatures can vary between 26ºC and 44ºC [54, 65, 84] for thermoset

materials and 375ºC to 400 ºC [85] in thermoplastics, in order to control tack levels. ATL machines can

reach speeds up to 1 ms-1 and accelerations of 1 ms-2 for the X and Y axis and 3 ms-2 in the Z axis. Its

rotatory axis A and B can reach speeds of 2.6 rpm with an acceleration of 0.32 ms-2. Its C axis which

is the axis perpendicular to the lay-up plane can rotate up to 200 degrees with an maximum velocity of

23.6 rpm an acceleration of 0.41 ms-2 [77]. The compaction pressure depends on the tape width but is

normally around 0.1 MPa for thermoset tapes. The minimal course length for this technology is around

100 mm for most systems [53].

Lay-up rates can vary between 10 and 150 kg/h for flat or mildly contour parts manufactured with this

technology as per Hagnell and Åkermo [5], depending strongly on material width and fiber areal weight.

One article [59] cites that Brock Jahner, Automated Composites Project lead at Electroimpact assured

lay-up rates up to 300 kg/h for a given machine and part and configuration. Furthermore, it is also

stated that this rates were dubious due to lack of information on part geometry and machine specifics

[59]. This is a good example on why this thesis will bring value as the lay-up rates to be reported here

will have all the other relevant information, like the part’s geometry, tape width and lay-up speeds, for

example, available. Another article refers the same order of values as Lukaszwecicz report, about 100

kg/h theoretical rate, but the real value was set at 25–50 kg/h for simple geometries, down to 12 kg/h for

more complex preform. The reason behind this decrease is the downtime caused by spool changes and

cleaning of the machine guiding elements. It also presents scrap rates in the order of 2 to 4% in larger

parts up to 30% for small parts for ATL machines [54]. In 2011, Lukaszwecicz, performed a benchmark

study for the manufacturing process, using ATL and AFP systems, of a simple flat rectangular geometry.

The results provided lay-up rates of 29.2 kg/h for ATL and 41.3 kg/h for AFP [83]. These values will

be subject of study with the tool to be developed in this thesis in order to provide a scientific basis for

comparison. Results are shown in subsection 6.2.3.

Scrap rates are dependent on part size as the lay-up has a significant decrease in efficiency as the

part gets smaller. As discussed previously, when fabricating smaller parts, the machine probably does

not reach the desired speed and makes the process inefficient cost wise. According to Grimshaw [54],

scrap rates tend to be higher for smaller parts but decrease with the part size increase, reaching a
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plateau. Inversely, lay-up rates increase with part size. Grimshaw graphics are depicted in Figure 2.12

and Figure 2.13.

Figure 2.12: Lay-up rate variation with part size
[54].

Figure 2.13: Scrap rate variation with part size
[54].

One future improvement, currently in development, is related to the prepreg tape cost and width. As

reported by Brosius [10] in CompositesWorld, ”if the price of industrial-grade carbon fiber were suddenly

reduced by 50%, it would open big opportunities in automotive and wind energy markets” as the cost

would come down. Tape width currently has a gap in the middle size of its range. Current efforts are

to bring to market tapes between 0.75 inch to 1 inch (19 mm to 25.4 mm) wide on the narrow end of

the spectrum, to 1.25 inches to 1.5 inches (31.8 mm to 38.1 mm) on the wider end in order to fulfill

that gap [86]. One recent example of that is the Fives Lund SLALOM ATL machine which lays down

1.5 inch carbon fiber tapes taking advantage of the better allowables and tolerances for tapes and the

conformability of tows while providing greater lay-up efficiency. Each tape creel is individually controlled

like common AFP systems, has its own compaction roller and can be individually added or cut at ply

boundary. Three 19-lane Slalom machines have already been used by Mitsubishi Heavy Industries to

fabricate wing skins for the Boeing 787. Initially these machines would reach 0.6 meters per second,

but current testing has them reaching speeds of 4.5 meters per second to lay or cut operations and

2.5 meters per second for adding tapes. This would mean, for sure, groundbreaking innovation for the

automated composite industry [87].

Automated Fiber Placement

AFP is a similar but more advanced process than ATL because it is capable of laying small fiber tows,

enabling steering and thus producing composite parts with higher degree of curvature. Material used for

this technology can be impregnated tows or slit prepreg tape as well as binder powder fiber for dry fiber

placement. They are usually fed into bobbins from an external creel rack or included in the placement

head and provided with an inter-leaf film for the purpose of reducing tacking and friction in the material

supply. The material guiding system is composed of guide pulleys or tubular guides which compensate

for rotations of the placement head with respect to the creel in order to prevent rewinding of the spools

caused by the motion of the machine. Some systems offer the possibility to place two material sets

on the creel which automatically replaces an empty set in order to minimize material loading time and
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increasing productivity [78]. An image of a typical configuration of an AFP machine head is shown in

Figure 2.14. The tow width can range from 1/8, 1/4 and 1/2 of an inch (3,175, 6,35 to 12,7 mm) in single

width. Also, a novel 4 mm tape width is provided by the Cincinnati Viper [71]. It also can vary in the

number of tows delivered being 32 the most used in one machine head. They can range from 1, 2, 4, 8,

16, 24 or 32.

Figure 2.14: Typical AFP lay-up head configuration [53].

These tows align in parallel with low and adjustable tension and compaction pressure to form a band

of fiber deposited material. Compaction is applied during lay-up in order to avoid defects by eliminating

entrapped air and inner band gaps present in the plies and also ensures accurate position and sufficient

adhesion between tows and component. Usually, heat is introduced into the compactor to reduce resin

viscosity of the tows. Increased tack provides better and quicker adhesion of the fibers to the mold

providing reliability and flexibility in fiber steering. Each tow can be controlled individually allowing in-

dependent cut, positioning and restart [69, 88]. This makes this process very convenient for laminating

contoured and tapered parts with constant ply thickness due to its steering capability. Furthermore, it

allows almost no excess length at component edges reducing scrap rates. The complexity of the part’s

geometry and its in-plane curvature impose a physical constraint which translates into a limit on the

minimum steering radius desired for each tow, which in turn, affects tow number and width selection [5].

Generally, geometries that have more complex curvature require narrower tows reducing productivity.

For AFP systems, the performed cuts can only be done transversely thus the shape placed is not net

shape. Highly complex cuts, such as the ones that can be achieved using ATL technologies, cannot

be performed because the material is not supported by carrier paper during cutting. The maximum

cutting speed is very important to a machine’s productivity as it should accompany a rise in lay-up

velocity for optimum lay-up. The latter is fundamental for the cut ”on the fly” concept and it only exists

on AFP machines. There are current some limitations regarding compaction roller diameter and head

geometry which limits female mold radii that can be used for parts built with this technology. Geometrical

features like difficult double curvatures, tight corners and steep ramps as well as tapered laminates can

be challenging, even for AFP technology. All of these factors influence productivity.
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SOA commercial machines can deposit material up to 1.2 ms-1 with head axis accelerations up to

3 ms-2 [64]. Rotational speeds and accelerations vary more by company and therefore are not quoted.

Due to the cut ”on the fly” feature, AFP tends to have lower minimal course length than ATL, normally

around 50 mm [53] for smaller robotic arms and 90 - 124 mm for larger machines [64]. AFP lay-up rate

can range from 2 to 150 kg/h [5] with an example of the Boeing 787 complex fuselage having a lay-up

rate of about 8.6 kg/h in 2006 [89]. Current scrap rates for AFP machines range from 2 - 5 % as per

[90, 91] nearing net shape lay-up capabilities. One article [92] claims dry AFP scrap rate of 3% which

demonstrates that rates are similar for dry fiber placement comparing to prepreg type. Current efforts

to further broaden the use of this technology are focused on versatility, with tape width varying from 1/2

to 2 inch (12.7 to 50.8 mm) being researched, affordability as Mikrosam is developing a machine that

would require significantly less initial invest with a price tag around half a US$ million [93] and efficiency

as some experiments could reproduce a smaller AFP module with a lay-up speed up to 3 ms-1 and

acceleration of 10 ms-2 [94].

2.3.3 Lay-up productivity

One of the main goals of this thesis, due to lack of literature information on the subject, is to provide

a tool horizontal to both technologies that can simulate the lamination process and provide lay-up rates,

among other relevant information, of any flat composite part geometry. This is important, not only

because most of this information is well kept within manufacturers but also because it is industry norm

that when lay-up rates are revealed, as examples presented in this document, it usually comes without

revealing the exact shape of the geometry, the lay-up speed used, machine constraints such as the

minimal course length, or the cut-restart length. This means that, even though the exact value of the

lay-up is revealed it is of no use to assess that machine’s productivity in relation to the production of

that part. In addition, for comparison purposes, either within the same automated technology or with

other, it becomes useless. The tool to be developed in this thesis should diminish this problem as both

technologies can be compared and the influence of machine constraints and part geometry on lay-up

productivity can be studied.

Some academic literature such as Lukaszewicz [83] provided some insight on composite lay-up

productivity by automated technology regarding lay-up speed and part size variation. However, the study

is somewhat limited due to the simplicity of the part geometry used, and more importantly because of the

simple equations on what it was based on. Further investigation on this subject can be seen in chapter 6.

Nonetheless, this benchmark work was given high relevance by industry experts and researches as it is

cited multiple times in articles and papers which reveals the impact and importance of this data on the

composite industry and just how imperative it is to provide a more accurate and broader tool to perform

this kind of research.

Usually, comparison of equipment and technologies in the industry is done through productivity ex-

pressed in kg/h. However, productivity expressed in this unit is not realistic because it depends on a

variety of factors like the total lay-up width, machine configuration and system technology, material and

areal weight, part complexity and size and programming and lay-up strategies. Lengsfeld and Lacalle
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[78] were keen on this subject as they developed a more reliable form to compare lay-up rates between

systems and net machine capacities for a given part geometry. The basis for comparison is performed

through the areal lay-up rate (typically measured in m2/h). This unit ends up being independent of ma-

terial, areal weight and tape width which allows comparison of productivity between different processes,

ATL or AFP, and technologies (machine manufacturers) for a certain composite component.

As referred in this document, common lay-up technologies can reach up to 1.2 m/s in lay-up velocity.

However, this maximum speed can only be achieved for certain phase of the component lay-up. Due to

short courses, curvatures, empty runs, transition movements the average lay-up speed is much lower

reducing productivity. This speed allows for the determination of absolute machine capacities and it not

only takes into consideration the velocity per se, but also additional process operations during lay-up

that reduce productivity. These parameters are:

Reduced process velocity

• Acceleration and deceleration phase during lay-up such as the end and beginning of each course;

• Performing cuts as velocity needs to reduce for net shape cuts (ATL) and systems which don´t

possess cut ”on the fly”;

• Material and process related velocity reduction like high complexity part or limited tack;

Non-productive time

• Machine travel time such as transition between tape courses, sequences and additional time

caused by non-optimized lay-up strategy;

• Non-productive process steps like the lay-up of scrap on an external scrap area (ATL example).

Some future challenges to the automated placement systems would be reducing non-value-added

operations like inspection time, time projection which, according to a recent study, correspond to 22%

and 30% of the lay-up cycle time, being only 27% to the lay-up itself. The objective is to increase run time

to 77% and completely eliminate laser projection and operator-induced stoppage by using servo-driven

creels, 100% in-process inspection and data management [95].

2.3.4 Programming and optimization

ACMT are controlled by CNC programming. Parameters such as the lay-up path definition, non-

productive travel time optimization or even sequence determination is often determined in this phase.

The process normally starts with a composite part design model using CAD software prior to layer

geometries and stacking definition. After finalizing part geometry, ply thickness and contour are the

next logical step. In continuation, the desired ply orientation is assigned to each ply geometry: 0°, 45°,

90°, or -45º are the industry norm. The main goal of offline programming is to make sure surfaces and

contours defined in the ply book are completely covered with prepreg material with its corresponding

fiber orientation. Furthermore, scrap can be minimized [78], herein one of this thesis goals is inserted,

and also the lay-up should be optimized in terms of part quality and productivity. Existing independent
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commercial software and also machine manufacturers software specifically developed for that system

serve this purpose as they allow for the generation of courses and complex lay-up strategies to pursue

those requirements. Many of the parameters which are set during this phase significantly effect how the

machine lays up the part as well as the rate at which it is laid.

The programming stage takes into account numerous parameters and strategies that are important

for the subsequent lay-up process. Some of these options include: initial start of lay-up and stagger-

ing of plies; distance between tapes/tows; lay-up and scrap strategies like complex course paths on

curves, both geodesic and non-geodesic, as well as curve offsets; sequential order and orientation of

courses; control of machine and process parameters (pressure, temperature, lay-up speed, compaction

and tape tension); course generation, calculation, and, if necessary, simulation of trajectories (position

and orientation of tool center point), collision analysis, determination of the synchronized positioning of

all machine axes and generation of part program; feed rate optimization strategy. The set-up of the vari-

ous lay-up parameters and strategy is strongly dependent on both the lay-up technology chosen and the

component geometry. Also, the options offered by the utilized software and the skill of the programmer

can play a significant role on the quality of such optimization [78]. Simulating the manufacturing process

provides essential information such as material lay-up rates and scrap factors [54]. In addition, after op-

timization is performed on a part lay-up, operator to operator variation is eliminated and the program can

be executed as many times as needed with virtually no variability therefore enhancing reliability and re-

producibility [59, 96]. Furthermore it prevents waste of material and machine time in dry run testing [97].

Nonetheless, there is a learning curve for operators in part optimization which takes time for experience

to be gained. This happens at the cost of productivity and scrap material.

Crosky et al. [90] stated that ”improved software capabilities to integrate CAD, mechanical analysis,

trajectory design, optimization, and manufacturing process modelling will be a driving force to increase

industrial implementation of fibre placement”. As its proposed in this document, some research is to

be developed in this area of interest. In addition to a tool capable of the already explained simulation

and providing lay-up and scrap rates, the other proposed idea comprises a focus on reducing material

scrap by searching an optimized lay-up strategy when it comes to the initial tape lay down of each

continuous part of each ply (it can happen that a part has a ply which is not continuous, meaning that

it has lay-up gaps in a certain direction). Usually, the left boundary of each first tape laid coincides with

the left boundary of the part geometry because, in such manner, scrap is being diminished as that is

the ideal position for scrap reduction. However, with the first tape being set that way, the rest of the

lay-up in that ply may not be optimized for scrap reduction as an offset in the outer direction of the ply

might have a trickle down effect on setting the consequent adjacent tapes for a better material usage,

therefore diminishing scrap. This effect increases as tape width and part size also increases. Results

on this study are presented in chapter 6. In 2017, Potter [98] commented on the importance of early

stages decisions in development of composite products being supported from modelling and simulation

of composites design and manufacture. He goes further by stating that there is still a long way to go in

”analytical, numerical and predictive tools associated with composites design and manufacture” [98].

25



3. Methodology

The following chapter tries to clarify the methodology that was applied to develop the model that

sustain this thesis. After technologies’ SOA exposure and detailed description, it is then necessary to

understand and structure what is required to achieve the proposed objectives of this work.

First, the necessity to develop a model/tool that could accurately calculate the results proposed

on this document was understood, meaning the lay-up and scrap rate and material costs of any flat

composite part deposition. With a solid model that was able to realistically simulate the deposition

processes developed, some features could then be introduced in order to improve the lay-up strategy.

The tool should be capable of suggesting a more efficient way to perform the lamination process. This

could be either by making it less costly or making it faster. Cost wise, the only way to reduce, by

analyzing the deposition process alone, was to decrease the technical scrap as this parameter is highly

costly. One square meter of aerospace grade material can cost between 34 and 420 euros per kg for

the higher tier [99] and another study cites an average price of 71 euros per kg for aerospace grade

carbon fiber [100]. For a medium size part of 10 square meters, using the latter average price value and

an average areal weight of 0.6 kg/m2 [101, 102], with a technical scrap of around 10% which is standard

for ATL with 40 layers, the total scrap cost is equal to 2840 euros plus the cost of disposing it. It is then

highly relevant to reduce this value. Consequently, although with less impact, by having less scrap the

machine will deposit less material and therefore the lamination process will take less time generating

cost savings in electricity and machine usage. It was understood to be difficult to attain a method of

reducing cycle time purposes as current SOA machines have this parameter highly developed on an

efficient basis and no strategies could be thought in order to suggest improvements on the subject.

The next logical step was to elaborate an algorithm that was capable of reproducing the desired

outputs using the inputs and constraints needed. Therefore, a research of these technologies was

performed to understand how the deposition processes work and the machine and part constraints that

would serve as inputs. The algorithm then needed to answer the following questions for a certain desired

flat part:

• Given the proper inputs how much would the lay-up manufacturing process cost, material wise?

• Given the proper inputs how much time would it take to perform the lay-up?

• For some lay-up velocity, axis acceleration and tape width what is that machine configuration pro-

ductivity values in terms of kg/h?

• For some constant inputs which tape width is the best suited from a material cost or time saving

perspective?

• For some constant inputs which lay-up paths configuration presents the best solution for technical

scrap saving regarding first tape/tow offset?
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The first approach was to obtain primary values for any kind of black and white image in 2D. These

values would be the area of the total material deposited including technical scrap, its cost, and the cycle

time for its production. In the beginning phase were addressed constraints related to the deposition

process itself, its specifications, such as the tape width to use or the minimum cut restart length for a

given lay-up. The following step was to define the tool inputs. Which inputs were program intrinsic,

which were machine related and which were user/part specifications. Then it was studied how the

provided part image should be processed. One initial perceived limitation was on how the pixel problem

could be approached. Should the pixel resolution be a standard 1:1 scale, meaning one pixel was 1x1

mm2 or should this option be user customized? Due to the different widths of tape/tow used in these

technologies, and being these sizes usually a multiple of the lowest size for each technologies, a pixel

resolution being a sub multiple of the tape width used for that simulation was chosen in order to not

loose image information in the conversion. The pixel resolution was then decided to be a user option

because letting it be a standard resolution could drastically increase the simulation time for parts with

larger areas. Having obtained the boundaries of the part, the tool would be able to lay down the tapes

or tows inside those limits from one edge of the part to the other respecting the plies orientations given

as inputs. The sum of the area of those tapes/tows would total the material deposited. Knowing the

material areal weight, its price per kg and the disposal cost per kg, the material manufacturing costs

could now be computed.

Secondly, and having obtained accurate results regarding the simulated deposited material, the area

of the part to be studied and its technical scrap for any chosen tape width, the second item regarding

cycle time could be addressed. This was the most time consuming part of the algorithm due to highly

complex logic behind the method of translating the real time process to discrete logic steps. To start,

the deposition process had to be described by simple equations in order to grasp a mathematical form

to represent it. This is shown in detail in the next chapter. Having formulated those equations, an

algorithm could be developed to obtain the time spent in laying up the material. A more precise approach

was then taken by making the algorithm work for both technologies since the lay-up time calculation is

different for both processes, being the initial calculation method only suitable for ATL technology. This

new improvement of the model was of high difficulty because there were new inputs introduced like

the initiation and cutting speed for AFP technology. Furthermore, the fact that each deposition creel

can cut, stop and start a tow deposition independently of the each other but the speed at which all

of them perform must be the same and the introduction of constraints such as the minimum distance

between cutting and feeding an individual tape/tow should highly enhance the difficulty of the algorithm’s

development. In a later stage it was realized the importance of calculating lay-up time with the effect of

machine acceleration since the earlier time results were somewhat inaccurate and low.

The item before last referring to the best tape width suited for a particular machine configuration and

for a desired part was answered based on iterating the model developed for the desired tape widths. The

model then presents all outputs for the different tape widths and the user should select either the fastest

one, which had a smaller cycle time, or the less costly, material wise. With the cycle time now obtained

and having the value of the deposited mass the lay-up rate could be found representing the selected
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machine configuration efficiency for that certain part. The first four items were therefore addressed.

The algorithm was developed through multiple increments until the desired outcome was attained,

with a high-level flowchart representing its main structure and inputs/outputs being elaborated. Secondly,

multiple functions based on the referred equations needed to be developed to reproduce the envisioned

results. After the model had a solid working principle, it was then necessary to validate it. This was

achieved by comparing its results such as the lay-up rates, material deposited, technical scrap and

other time parameters to others retrieved from research papers/thesis and also from one Embraer’s

specimen part test. By having a good agreement between results it also validated the algorithm’s image

process system as the parts would have approximate areas as well as scrap rates and cycle times. All

the answers related to this topic were discussed in chapter 6.

Once the software was validated some simulations were performed for representative aeronautical

composite parts in order to obtain values for lay-up and scrap rates. Furthermore, it allowed the compar-

ison between different machine’s configurations and technologies and also to grasp the full potential of

the tool developed by analysing all the results provided. The last thing to be implemented was the tape

offset study for technical scrap reduction. After careful consideration and conversations with composite

machine operator at Embraer’s facilities in Évora, it was understood that some optimization could be

done as the software they used to forecast and simulate the deposition did not provide the best location

for the first tape/tow laid in order to reduce material costs. The software had as standard procedure to

start the deposition with the first tape/tow aligned with one of the part’s edges. This method of deposition

is not necessarily the most efficient one because having an offset of the first tape/tow can mean a better

configuration by reducing scrap. With this feature developed the model could then, not only provide

the best tape width selection as well as dictate the optimal lay-up strategy for the first tape/tow. It was

then important to implement it in the algorithm that was to be implemented with MATLAB software. In

Figure 3.1, there is an illustration of the research methodology and how the final outcome was attained.

Figure 3.1: Work methodology.
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4. Process Mathematical Formulations

In this section, the mathematical equations that describe the lamination process are presented. This

constitutes the first step in transforming the mechanical process which is the composite material de-

position in an array of mathematical formulas that can represent it and contribute towards developing

a realistic simulation tool. These equations are a translation of what was previously explained, i.e.,

the fundamental parameters which rule the deposition process and would serve as the basis for the

algorithm. The equations can be divided into five different global prisms: material and technical scrap,

distances, times, lay-up productivity and material costs. All the knowledge and information that allowed

the development of the work presented in this chapter were acquired through observation of AFP and

ATL machines lay-up at Embraer’s facilities in Évora and literature and video reviews available on the

internet.

All equations are based on a 2D coordinate system where abscissas increase from left to right and

ordinates from top to bottom shown in Figure 4.1. This referential coordinate system changes from each

course to the next and has its ordinates axis aligned with the left boundary of each tape or first tow and

its parallel to the direction of the lay-up course or the angle reference of that ply. The deposition process

is modelled with each ply starting on the left side of the part and progress from left to right. Also, the

machine is set as starting from a top reference at the beginning of each ply and then lay-up material in a

top to bottom motion, having the ordinates of the machine head location increase through each course

deposition. After the first tape/tows being laid, the machine then progresses based on its settings to

turn the machine head if bi-directional lay-up is selected, otherwise it returns back to a top position. The

location of the machine head is defined as the middle point of all its creels. For ATL technology, for

example, if the tape width selected is 304.8 mm, the location of the machine head in the referential is

the middle point of that tape meaning the 152.4 mm point mark. For an AFP technology, taking as an

example a machine utilizing 24 tows at once, its abscissas reference point is at the end of the 12th tow,

as it is its middle point.

Figure 4.1: Model 2D coordinate reference system.
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4.1 Material and Technical Scrap

The first parameters to formulate, as explained in the previous chapter, were the total material de-

posited and the technical scrap of any lay-up deposition. The material deposited in each lay-up course

was quite simple to translate into an equation since it is given by the multiplication between the tape/tow

width utilized and its length. This is only possible due to the simple rectangular geometry of each

tape/tow. The area of each individual tape/tow is then summed for each ply to obtain the total de-

posited area in the laminate. The formula for the total material deposited in the lay-up of any flat part

is described in Equation 4.1. Knowing the area of the part to be laminated, the technical scrap can

be obtained by subtracting that value times the total number of plies of that part from the total material

deposited, expressed in Equation 4.2, and its percentage in Equation 4.3. The areas are expressed in

m2.

Matdep = Twidth

nP lies∑
P lyi=1

nT ape/T ows∑
r=1

(Tlengthr
)P lyi

(4.1)

TechScrap = Matdep −Area× nP lies (4.2)

%TechScrap = TechScrap

Matdep
× 100 (4.3)

4.2 Lay-up Process Distances

In order to obtain the time spent by the machine in the lay-up process, the distance travelled by its

head needs to be calculated. In AFP technology, as referred in previous chapters, the machine starts the

process as it accelerates from an idle position and reaches a speed called initiation speed. This is the

speed the machine needs to be at when any of its creels is initiating the deposition of a tow or completing

a minimum course length for each tow initiation. This means that AFP machines, when initiating a tow,

need to be, not only at that initial speed when the compaction roller hits the mold to start laying a tow

but also maintain that speed for the minimal course length for method 1. For method 2, the machine

starts from an idle position at the part’s edge and the machine only reaches its initiation speed after. If

it reaches before travelling the minimum course length it maintains that speed value until reaching that

length. If the machine reaches the minimum course length first (not common), it can accelerate to lay-up

speed right away.

Tow ordinates are represented by set A and B. Set B depicts the ordinates of each tow starting lo-

cation and A the ordinates of each tow finishing location. Both of these sets represent a portion of the

lamination process where the machine head travels at initiation or cutting speed, respectively. After all

tow courses of a said set B finish depositing the minimal course length, the machine can accelerate to

its configured lay-up speed. The initiation speed distance is then the distance travelled by the machine

from idle position until it reaches initiation speed and also the distance it tracks when it moves at that
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exact speed. Two methods exist to calculate this distance which are dependent on machine configura-

tion: method 1 has the machine starting the acceleration from idle before reaching the part in order to

attain initiation speed on the exact location of the part’s edge; method 2 has the machine starting the

acceleration from an idle position on the exact location of the part’s edge. It can happen that the machine

accelerates to its lay-up speed because all the minimal course lengths were completed for all but one

tow, because that tow is only to be initiated further in the course deposition. That would mean the exis-

tence of two sets B because the machine was at initiation speed in two different non continuum sections

of that part deposition. This usually does not happen in real lamination but as the tool is designed to be

able to encompass all these technical details it was relevant to predict this event. The distance travelled

at initiation speed is thus, mathematically, the difference between the maximum ordinate and minimum

ordinate of set B, plus the distance to reach initiation speed (Dreachis ) plus a minimal course length

for method 1, shown in Equation 4.4; and the difference between the maximum ordinate and minimum

ordinate of set B plus a minimal course length for method 2 and is displayed in Equation 4.5.

The distance travelled at cutting speed, analogously, is the distance between the point where the

machine reaches cutting speed and the point where it stops. For this parameter two methods can also

be applied in the same fashion: method 1 has the machine at cutting speed past the part’s edge and

only after it travels the required distance to stop (Dreach0 ); method 2 has the machine stopping at the

part’s edge. Method 2 is used for single-phase ATL machines and also some AFP systems. Moreover,

it was the chosen method for the validation test of Lukaszewicz [83] model in chapter 6. The cutting

speed distance for method 1 can be calculated by the difference between the maximum ordinate and

minimum ordinate of set A, described in Equation 4.6, and the difference between the maximum ordinate

and minimum ordinate of set A for method 2, shown in Equation 4.7. The machine slows down from its

lay-up speed to reach cutting speed with a distance offset relating to the point where the first tow of that

course is design to end. This distance offset is the length required to decelerate from lay-up speed to

cutting speed. After the first tow is cut and placed in the mold the others follow the same logic. If, as

also explained for set B, there is a bigger difference than the minimal course distance between cuts of

the machine tows, the machine would accelerate back to its lay-up speed only to reach cutting speed

again further down the path and another set A would be generated. It is also important to refer that the

imposition of having the machine going back to its lay-up speed or transitional speed on the explained

situations and generating more than one set A or B was implemented in order to study the most efficient

configuration of a determined machine as it could easily be set to maintain initiation or cutting speed

for those situations. However, for the basis of the proposed algorithm, these discussed distances were

defined in such manner.

Finally, the distance travelled at lay-up speed is the modulus of the difference between the minimum

ordinate of set A and the maximum ordinate of set B minus the minimal course length as depicted in

Equation 4.8. This comprehends the distance travelled by the machine from the point at which accel-

erates to lay-up speed from initiation speed or cutting speed to the point where it slows down to cutting

speed or initiation speed. The index j raises until N Courses is reached which is the total number of

courses in a determined ply.
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Method 1−Distispeed AF P =
nP lies∑
P lyi=1

NCourses∑
j=1

[max(Bj)−min(Bj) + Minlength + Dreachis ]P lyi (4.4)

Method 2−Distispeed AF P =
nP lies∑
P lyi=1

NCourses∑
j=1

[max(Bj)−min(Bj) + Minlength]P lyi
(4.5)

Method 1−Distcspeed AF P =
nP lies∑
P lyi=1

NCourses∑
j=1

[max(Aj)−min(Aj) + Dreach0 ]P lyi
(4.6)

Method 2−Distcspeed AF P =
nP lies∑
P lyi=1

NCourses∑
j=1

[max(Aj)−min(Aj)]P lyi
(4.7)

Distlspeed AF P =
nP lies∑
P lyi=1

NCourses∑
j=1

[|min(Aj)−max(Bj)| −Minlength]P lyi
(4.8)

A = {y1, ..., yk} B = {y1, ..., yk} k ∈ {1, ..., NT }

If a determined course does not have the necessary length to reach lay-up speed the tool has the

machine simulated to, in accordance to the distance that remains when subtracting the initiation speed

and cutting speed distance from the course distance, accelerate to a speed inferior to that of the lay-up

speed and then decelerate to reach cutting speed. If a situation occurs where the machine does not

have enough course distance to transition from initiation speed to cutting speed the machine is set to

maintain through that full course at the lowest value of those two speeds. All distance parameters will

be expressed in meters.

For ATL technologies more variety in the deposition process was found. As exposed in Chapter 2

there are single and two-phase feeding systems where, for the first case, the machine needs to slow

down to a stop to cut the tape, then it accelerates to its cutting speed, stops again, and then lays down

the rest of the tape at its cutting speed and comes to a halt again. A similar procedure also happens

when it starts each ply. A constant time for ATL single-phase systems course initiation and cutting will

then be necessary as an input. The distance travelled while at or getting at initiation speed is shown in

Equation 4.9 and was assumed to be two times the minimal course length as standard, although some

machines have different values. It is then multiplied by the total number of tapes utilized. Furthermore,

for single-phase systems, the distance travelled at cutting speed is the same as the one travelled at

initiation speed as the distance is the same two minimal course lengths multiplied by the total number

of tapes. The distance run at lay-up speed for single-phase systems is simply the difference from the

maximum ordinate and minimum ordinate minus four times the minimal course lengths. Its formula is
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shown in Equation 4.10. For two-phase systems, where the tapes are pre-cut, the machine does not

need to stop nor it has initiation or cutting speed, only a lay-up velocity. The machine simply starts from

an idle position on the exact point the lay-up is designed to start until it reaches its lay-up speed and

comes to a stop on the exact location where the lay-up ends as shown in Equation 4.11.

Distispeed AT L singleph = Distcspeed AT L singleph =
nP lies∑
P lyi=1

NCourses∑
j=1

(2×Minlength)P lyi (4.9)

Distlspeed AT L singleph =
nP lies∑
P lyi=1

NCourses∑
j=1

[(ymaxj
− 2×Minlength)− (yminj

+ 2×Minlength)]P lyi
(4.10)

Distlspeed AT L twoph =
nP lies∑
P lyi=1

NCourses∑
j=1

(ymaxj
− yminj

)P lyi
(4.11)

4.2.1 Transitional course Distances

The distance between the end of one course deposition and the start of next constitutes the transi-

tional tape/tow distance parameter, defined in this thesis. This course transition can be made in one of

two ways. The machine can opt to start the next course in the same side of the part were it previously

ended (bi-directional lay-up) or to transition to the opposite side of the part and start the next course

deposition. For the first case it would require a capability to rotate the machine head at least 180º.

Following the same logic as in previous formulas, sets A and B are defined representing the ordinates

in a 2D plane of one side (beginning) and the ordinates of the other side (end), respectively. The

course transitional distance can then be described as the square root sum of the quadratic difference

between ordinates and abscissas of finishing and starting point courses. The distance in abscissas is a

constant value and can be given by the number of tape/tows times the length of each tape/tow. When

this transition is done in the same side of the part the difference in ordinates is done in set A, if it is

performed in the bottom side of the part, shown in Equation 4.12, or in set B if it is done in the upper

side of the part, shown in Equation 4.13. On the other hand, when the transition is done on opposite

sides, the difference in ordinates is between the maximum ordinate of set A of the finishing course and

the minimum ordinate of set B of the next course deposition which can be described as the transitional

distance bottom up, relating to the reference system, and is described in Equation 4.14. The distance

up bottom is the reverse of the previous formula being the ordinates difference between the minimum

value of the set B and the maximum value of the next set A, described in Equation 4.15. NT differs

from nT ape/T ows (Equation 4.1) as the first represents the number of tows or tape used for each course

deposition and the latter the total number of tape/tows deposited for the whole lamination.
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Disttrans bottom =
nP lies∑
P lyi=1

NCourses−1∑
j=1

[
√

(max(Aj)−max(Aj+1))2 + (NT × Twidth)2]P lyi (4.12)

Disttrans up =
nP lies∑
P lyi=1

NCourses−1∑
j=1

[
√

(min(Bj)−min(Bj+1))2 + (NT × Twidth)2]P lyi
(4.13)

Disttrans bottom up =
nP lies∑
P lyi=1

NCourses−1∑
j=1

[
√

(max(Aj)−min(Bj+1))2 + (NT × Twidth)2]P lyi
(4.14)

Disttrans up bottom =
nP lies∑
P lyi=1

NCourses−1∑
j=1

[
√

(min(Bj)−max(Aj+1))2 + (NT × Twidth)2]P lyi
(4.15)

A = {y1, ..., yk} B = {y1, ..., yk} k ∈ {1, ..., NT }

4.2.2 Transitional gap Distances

When a discontinuity exists in a ply, the machine needs to travel through a horizontal or longitudinal

gap. The same logic for transitional course distance applies to this case with the difference being in the

abscissas. The machine head can finish a course and transition through the horizontal gap to start the

next course deposition on the same side where it finished or return to the opposite longitudinal side, also

through the horizontal gap, to start the next course. For this procedure new sets need to be created.

These are the sets C and D which contain the abscissas of all tape/tows starting and finishing locations.

Set C represents the abscissas of the points (for all AFP tows) or point (for a single ATL tape) of the

bottom side of the course deposition. Set D represents the location abscissa(s) of the upper side of

the course deposition for each tow or tape. A and B represent the same as in the previous equations.

These locations points are always midpoints of those tows or tape, meaning its half length point. Here,

the index l is introduced as to represent the index of the gap being counted on a certain Plyindex ply.

Regarding the abscissas part of the equations, as the ordinates are similar to previous equations,

is important to refer that for the location of the machine, whether it be finishing or starting, the midpoint

of both sets D and C needs to be found. As an example, for better illustration, let’s take set C for AFP

technology. This set represents all the bottom midpoint location abscissas of the tows of a certain l

course deposition before or after a horizontal gap transition. For gap transitional distance calculation

only certain j course depositions are of interest from the set N courses which are represented here as

a l index belonging to the set N coursesH Gap. All other sets represented in this sub section are also

indexed in N coursesH Gap because they change from gap to gap or from l to l + 1. To calculate the

distance the machine travels in the x axis, the midpoint of set C has to be calculated. This translates

to subtracting the minimum abscissa of set C from the maximum abscissa of the same set, divide it by
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two and sum that value to the minimum abscissa. This point represents the location of the center of the

machine relating to the x axis whether it is finishing a course prior to the gap transition or starting one

after the gap transition. The same logic applies to the calculation of the machine’s center location related

to the x axis for the upper side of the part. If the machine is to transition on the bottom side of the part,

through the gap, the set C for tape/tows l + 1 must be used. If the machine is to transition on the upper

side of the part, through the gap, set D with tape/tow l + 1 should be used instead. For the ordinates, to

calculate a horizontal transitional gap distance in the upper side of the part, instead of subtracting the

minimum ordinate from set A of tow/tape l + 1, it must be subtracted from set B, as explained in previous

similar equations. Equation 4.16 and Equation 4.17 represent a horizontal gap transition on the bottom

side and upper side of the part, respectively.

If the machine is to transition from the bottom side, through a horizontal gap, to the upper side of

the part the formula to look at is the Equation 4.18. Reversely, if the transition happens from the upper

to bottom side of the part the formula that represents it is the Equation 4.19. If the machine needs to

travel through a longitudinal gap another two sets representing the starting ordinates and abscissas of

the tows or tape after the gap. These will be designated as sets E and F, respectively. Set A and will

maintain the same meaning as in previous formulas and another set G needs to be created representing

the abscissas prior to the longitudinal gap. The formula for longitudinal gap transitional distance is shown

in Equation 4.20. In this case the index will be m which indicates the number of the longitudinal gap of

said course deposition, which can be more than one up to N coursesV Gap.

Disthorz gapbottom
=

nP lies∑
P lyi=1

N coursesH Gap∑
l=1

[((max(Al)−max(Al+1))2 + ((min(Cl+1)+ (4.16)

((max(Cl+1)−min(Cl+1))/2))− (min(Cl) + ((max(Cl)−min(Cl))/2)))2)1/2]P lyi

Disthorz gapup =
nP lies∑
P lyi=1

N coursesH Gap∑
l=1

[((min(Bl)−min(Bl+1))2 + ((min(Dl+1)+ (4.17)

((max(Dl+1)−min(Dl+1))/2))− (min(Dl) + ((max(Dl)−min(Dl))/2)))2)1/2]P lyi

Disthorz gapbottom up
=

nP lies∑
P lyi=1

N coursesH Gap∑
l=1

[(max(Al)−min(Bl+1))2 + ((min(Dl+1)+ (4.18)

((max(Dl+1)−min(Dl+1))/2))− (min(Cl) + ((max(Cl)−min(Cl))/2)))2)1/2]P lyi
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Disthorz gapup bottom
=

nP lies∑
P lyi=1

N coursesH Gap∑
l=1

[(max(Bl)−min(Al+1))2 + ((min(Cl+1)+ (4.19)

((max(Cl+1)−min(Cl+1))/2))− (min(Dl) + ((max(Dl)−min(Dl))/2)))2)1/2]P lyi

Distlong gap =
nP lies∑
P lyi=1

N coursesV Gap∑
m=1

[(max(Am)−min(Em+1))2 + ((min(Gm+1)+ (4.20)

((max(Gm+1)−min(Gm+1))/2))− (min(Fm) + ((max(Fm)−min(Fm))/2)))2)1/2]P lyi

Al = {y1, ..., yk} Bl = {y1, ..., yk} El = {y1, ..., yk} k ∈ {1, ..., NT }

Cl = {x1, ..., xk} Dl = {x1, ..., xk} Fl = {x1, ..., xk} Gl = {x1, ..., xk}

4.2.3 Transitional ply Distances

The last distance to be studied and formulated is the distance the machine travels when starting a

new ply. The same rationale applies here. The main difference is that the sets used are from consecutive

plies. For bottom up ply transition (machine finishes last tape/tows of one ply at the bottom side of the

part and starts the next ply in its top side) the Equation 4.21 is the one to look at. The distance travelled

in the y axis is the difference between the highest ordinate from set A of the last tape/tows of one ply

and the lowest ordinate from set B of the first tows/tape of the next ply. The distance in the x axis

is the difference between the abscissas’ midpoint of set C of the last tows/tape of one ply and the

abscissas’ midpoint of set D of the first tows/tape of the following ply. Formulas that describe the up

down transitional distance, up up or down down are not inserted here due to repetition purposes.

Disttrans ply bottom up =
nP lies−1∑
P lyi=1

[(max(ANCoursesP lyi
)−min(B1P lyi+1))2+ (4.21)

((min(CNCoursesP lyi
) + ((max(CNCoursesP lyi

)−min(CNCoursesP lyi
))/2))−

(min(D1P lyi+1) + ((max(D1P lyi+1)−min(D1P lyi+1))/2)))2)1/2]P lyi

A = {y1, ..., yk} B = {y1, ..., yk} k ∈ {1, ..., NT }

C = {x1, ..., xk} D = {x1, ..., xk}
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4.3 Manufacturing Process Times

All time parameters related to the deposition process itself are based on an uniformly accelerated

movement as the machine usually has at least three different free axis which can be individually config-

ured. The other three axis, referent to the machine rotational movements were not formulated as usually

when the machine rotates it is simultaneously moving up and down and solely with the formulation of

the latter movement the time spent on both actions can be obtained. The values for axis acceleration,

lay-up, initiation and cutting speed as well as retracting and approaching speed can then be different in

all axis. The two main time parameters of automated tape deposition are the cycle time and the lay-up

time. The first includes the second and constitutes the time the whole process takes from the moment

the machine is being prepared and configured for a part lamination (setup time), through the lamination

process itself (lay-up time), to finally the time needed to change tape/tow rolls in the machine creels

when they run out. Its formula can be seen in Equation 4.22. All time parameters have as its base unit

the second.

Cycletime = Setuptime + Layuptime + Rollschtime
(4.22)

The lay-up time consists of the time on part and the time off part. Its corresponding formula is the

Equation 4.23. The first is the time the machine spends on actual lamination, meaning the time the

machine is laying composite material along its tool paths, seen in Equation 4.24. The second is the

time spent in processes such as tape/tow transitions, horizontal and longitudinal gaps, ply transitions

and in head approach/retract procedures, shown in Equation 4.25. The time on part parameter can then

be split into the time the machine spends accelerating to and at initiation speed, the time the machine

spends decelerating from cutting speed to a stop and at cutting speed and also the time the machine

time takes to accelerate and decelerate from initiation or cutting speed, respectively, to and at lay-up

speed. For ATL two-phase systems it consists solely on the time the machine takes to accelerate from

a standstill position to lay-up speed and the time it takes to decelerate from it to a stop.

The parameters described in the previous paragraph can be obtained applying the formulas that

describe an uniformly accelerated movement having the distance variable of those formulas be the ones

described in Equation 4.4 - Equation 4.21 and the velocity variable used according to the situation. For

example, to calculate Tispeed for AFP technology the distance used in the movement formulas should

be the one obtained by formula Equation 4.4 or Equation 4.5. Initial velocity is zero and the velocity to

be reached is the initiation speed defined. The acceleration used is the one configured for the axis in

which the machine is performing the course deposition. Transitional time formula is the one illustrated in

Equation 4.26. As for the approach and retract time, as the name indicates, it is the time the machine

spends to descend from neutral position to start a tape/tows course and the time the machine takes to

return to that same neutral position after finishing that course and is shown in Equation 4.27. It can be

divided in approach and retract time as these processes can be carried at different speeds (approaching

and retract speed). For these times a different acceleration is used as its movement axis is a different
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one. For the specific case of the single-phase ATL system, the time the machine spends when initiating

a course or stopping to cut material needs to be added to the Equation 4.24 as it is normally a specific

constant time for each machine that covers the (defined as standard here) two minimal course lengths.

Layuptime = Ton part + Toff part (4.23)

Ton part =
nP lies∑
P lyi=1

(Tlspeed + Tispeed + Tcspeed)P lyi
(4.24)

Toff part = Ttransitional + Tappr retr (4.25)

Ttransitional =
nP lies∑
P lyi=1

(Ttow/tape tr + Tgap tr + Tply tr)P lyi (4.26)

Tappr retr =
nP lies∑
P lyi=1

NCourses∑
j=1

[(Tapproach + Tretract)j ]P lyi
(4.27)

To calculate the time needed to change material rolls it is first necessary to obtain the number of

rolls required for a certain composite deposition. The number of rolls required is directly related to the

length of tape used in each machine creel. As such, the material deposited per machine creel is just

the individual sum of the tape/tow length deposited in each ply by each creel. An identification of which

creel is responsible for each tape/tow course is thus required. This is represented by the same k index

as it represents the index of creel from the set {1, ..., NT }. Each k creel will have courses whose index

belongs to the set {j, .., NCourses}. This is especially relevant for AFP technology since ATL technology

only has one creel. This parameter is evaluated in meters and the number of material rolls required can

then be determined. It is given by the sum of the division of the number of creels (which is equivalent

to the number of tows or tape per course, NT ) by the length of one material roll. The formulas which

represent this are the Equation 4.28 and Equation 4.29. The final parameter of the cycle time can now

be calculated. For ATL technology, the time to change tape rolls is equal to number of rolls required

minus the one roll already placed prior to lay-up, times the time to change a single roll, Rollch time which

is written in Equation 4.30. For AFP technology, the time for creel changes has to be added. If the rolls

changing is to be done all at once in order to save time, (Nrollsreq
− N heads) is to be divided by the

number of machine creels and rounded up which corresponds to formula Equation 4.31.

Depper creel =
nP lies∑
P lyi=1

NCourses∑
j=1

NT∑
k=1

[(Tlengthk
)j ]P lyi

(4.28)

Nrollsreq
=

NT∑
k=1

Depper creelk

Rolllength
(4.29)
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RollschtimeAT L
= (Nrollsreq

− 1)×Rollch time (4.30)

RollschtimeAF P
=

(Nrollsreq
−NT )× (Rollch time + (NT × Creelch time))

NT
(4.31)

4.4 Lay-up Productivity

Indirect parameters such as the total mass deposited in the process is obtained by multiplying the

material areal weight, which usually comes in kg/m2, by the total material deposited obtained in Equa-

tion 4.1 and is shown in Equation 4.32. Other mass parameters are the scrap mass, Equation 4.33, and

the lay-up rate, Equation 4.34, of the process which is viewed as an important benchmark reference. It

translates the machine productive efficiency for one specific composite part.

Totalmass = Maweight ×Matdep (4.32)

Scrapmass = Maweight × Techscrap (4.33)

Layuprate = Totalmass

Layuptime
(4.34)

4.5 Material Costs

Other indirect parameters are costs as they can be divided in material costs and scrap costs seen

in Equation 4.35. The material cost is easily computed by multiplicating the total material deposited

obtained in Equation 4.1 by the material unit cost, Mat unitcost, given in C/kg, and is shown in Equa-

tion 4.36. In Equation 4.37 is described the cost that manufacturers pay to dispose of its technical scrap

and is obtained by multiplicating the scrap disposal cost per unit, Scrap unitcost, given in C/kg, by the

scrap mass, obtained in Equation 4.33.

Totalcost = Matcost + Scrapcost (4.35)

Matcost = Mat unitcost ×MatDep (4.36)

Scrapcost = Scrap unitcost × Scrapmass (4.37)
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5. Algorithm Development

5.1 Overview

The focus of the algorithm to be developed is to fully model the automated deposition process present

in AFP and ATL technologies for flat laminates. In this process a robotic head deposits, ply by ply, several

tape/tows of composite material at different angles of orientation. The process is repeated n times until

completion, being n the number of layers or plies. This is a process with parameters that can be divided

into inputs and outputs and will be described in this section. Furthermore, the input parameters can

also be divided into machine constraints, part specifications like the number of plies and its orientations

and also model setup variables. In addition, the outputs are divided into time, material and cost related

results. The main concept of the algorithm is depicted in a high-level flowchart in Figure 5.1, which is

divided into part drawing input, image processing, part manufacturing simulation, results processing,

and relevant outputs.

Figure 5.1: High-level algorithm description.
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5.2 Model Inputs and Outputs

In this section, model inputs and outputs will be introduced and its relation succinctly explained. The

inputs, as referred, can be divided into machine constraints, composite part specifications and tool setup

options. The model outputs can be seen as the simulation process results.

First and foremost, a two-dimensional image of the composite part to be study should be created

if not available already. This can be done with any 2D image editing software. It is important to have

dimensional measurements of the part so to compare with the tool’s results. The main benefit of using

Paint software is the fact that it enables image pixel resolution customization which is crucial as the tool

requires it as an input. A part offset is also industry norm, meaning an offset that is established on the

part’s edges in order to avoid defects in the following trimming operation, and constitutes another input

if the user decides to use it in the simulation in case. An example of this feature is shown in Figure 5.2

and Figure 5.3, a simple rectangular part and an aircraft horizontal stabilizer, where the offset is seen in

black.

Figure 5.2: Part image offset of 20 mm with origi-
nal area of 1 m2.

Figure 5.3: Part image offset of 20 mm with origi-
nal area of 8 m2.

Further, the plies angle orientation as well as its sequence should be determined in order to provide

it as inputs. One characteristic of this model is the possibility to have different part images associated to

determined plies. This could prove to be beneficial as different plies can have assigned to them different

part geometries, due to, for example, specific reinforcement zones or ply specific holes. Material unit

cost and areal weight, the number of parts to be produced and the unit cost of scrap disposal finalize

the part input parameters. These are summarized in Table 5.1.

Table 5.1: Part input parameters.

Symbol Description Unit

Partimage Composite part 2D image -
Pres Image pixel resolution mm/pixel

POffset Part offset mm
NP lies Number of plies -
SeqP ly Sequence and order of plies angle orientation º

Mat unitcost Material unit cost C/kg
Scrap unitcost Scrap disposal unit cost C/kg

Maweight Material areal weight kg/m2

Npart Number of parts -
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The tool allows for some user customization as it provides additional options to the simulation. Firstly,

and in order to save computational time, an option to display the lay-up was added. By selection the

option N it was estimated that the computational time reduces by half and this value increases expo-

nentially with the increase of image size. This is very relevant as the simulations are memory intensive

due to constant image processing performed in this model. Furthermore, if the option was selected as

Y, a second option to see the lay-up simulation be performed ply by ply is available. If the latter is not

selected, the tool will show a better approximation to reality as the deposition will be shown as a ply

being added on top of the previous plies. These options also enable a clearer understanding of how the

tapes/tows are being placed. Figure 5.4 - Figure 5.7 show ply by ply lay-up in the four different angle

orientations for ATL and Figure 5.8 - Figure 5.11 for AFP lay-up with the direction of the lay-up described.

Figure 5.4: Example of ply Lay-up 0º - ATL (top to
bottom).

Figure 5.5: Example of ply Lay-up 90º - ATL (left
to right).

Figure 5.6: Example of ply Lay-up 45º - ATL (right
to left).

Figure 5.7: Example of ply Lay-up -45º - ATL (left
to right).

Figure 5.8: Example of ply Lay-up 0º - AFP (top to
bottom).

Figure 5.9: Example of ply Lay-up 90º - AFP (left
to right).

A third option enables the user to see the machine toolpaths which is industry norm [103]. This

enables the visualization of where the machine head will effectively pass in each course deposition. In

Figure 5.12 and Figure 5.13 examples of this feature are shown for AFP and ATL technology, respec-

tively. On the left image, the machine performed 8 lay-up courses with 32 creels and 12.7 mm tape
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Figure 5.10: Example of ply Lay-up 45º - AFP
(right to left).

Figure 5.11: Example of ply Lay-up -45º - AFP
(left to right).

width and on the right one it performed 10 courses with one creel and 304.8 mm of tape width. During

the algorithm implementation some image scaling tests were performed since the simulation time was

very high for small pixel resolution. The purpose was to assess if scaling up the images was effective in

reducing the simulation time while maintaining the initial values fidelity. It was found that the scaling was

not possible due to the area of the part not corresponding to the exact intended value as information

would get lost in the scaling up process. This was particularly evident with complex part geometries.

Because of that, no scaling option was introduced in the model.

Figure 5.12: Lay-up toolpaths AFP. Figure 5.13: Lay-up toolpaths ATL.

As one of the proposed goals for this work, an option to find the best lay-up configuration regarding

the first tape/tow is also available. This was decided to be made as an option an not imposed to all

simulation as this process is very time consuming due to the high number of iterations performed. The

number of iterations is also a user option and each one means a new lay-up simulation for all the plies

with the first tape/tow having an offset ”away” from the part increased by one comparing to previous

iteration until it reaches the number of iterations provided by the user. This offset value is a multiple of

the pixel resolution, as it is the minimum value it can be represented. In addition, a tape/tow longitudinal

alignment option is provided. This is related to the existence of longitudinal gaps in the direction of a

course path that are misaligned. By enabling this option the machine will align with the part after the

longitudinal gap at the cost of increasing lay-up time, reducing productivity but also reducing otherwise

technical scrap. An example of a part lay-up ply with this kind of longitudinal gap misalignment is shown

in Figure 5.14. This is the same horizontal stabilizer shown in previous images with two random longi-

tudinal cuts. The same ply part image with the option set as a Y for this option is shown in Figure 5.15.

It can be seen that all three separated sections have its first tape aligned with its first vertex, which in

this case is the top one as the lay-up is being performed perpendicular to a top to bottom direction.

On the contrary, in Figure 5.14, only the middle section has its first tape aligned. The other two areas

have the tapes laid down according to the paths defined by the alignment of the first tape of the middle
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section with its upper part edge. Further insights on this matter can also be consulted in section 5.3.

Main simulation results are presented in MATLAB’s command window but in order to save the full out-

put information in an excel file an option is provided to the user for that purpose. All these inputs are

summarized in Table 5.2.

Figure 5.14: Example of ply Lay-up 0º (top to bot-
tom) without longitudinal gap alignment.

Figure 5.15: Example of ply Lay-up 0º (top to bot-
tom) with longitudinal gap alignment.

Table 5.2: Tool setup parameters.

Symbol Description Unit

Displamin Show lay-up simulation Y/N
Ply by plydisp Display lay-up ply by ply Y/N

Toolpath Show machine toolpath Y/N
Firsttape/towopt

First tape/tow optimization Y/N
NIterations Number of iterations to perform -
V ertalign Longitudinal lay-up alignment Y/N

Excelcreator Excel file creation Y/N

Machine inputs are crucial to the development of this tool. These parameters, shown in Table 5.3, al-

low for the lay-up simulation of a composite part using any type of automated deposition machine which

is crucial to enable comparison between systems for the same composite part production. On one hand,

we have parameters regarding machine speed and acceleration constraints. These were chosen not to

follow the traditional isometric system axis which represent how the system works in reality but instead

acceleration was divided into the lay-up acceleration, which translates to the acceleration in the direction

of the course lay-up; the acceleration for transitional movements, here, the direction is whichever is the

shortest path for the machine for that transitional movement; and the vertical acceleration which, in this

case, matches one of the ”real” machine axis and is responsible for movements perpendicular to the

lay-up plane. It is of important note to highlight that the axis acceleration for transitional movements is

no more than the combination of the two axis of the machine system usually denominated as x and y.

Only two axis are necessary for this case because the parts to be simulated are flat. For simplification

purposes, the combination of accelerations turns into one constant value for all transitional movements.

On the other hand, for speed parameters, the same logic applies, having initiation, cutting, lay-up, tran-

sitional and approaching and retracting speed to provide as inputs. The first three have already been

extensively explained in previous chapters so no further explanation is needed. Approaching and re-

tracting speed is the speed at which the machine approaches the mold from a higher standstill position,
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called the approaching distance, and the retracting speed is the speed at which the machine, after a

course deposition, returns to a determined height, called the retracting distance. For simplification rea-

sons, rotational speed and acceleration are not inputs because for the approach and retraction time

count, which is the only purpose of these parameters, the approach and retract speed given should

account for head rotational movements and do not constitute the ”real” vertical machine axis speed.

Table 5.3: Machine input parameters.

Symbol Description Unit

alay Lay-up axis acceleration mm/s2

atr Transitional axis acceleration mm/s2

avert Vertical axis acceleration mm/s2

vlay Lay-up speed mm/s
vtr Transitional speed mm/s

vinit Initiation speed mm/s
vcutt Cutting speed mm/s
vapp Approaching speed mm/s
vret Retracting speed mm/s
dapp Approaching distance mm
dret Retracting distance mm

Twidth Tape/Tow width mm
Minlen Minimum course length mm

Mincut rest Minimum cut-restart length mm
NT Tape/Tows number -

Layupd Layup direction Bi/uni directional
ATLphase ATL system feeding phase Single/two-phase

ATLstr time ATL single-phase course starting time s
ATLcutt time ATL single-phase course cutting time s

Coursestart/finish Course start and finish location Prior & after (1)/at the part’s edge (2)
Rollch time Single roll change time s

Creelch time Creel change time s
Rolllength Single roll length m
Setuptime Machine setup time h

The minimum course length and minimum cut-restart length given as inputs should be a multiple of

the chosen pixel resolution in order to not ”lose” material in the mathematical conversion. For example,

if a pixel resolution chosen is 4 mm/pixel and the tape width is 75 mm, translating the latter to pixels it

equals 18.75 pixels. Pixels are indivisible in this tool for the purposes already explained and cannot be

other number than integers. If the approach is to round it up to 19 pixels, that would translate to a bigger

than 75 mm tape width used in the algorithm and the accuracy and aim of this tool would be affected.

The same would happen if the rounding was to be done by default as some information would be lost.

For that reason, a multiple must be provided. Furthermore, the tape or tows number to be used, which

correspond to the number of creels in the machine head, and the lay-up direction (uni or bidirectional)

also constitute tool inputs. The ATL feeding phase, which will enable or not the initiation and cutting

course time values for ATL simulation, should also be provided as an input. As explained in chapter 4,
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some machines start the course lay-up from a standstill position prior to the part’s edge in order to hit

initiation speed when the machine reaches it, and some have it starting in the exact coordinates of the

part’s edge. The same logic applies to the finishing of a course lay-up. This feature is then an input

as well. 1 value must be typed for prior and after option and 2 value for at the part’s edge option.

For single-phase ATL machine’s the machine start and finish position is by default the one which starts

and finishes at the part’s edges and new parameters like a course starting constant time and a course

cutting time need to be added. This happens because these type of machines have specific procedures

when starting and finishing each course lay-up which varies between machines but have a constant

time for them. These values are then introduced as machine inputs when this type of machine is to be

used. Finally, the single material roll and creel change time and the machine setup time are also inputs

for the tool to function properly. System performance characteristics such as head rotation speed and

acceleration are relevant for cylindrical parts but they do not carry any relevance for flat parts which are

object of study in this thesis. As such, and also due to previously explained reasons, they were not

included. After the simulation is performed, the results should be processed and the outputs presented.

As explained earlier in the chapter, the tool will work by calculating the time spent at or reaching lay-

up speed. The same works for initiation, cutting, transitional, approaching and retracting speed. Time

on part and off part is then calculated. Furthermore, with the calculated rolls changing time and given

setup time, the cycle time for the production of the composite part can be assessed. Regarding material

outputs, the total material deposited as well as the technical scrap incurred constitute the major outputs

of this section. The original area of the part as well as its area with offset is also displayed here as

outputs in order to compare with the real area which is user knowledge. Following, the technical scrap

percentage, the number of rolls required, which is necessary for the calculation of the rolls changing

time, the total material and scrap mass along with the deposition or lay-up rate are calculated. These

outputs are shown in Table 5.4 - Table 5.6.

Table 5.4: Model outputs - Time.

Symbol Description Unit

Cycletime Cycle time h
Layuptime Lay-up time h

Tonpart
Time on part h

Toffpart Time off part h
Tlspeed Time at lay-up speed h
Tispeed Time at initiation speed h
Tcspeed Time at cutting speed h
Ttrans Time at tr. speed h

Ttrans h Time at tr. speed - Horz. gaps h
Ttrans v Time at tr. speed - Long. gaps h
Ttrans t Time at tr. speed - Tape/tow h
Ttrans p Time at tr. speed - Ply to Ply h
Tapp/ret Time at appr./retr. speed h
Tcrolls

Rolls changing time h
Tsim Simulation time h

Table 5.5: Model outputs - Costs.

Symbol Description Unit

Scrapcost Tech. scrap disposal cost C
Matcost Material cost C
Totalcost Total material costs C
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Table 5.6: Model outputs - Material.

Symbol Description Unit

Aoriginal Part’s original area m2

Aoffset Part’s area with offset m2

Poriginal Part’s original perimeter m
Poffset Part’s perimeter with offset m
Matdep Material deposited m2

Techscrap Technical scrap deposited m2

%scrap Technical scrap percentage %
Massdep Total Mass deposited kg

Massscrap Technical scrap mass kg
Nrreq Nº of rolls required -

Layuprate Lay-up rate kg/h
Figdep Figure(s) with material deposited -

Figdep per creel Figure with distribution of material deposited per creel -

The changing rolls process was modelled to be done in simultaneous for all creels in the case of AFP

technology as for ATL it is usually only one creel being used. In addition, the tool will save a figure of

the lay-up simulation, either ply by ply or the ”real” deposition process, depending on the user selected

option. Furthermore, a figure of the material deposited per creel or tow number is also obtained. This

last figure will provide insight on which creel is most utilized and will help further planning and strategy.

Finally, costs for technical scrap disposal and material deposited will be calculated. The second value

has the total material deposited included, meaning effective part material and technical scrap. Finally,

there is the total cost which is the sum of the previous two parameters. There is also a cost related to

the electricity spent by these machines while performing the lay-up but it cannot be calculated without a

thorough study of the machine to be used. As such, it is not object of study in this work. Time on part, off

part, material deposited and scrap percentage are also presented by ply values. The side in which each

ply starts, the total laid courses, the total number of tape/tows and the length of each of those tape/tows

are also presented for each ply. This information can be useful if a certain ply or a certain course within

a ply requires more detailed attention. Further insights on script structure is shown in Appendix A.

5.3 First tape offset study for Technical Scrap reduction

In this section, the process behind the choice for a lay-up path that enables technical scrap reduction

is explained. It is typical in the aerospace industry to manufacture a part with a certain lay-up configu-

ration and tape width that is decided in its design phase. The lay-up paths are then iterated through the

production of multiples of that part. In the meantime, a lot of technical scrap is overly produced because,

although current software enables the simulation of any kind of lay-up paths and give the optimum path

for a time and material saving perspective, it does not in one ”take” calculate the lay-up configuration

from a perspective of where to place the initial tape/tow. As explained, one of the intents of this thesis is

to discover if the adjustment of the first tape/tow has a significant impact in scrap reduction. This process
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can, however, be manually performed by the machine technician using his experience and know-how

by trial and error which could be very inefficient. It was decided to perform this study solely for ATL

systems since for AFP, with the small tow width, the effect of offsetting the first tow of each ply would

have negligent effect on scrap saving. However, for ATL which uses tape widths up to 304.8 mm the

study could potentially have more impact.

To implement this study in the algorithm some changes had to be made. First, a new loop enclosing

the previous two loops was created in order to perform iterations. After a first iteration is performed,

meaning the run of both previous cycles, denominated iteration index 0, where the tool runs its full

main script, all the outputs related to the standard lay-up configuration path regarding the first tape

placement of each ply are stored in the excel file. By standard it is understood as the first tape placement

having its left edge aligned with the part’s left edge. As explained, the algorithm is set to read the image

from left to right at all times, being this the reason the left edge is discussed and not right or bottom/top.

For a second iteration and so forth, until the last iteration number is reached, which is user defined, the

tool will perform a whole new lay-up part simulation having the first tape offset the left edge of the part

by x value. This x value would be a multiple of the pixel resolution, which is the minimum distance that

can be represented in the image for that situation. For example, for the second iteration, read in the

algorithm as iteration index 1, would have the offset be 1, which is the iteration index number, times

the pixel resolution, in millimeters. The logic will then follow this example for the next iterations.

The material deposited in each ply is then stored in a matrix for each offset increment. When all

iterations are performed, the tool will access that matrix and select the ideal first tape offset for each

ply, regarding technical scrap reductions. A final simulation is then performed with the optimal first tape

lay-up offset paths. The value obtained for the total material deposited is then saved and compared to

the standard one to calculate material cost savings. If a part has a discontinued horizontal or longitudinal

gap, (meaning a gap between two not connected lay-up areas of a ply) multiple iterations have to be

performed for that ply in order to evaluate the effect of each first tape offset for each non connected lay-

up section. The material cost saving effect for parts with plies like those potentially increases. Results

for this study are presented in section 6.4.
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6. Results and discussion

6.1 Overview

In this section, the tool will be validated at a first stage with empirical and theoretical models. Then, it

will be used to assess cycle time and material costs as well as lay-up rates for four different aeronautical

composite parts: a wing flap, a vertical and horizontal stabilizer and finally, a wing skin. Furthermore,

the study related to first tape offset will be presented along with its results on technical scrap reduction.

6.2 Validation

6.2.1 Embraer’s specimen test

In order to validate this model and evaluate its performance, comparison with experimental and

published data was conducted. The first comparison consists of an Embraer’s specimen test which is a

machine check-up test to assess if everything is working properly to perform the lay-up of the company’s

composite parts. The data was collected in situ through the machine’s software during my internship at

Embraer’s facilities in Évora. I was able to see the lay-up process of the part here studied and watch

how it performed. The composite part characteristics are as specified in Table 6.1 and machine inputs

in Table 6.2. Parameters like the time off part, which includes all transitional parameters and approach

and retract time, also setup time and time to change rolls were not provided to me as, at the time, they

were not yet relevant to the model. Only inputs and outputs which are required for the validation of the

results provided are then referred. Figure 6.1 illustrates the part’s geometry.

Table 6.1: Embraer’s composite part data.

Parameter Value Unit

Partimage Figure 6.1 -
NP lies 24 -
SeqP ly [45, 0, -45, 90] x 3, sym. º

Maweight 0.296 kg/m2

Table 6.2: Embraer’s machine data.
Parameter Value Unit

alay 315 m/s2

vlay 416.67 mm/s
vinit 300 mm/s
vcutt 283.33 mm/s
vapp 83.33 mm/s
vret 166.67 mm/s

Twidth 6.35 mm
Minlen 101.6 mm

Mincut rest 101.6 mm
NT 16 -

Layupd Uni directional -
MOffset 20 mm

Coursestart/finish At part’s edge -

This part had a particular geometry for the lay-up of plies at 45 and -45º angles. A type of ”ears”

was added at the top left and bottom right corners with 25x75 mm dimensions. Its lay-up was needed in
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order to use it as a pickup zone to remove the part from the mold without touching the effective laminated

area. Consequently, for the lay-up of those plies the part to use is depicted on Figure 6.2. For the other

plies, at 0º and 90º angles the part image to use is the one of Figure 6.1. Here, the tool’s capability

discussed in the previous chapter of being able to lay-up different part geometries in different plies has

achieved its purpose.

Figure 6.1: Embraer’s specimen geometry for lay-
up at 0º and 90º plies.

Figure 6.2: Embraer’s specimen geometry for lay-
up at 45º and -45º plies.

Three conclusions can be reached when analyzing Table 6.3. For one, the tool is assessing geome-

tries correctly since the difference between the part area and Aoriginal calculated by the model is the

same. Here, the original part area can be split in the area for the two images. One without and one

with the 45º and -45º angles plies with the area of the ”ears” included. Areas with offset are also very

similar, with the difference of 0.39% only for the 45/-45º plies, which shows the tool’s ability of resizing an

image to the right amount, to deliver an offset, was accomplished. Then, the difference between actual

material deposited and Matdep is practically null, 0.21% to be precise, which indicates that the algorithm

developed to simulate the lay-up is very close to reality. This means that machine input constraints,

part specifications and tape/tow allocation are correctly affecting the tool’s outcome. Possible algorithm

faults are being covered due to the simplicity of the part being studied. Because of this, more complex

geometries were studied and presented in the next section. The third conclusion is that the time on part

necessary to complete one full lay-up is almost exactly the same as the calculated Tonpart
with 0.41%

difference, although there is a slight difference on the part areas. This variable only takes into account

the time the machine is effectively laying tape/tow and doesn’t account for other times such as the time

for the machine to start another ply deposition and transition through each course (transitional time), or

the time it takes to approach and retract. As such, the lay-up rate shown in Table 6.3 also does not take

these parameters into account. Because of this, the rate of deposition was set on approximately 23 kg/h

which is about double the value for normal lay-up rates for this machine’s configuration. The other out-

puts, Massdep, Techscrap and %scrap are a consequence of the previous discussed outputs. The small

percentage differences for all outputs, with the highest being 0.71% for the lay-up rate, indicates a suc-

cessful tool development for the parameters tested. A more complex geometry will provide a harder test

to this tool and other parameters such as the time off part which includes all transitional times as well as

approach and retract time and the time to change tape/tow rolls still need to be validated. Nonetheless,

the primary structure for a successful tool is now attained.
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Table 6.3: Embraer’s specimen validation data.

Parameter Embraer’s Data Model output Unit Difference

Aoriginal0◦ 90◦ 0.686 0.686 m2 -
Aoriginal45◦ −45◦ 0.690 0.690 m2 -

Aoffset0◦ 90◦ 0.762 0.762 m2 -
Aoffset45◦ −45◦ 0.766 0.769 m2 0.39%

Matdep 18.547 18.586 m2 0.21%
Massdep 5.491 5.502 kg 0.20%
Techscrap 2.082 2.077 m2 0.24%

%scrap 11.226 11.175 % -
Tonpart

0.244 0.243 h 0.41%
Layuprate 22.504 22.664 kg/h 0.71%

6.2.2 Soares et al horizontal stabilizer

The next part to be analyzed was the horizontal stabilizer present in Soares et al. [104]. The purpose

of this comparison was to validate the model with more complex geometries. The geometry and its

measures are shown in Figure 6.3.

Figure 6.3: Horizontal Stabilizer part geometry [104].

Table 6.4 and Table 6.5 contain the data used as reference for comparison. This information was

also obtained from the referred article as tape width used, minimal course length, number of tows, uni

directional lay-up and offset are all in accordance.

Table 6.4: Horizontal stabilizer part input parame-
ters [104].

Parameter Description Unit

Partimage Figure 6.3 -
NP lies 40 -
SeqP ly [0, 90, 45, -45] x 5, sym. º

Maweight 0.3 kg/m2

Table 6.5: Horizontal stabilizer machine input pa-
rameters [104].

Parameter Description Unit

AFP ATL

Twidth 12.7 300 mm
Minlen 100 100 mm

Mincut rest 100 100 mm
NT 24 1 -

MOffset 0 0 mm
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The ply sequence, number of plies and material areal weight are also given in [104]. In the article

both technologies are assessed and, as such, both technologies will also be compared using the model

developed here. Time related outputs will not be compared here because there is no reference to the

speeds and accelerations used as inputs in the referred paper. By comparing values from the article

and the results from the tool it can be seen that, again, and now with a more complex geometry the

correct reading of the part boundaries and consequent lay-up is being done properly since the difference

between material deposited is less than 1.76% in all four ply orientations in both technologies. The

results of this geometric comparison are shown in Table 6.6. The technical scrap in AFP technology

presents a larger difference between tool results and the data from the article, being that difference

around 35%. This happens because the values are very small and a difference between small values

results in a high difference percentage. Nonetheless, it represents no major error in the tool’s algorithm

and therefore it has minor relevance. All other parameters have a very good accordance to the data

from the Soares et al. [104] since there is no higher difference than 1.76% for both technologies.

Table 6.6: Horizontal stabilizer validation - ATL vs AFP.
Parameter [104] - ATL Model - ATL Dif. [104] - AFP Model - AFP Dif. Unit

Aoriginal 8.26 8.266 0.07% 8.26 8.266 0.07% m2

Mat. at 0º 10.6 10.63 0.28% 8.37 8.349 0.25% m2

Mat. at 90º 9.43 9.596 1.76% 8.31 8.304 0.07% m2

Mat. at 45º 10.06 10.056 0.04% 8.37 8.332 0.45% m2

Mat. at -45º 10.06 10.056 0.04% 8.37 8.332 0.45% m2

Matdep 401.39 404 0.65% 334.19 333.18 0.30% m2

Massdep 120.42 120.59 0.14% 100.25 99.95 0.3% kg
Techscrap 71.04 71.34 0.42% 3.84 2.52 35.38% m2

%scrap 17.7 17.746 - 1.15 0.757 - %

6.2.3 Lukaszewicz’s model

Lukaszewicz’s test part was crucial to the validation of this model since it provides scientific back-

ground to this thesis once the comparison is validated. The part used for the comparison was a simple

rectangular piece, similar to the one used in Embraer but larger in size. This study was part of his doc-

toral thesis in [83]. One of the purposes of his research was to develop and accurate way to calculate

the lay-up time and scrap rates of a simple composite part in relation to their aspect ratio and part size

as to establish a productivity benchmark for AFP and ATL technologies. In the document, a model was

also developed through some simple equations. Furthermore, parametric studies were done in his work

based on extrapolations from this one initial study. In Figure 6.4, the composite part characteristics are

displayed. The machine used as base for the benchmark comparison was the MTorres TORRESLAY

machine because it was the one used at Airbus which was an associate of the thesis discussed here.

Part material areal weight, number and plies sequence is displayed in Table 6.7. Technical data for that

MTorres system is shown in Table 6.8 as per [83].

52



Figure 6.4: Lukaszewicz’s part geometry [83].

Table 6.7: Lukaszewicz’s part data [83].

Parameter Value Unit

Partimage Figure 6.4 -
NP lies 8 -
SeqP ly [0, 45, 90, -45], sym. º

Ma weight 0.412 kg/m2

Table 6.8: Lukaszewicz’s machine data [83].

Parameter Description Unit

AFP ATL

alay 2000 500 mm/s2

vlay 1000 1000 mm/s
Twidth 6.35 302.4 mm
Minlen 50 100 mm

NT 32 1 -
Cutting ply time 0 6 s

Start laying shoe time 5 5 s
Rollch time 300 300 s

Creelch time 15 - s

The machine used for this benchmarking had a specific procedure applied at the finish of each tape

course during ATL lay-up. After a tape course has been laid, the machine head advances to a position

outside the part and deposits a sequence with minimal course length. The reason for this step was

unclear to Lukaszewicz but is one of the possibilities for scrap lay-up described in subsection 2.3.2.

Also, the time for starting and stopping the ply using a laying shoe and the time for cutting the tape were

added to the results presented in the document. For AFP lay-up, only the time for starting a course

was added (although the time to start a ply being described as 0 s for AFP lay-up), as the time for

deceleration was included in the lay-up time. For comparison purposes, the time for starting a ply with

laying shoe, the time for stopping a ply course, the time for cutting a ply and the time for removing scrap

had to be subtracted from Lukaszewicz’s results for ATL in order to make a viable comparison. As these

are constant values, there was no need to compare them. What it matters for comparison purposes are

the values for Tonpart of ATL lay-up which illustrate the lay-up time in itself. For AFP, the time for starting

a ply is the only parameter to be removed for the same reasons explained for ATL technology.

Both technologies are said to have the machine starting from an idle position on the exact starting

point of the part’s edge. This is of important notice as to have the value 2 for the input Coursestart/finish

for the tool developed in the AFP comparison, as explained in section 5.2. In this situation, the ATL

system feeding phase is single-phase, evidence of that is the parameters already referred here as the
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time to start a laying shoe. However, it is said in the document that the ATL machine also starts from

the exact part’s edge which should not happen because the time to start and stop a laying shoe should

’consume’ a part of the course’s length and that is not the case for the study referenced. As such,

for comparison purposes, as said, those values have to be removed from the results shown in the

document and the course is assessed as starting and finishing at the part’s edges. This means that the

comparison, although Lukaszewicz’s ATL data is for a single-phase feeding system, will be performed

as the machine being a two-phase system due to the fact that the single-phase system is modelled in

tool as its initiation and cutting operations ’consuming’ parts of the course length, which is not the case

here. As such, ATL two-phase was selected because it starts exactly at the part’s edges. The time taken

for secondary operations, such as the time for roll change in ATL lay-up, or creel changes in AFP lay-up,

is also added to the total time in the document. The rolls length is considered to be 240 m which a value

referenced in Soares et al. [104] article as Lukaszewicz [83] has no value referenced for that parameter.

The methodology for having a logical comparison and further validation between the results of the

tool and the results from Lukaszewicz [83], depicted in Table 6.9 and Table 6.10, is explained in the

following paragraphs.

Table 6.9: Lukaszewicz’s time results [83].

Ply Orientation ATL AFP unit

0º 3785 1720 s
90º 6581 2133 s
45º 7157 2128 s
-45º 7157 2128 s

Totals 24680 8109 s

Tcrolls
4418 16346 s

Layuptime 29098 24455 s

Table 6.10: Lukaszewicz’s material results [83].

Parameter ATL AFP unit

Aoriginal 128 128 m2

Massdep 441 427.5 kg
Matdep 1070.39 1037.62 m2

%scrap 4.5 1.3 %
Techscrap 48.168 13.489 m2

Massscrap 19.845 5.558 kg
Layuprate 54.4 62.4 kg/h

ATL lay-up validation

To start, 0º ply orientation results were analyzed. As cited in Lukaszewicz [83] the lay-up time for one

single tape course including acceleration and deceleration is 18 seconds and the total number of tapes

laid for one single ply is 27. There are 2 plies with 0º angle orientation so the total lay-up time for 0º

angle orientation is given by Equation 6.1.

Layuptime 0 = (18× 27)× 2 ⇔ Layuptime 0 = 972 s (6.1)

This is the value used to compare with the output from the model developed here. In contrast, the

total time for 0º angle ply orientation according to, Table 6.10, is 3785 seconds. Then, the time to start

a tape course, the time to stop it, the time to cut the tape and finally the time to remove scrap should be

added to the value obtained in Equation 6.1. The corresponding values for them are, as referenced in

[83], 5 seconds, for the time to stop the course there is no reference on the document so it was assumed

54



as 3.59 s, explained in Equation 6.2, 6 seconds and 37.5 seconds, correspondingly.

(NCourses × nP lies)(TapeLayup time 0 + timestart + timestop + timecutting + timescrap) = 3785 s (6.2)

⇔ (27× 2)(18 + 5 + timestop + 6 + 37.5) = 3785 s ⇔ timestop = 3.59 s

The same methodology was applied to the other three orientations and the value for a single tape

course for each of them was extrapolated since it is not given in the document. The total number of tape

courses per orientation was obtained by dividing the total perpendicular length of the part relating to the

machine lay-up direction (obtained by the tool) by the tape width, or 304.8 mm. For 0º angle orientation

plies, the total number of courses laid by the machine is 27, 53 for 90º angle plies and 57 for 45º and

-45º angle orientation plies. The lay-up times per ply are then obtained as shown in Equation 6.3 -

Equation 6.6. The values of the lay-up course time for 45º and -45º angle plies are give as an average

value because the course lengths varies within the lay-up. Contrary to that, the course lengths do not

vary for 0º and 90º angle plies and the values given are not an average but a constant.

90º degree Plies:

(53× 2)(TapeLayup time 90 + 5 + 3.59 + 6 + 37.5) = 6581 s ⇔ TapeLayup time 90 = 9.991 s (6.3)

Layuptime 90 = 9.991× 53× 2 = 1059.05 s (6.4)

45º/-45º degree Plies:

(57× 2)(AvgT apeLayup time 45 + 5 + 3.59 + 6 + 37.5) = 7157 s (6.5)

⇔ AvgT apeLayup time 45 = 10.69 s

AvgLayuptime 45 = 10.69× 57× 2 = 1218.66 s (6.6)

Having the values of a single tape course deposition time for each angle orientation it is then possible to

calculate the total time on part as the sum of all plies lay-up time, seen in Equation 6.7.

Tonpart = 972 + 1059.05 + 2× 1218.66 = 4425.5 s = 1.241 h (6.7)

The time off part will not be compared between the two models since there is no data for reference

in [83]. The closest parameter that could be taken as time off part would be the time for removing scrap.

However, in the model developed here, the time off part corresponds to the sum of the transitional time

and the approach/retract time and does not foresee a parameter of time for laying scrap, as technical
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scrap is modelled to always be laid in a continuous form in each course deposition at the part’s bound-

aries. Because of this, the comparison is not viable for this parameter and therefore it could not be

validated. However, if other time related parameters are validated there is a strong basis to claim that

this parameter could be validated as well since the equations which they are all based on (see chapter 3)

have the same supporting logic. The total lay-up time consists only of the time on part for this example.

Finally, the cycle time for this study will then be the lay-up time plus the time for changing tape rolls. The

total cycle time presented in Table 6.9 for ATL is 29098 seconds. The time for changing rolls is already

provided by the paper being the difference between the total cycle time and the lay-up time, shown in

Equation 6.8.

29098− 24680 = 1.227 h (6.8)

Furthermore, the quantity of material laid in the scrap lay-up procedure needs to be assessed in

order for the comparison to work. For that purpose, the total number of courses laid also needs to be

calculated. As cited in [83], the scrap laid has a length equal to the minimal course length. Equation 6.9

and Equation 6.10 illustrate the calculations.

(27 + 53 + 57 + 57)× 2 = 388 tape courses (6.9)

388× (0.1× 0.3024) = 11.73 m2 (6.10)

The scrap lay-up procedure adds 11.73 m2 of material that is not foreseen by the model developed

here. Because of this, this value needs to be subtracted from the total mass deposited referred in the

document, seen in Equation 6.11. New values are then obtained for Matdep using Equation 6.12 and

Techscrap using Equation 6.13. The lay-up rate, obtained for comparison purposes, will just be the total

material deposited divided by the time on part plus the time to change tape rolls, seen in Equation 6.14.

441− 11.73× 0.412 = 436.17 kg (6.11)

1070.39− 11.73 = 1058.67 m2 (6.12)

48.168− 11.73 = 36.438 m2 (6.13)

436.17/2.468 = 176.71 kg/h (6.14)

Comparison between the model results and Lukaszewicz’s extrapolated values in previous paragraphs is

shown in Table 6.11 below. By analyzing the table a conclusion could be reached about the comparison.

Most data had a good agreement with differences up to 4-5% with the exception of the time on part at

45º and -45º plies and the technical scrap.
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The first difference, after thorough examination of the algorithm developed, can be attributed to

the simplicity of the numerical model developed by Lukaszewicz. For 0º and 90º plies there is almost

identical lay-up time for both models but for 45º and -45º angles there is not. This can be due to the

higher complexity on calculating course distances at those angles, especially for corner distances, with

the equations developed in [83], that although work for 0º and 90º (simpler course geometries), might

not work for more complex path geometries, said 45º and -45º angle plies. The 9.47% difference in time

on part for these plies and the consequent 5% difference in the global time on part is thus a result of the

previously explained.

The value obtained for the time to change tape rolls in Lukaszewicz [83] was 1.227 h which is near

1.25 h. The latter corresponds to the time to change 15 tape rolls as each change requires 300 s. The

difference of 4.89% between models, which corresponds exactly to 300 s, or the time to change one

roll, is most likely related to the logic behind this parameter calculation. In the tool developed in this

thesis, the time to change tape rolls always assumes there is already one roll set for the machine to

use. As such, the calculation of the time to change tape rolls always considers one less roll from the

total required. That can be the justification for this difference. The other option is that the roll length is

different from 240 m as a difference of 10 m in length would bump up the rolls required to 16 and then

the time to change tape rolls, seen in Table 6.9, would be in accordance to the logic used in this thesis

as the difference would be null.

Table 6.11: Lukaszewicz’s ATL validation.
Parameter Lukaszweciz’s Data [83] Model output Unit Difference

Timeon part 1.241 1.179 h 5%
Aoriginal 128 127.98 m2 0.02%

Timeon part - 0º 972 972.36 s 0.04%
Timeon part - 90º 1059.05 1060.32 s 0.12%

Timeon part - 45º/-45º 1218.66 1103.28 s 9.47%
Matdep 1058.67 1049.88 m2 0.83%

Massdep 436.17 432.55 kg 0.83%
Techscrap 36.438 26.077 m2 28.43%

%scrap 3.44 2.48 % -
Tcrolls

1.227 1.167 h 4.89%
Nrreq 15 15 - -

Layuprate 176.71 184.38 kg/h 4.34%

The second and biggest difference between these two models is in the technical scrap value, with

28.43%. This could be related to the use of an offset on the part geometry that was not referenced

in the document. To verify this hypothesis a simulation was done adding 20 mm offset to the part in

question. The new calculations are shown in equations Equation 6.15 - Equation 6.20. The total number

of courses for 90º angles plies changed from 53 to 54 with the inclusion of the 20 mm edge offset. This

means that there are 2 more total tape courses and therefore there is more material deposited as scrap.

(27 + 54 + 57 + 57)× 2 = 390 tape courses (6.15)
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390× (0.1× 0.3024) = 11.79 m2 (6.16)

441− 11.79× 0.412 = 436.14 kg (6.17)

1070.39− 11.79 = 1058.6 m2 (6.18)

48.168− 11.79 = 36.378 m2 (6.19)

Finally, the new lay-up for comparison basis would compute:

436.14/2.468 = 176.72 kg/h (6.20)

The results, shown in Table 6.12, reveal that adding 20 mm of part offset translates into a better

comparison between models as the technical scrap difference reduces from 28.43% to less than 1.6%.

Moreover, material and mass deposited difference both reduce from 0.83% to 0.2% which indicates the

strong possibility of the inclusion of this part offset reflected on Lukaszewicz’s lay-up results. Having

conducted several comparisons, ATL technology simulation performed by the tool developed in this

thesis can then be safely validated.

Table 6.12: Lukaszewicz’s ATL validation with 20 mm part offset.

Parameter Lukaszewicz’s Data [83] Model output Unit Difference

Timeon part 1.241 1.189 h 4.19%
Aoriginal 128 127.98 m2 0.02%

Awith offset 128.96 128.99 m2 0.02%
Timeon part - 0º 972 974.04 s 0.21%
Timeon part - 90º 1059.05 1083.96 s 2.35%

Timeon part - 45º/-45º 1218.66 1110.48 s 8.88%
Matdep 1058.6 1060.75 m2 0.20%

Massdep 436.14 437.03 kg 0.20%
Techscrap 36.378 36.943 m2 1.55%

%scrap 3.44 3.48 % -
Tcrolls

1.227 1.167 h 4.89%
Nrreq 15 15 - -

Layuprate 176.72 185.50 kg/h 4.97%

AFP lay-up validation

For AFP technology the same validation methodology was applied with the difference being the non-

inclusion of the time to cut a ply, the time to stop the laying shoe and the time for laying scrap, present

in Table 6.8, since the machine in cause does not apply the same specific procedure as the previously

discussed ATL system.
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Primarily, the average time for each course laid must be obtained for each ply orientation as well. The

value for 0º ply orientation is given in the document as 16.5 seconds. Knowing the total courses per ply

orientation, obtained by the tool, it is possible to calculate the required values. For 0º angle orientation

plies, the total number of courses laid by the machine is 40, for 90º is 79 and for 45º and -45º is 84. The

calculations are illustrated in equations Equation 6.21 - Equation 6.28.

(NCourses × nP lies)(TapeLayup time 0 + timestart) = 1720 s ⇔ (40× 2)(16.5 + 5) = 1720 s (6.21)

Layuptime 0 = 16.5× 40× 2 ⇔ Layuptime 0 = 1320 s (6.22)

(79× 2)((TapeLayup time 90 + 5) = 2133 s ⇔ TapeLayup time 90 = 8.5 s (6.23)

Layuptime 90 = 8.5× 79× 2 ⇔ Layuptime 90 = 1343 s (6.24)

(84× 2)(AvgT apeLayup time 45 + 5) = 2128 s ⇔ AvgT apeLayup time 45 = 7.67 s (6.25)

Layuptime 45 = 7.67× 84× 2 ⇔ Layuptime 45 = 1288.56 s (6.26)

Having obtained the average values for a single tape course deposition for each angle orientation, it

is now possible to calculate the total time on part for AFP technology:

1320 + 1343 + 2× 1288.56 = 1.455 h (6.27)

Finally, the cycle time for this study will then be the lay-up time, which for the interest of this study

consists only of the time on part for the reasons already explained, plus the time for changing tow

rolls and subsequent bobbin of the creels. The total cycle time, presented in Table 6.9 for AFP, is 24455

seconds which equals 6.79 hours. The time for changing tow rolls and creels adjustment is the difference

between the total cycle time and the lay-up time:

24455− 8109 = 4.54 h (6.28)

The comparison results is presented in the Table 6.13. It can be seen that, overall, the difference

between parameters is not higher than 4% except for the same values already discussed for ATL tech-

nology comparison, the time on part for 45º and -45º angles plies and the technical scrap. The values

for these differences are 7.05% for both plies and 90.34% for the latter. The difference in the time on

part parameter for these plies has, most likely, the same explanation given for ATL lay-up, which is that

the simple equations developed in [83], could not accurately calculate these values as they could for 0º
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and 90º angles plies. It is with confidence that this affirmation is made since the tool developed here,

by almost exactly calculating the same values as Lukaszewicz’s for 0º and 90º plies, which were thor-

oughly verified, must also correctly calculate the values for 45 and -45º angle plies, since the calculation

method is the same for all plies and the referential used for its calculations is always aligned with the

direction of the lay-up. In contrast, Lukaszewicz’s time data calculations for 45 and -45º angle plies are

done utilizing a referential with its axis aligned with the other two angle plies which probably induces the

reported error difference. Another assurance that the tool is behaving according to expectations is the

correct calculation of the size of the longest course of 45º and -45º angle plies which is as described in

[83] as 11.62 m for ATL and 11.32 m (11.37 m in the tool) for AFP. The latter difference is justified be-

cause Lukaszewicz does not take into account the extra crenulation of AFP course length and does for

ATL, which essentially corresponds to adding the value of the tape width to each course length. Another

evidence that Lukaszewicz’s values for 45º and -45º angle plies might be in fault is the slight increase

in time on part from ATL to AFP, since the ATL machine performs 57 courses and the AFP machine

performs 84. Although AFP machine has an acceleration about four times higher, the 27 extra courses

performed in AFP should justify a much higher increase in time on part than the 5.74% registered.

Regarding the number of rolls required, the results are 681 rolls for Lukaszewicz’s AFP lay-up, which

was extrapolated here from the total material deposited and using a value of 240 m per roll. For the tool,

the result was 684 rolls. The difference in the time to change rolls operation of about 0.22%, or 0.01 h,

can be translated to the 15 seconds it takes for the creel change of the three rolls required which differ

between both studies.

Table 6.13: Lukaszewicz’s AFP validation.
Parameter Lukaszewicz’s Data [83] Model output Unit Difference

Timeon part 1.455 1.506 h 3.51%
Aoriginal 128 128.01 m2 0.01%

Timeon part - 0º 1320 1319.64 s 0.03%
Timeon part - 90º 1343 1342.56 s 0.03%

Timeon part - 45º/-45º 1288.56 1379.4 s 7.05%
Matdep 1037.62 1025.36 m2 1.18%

Massdep 427.5 422.45 kg 1.18%
Techscrap 13.49 1.303 m2 90.34%

%scrap 1.3 0.127 % -
Tcrolls

4.54 4.55 h 0.22%
Nrreq 681 684 - 0.44%

Layuprate 71.31 69.78 kg/h 2.15%

Of important reference is that, for the case of AFP technology, in contrast to ATL, some machine

creels might deposit more material than others because of the uneven material lay down. The value

obtained in the tool has that taken into account but the value obtained for Lukaszewicz’s AFP lay-up was

obtained by dividing the total material deposited in an even manner between all creels. This could justify

that difference. Nonetheless, this small difference still allows the validation of the time to change rolls

operation for AFP assuming each roll length was actually 240 m, which is not referred in the document.
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This, of course, assuming the logic for calculating the tow rolls is in accordance to this thesis, already

discussed for the changing tape rolls operation of ATL technology. The very high difference in technical

scrap is probably justified again by the utilization of an offset which is not referred in document.

Another simulation was therefore performed with the inclusion of a 20 mm offset for AFP technology

and the results are shown in Table 6.14. After the 20 mm part offset simulation was performed, it was

understood that a simulation with 30 mm was required as the 20 mm part offset values did not have a

good agreement with the values obtained by Lukaszewicz’s AFP lay-up. For 30 mm, the technical scrap

difference between studies reduces from 90.34% to 16.5% which indicates a better value agreement.

A higher offset for AFP than for ATL might be due to higher tow tolerances and the smaller width from

the first to the latter, justifying a higher part edge offset and thus indicating a good comparison between

the model developed in this thesis and Lukaszewicz [83] data for both technologies. The model can

therefore be safely validated for AFP technology as well.

Table 6.14: Lukaszewicz’s AFP validation with 20 and 30 mm part offset.

Parameter [83] Data 20 mm offset Diff. 30 mm offset Diff. Unit

Timeon part 1.455 1.513 3.99% 1.520 4.47% h
Aoriginal 128 128.01 0.01% 128.01 0.01% m2

Awith offset 128.96/129.44 128.92 0.03% 129.38 0.05% m2

Timeon part - 0º 1320 1322.64 0.20% 1324.2 0.32% s
Timeon part - 90º 1343 1348.56 0.41% 1368.6 1.91% s

Timeon part - 45º/-45º 1288.56 1388.04 7.72% 1390.2 7.89% s
Matdep 1037.62 1032.62 0.48% 1035.31 0.22% m2

Massdep 427.5 425.44 0.48% 426.55 0.22% kg
Techscrap 13.49 8.57 36.47% 11.26 16.53% m2

%scrap 1.3 0.830 - 1.087 - %
Tcrolls

4.54 4.55 0.22% 4.55 0.22% h
Nrreq 681 704 3.38% 704 0.29% -

Layuprate 71.31 70.17 1.60% 70.27 1.46% kg/h

6.3 Lay-up and Scrap rates for aeronautical representative com-

posite parts

In this section, the full potential of the model developed will be shown as four different aeronautical

composite parts will be studied. The parts will be shown by order of increasing area, starting with a

simple wing flap, then a horizontal and vertical stabilizer and finally a wing skin. The parts are merely

representative as its measures do not correspond to any specific aircraft. The full output information will

be presented for the first example and for the following parts only the most relevant outputs like the lay-up

and scrap rates, total material deposited and material costs, cycle time and lay-up time will be displayed.

All parts will be simulated with 40 plies with the same [45, 0, -45, 90] degree angle orientations. Material

areal weight of 0.6 kg/m2, material cost and scrap disposal cost of 71 and 3 C/kg.

The parts will be tested for both technologies with ATL being tested for single and two-phase systems
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and AFP tested for pre and at start location options. AFP and ATL two-phase are also simulated for uni

and bi directional lay-up. For AFP technology, the simulations will be performed with tow width of 12.7

mm and 32 tows which are the maximum available values as the parts to be simulated are large enough

to justify it. For ATL technology, this value will also be the highest available of 304.8 mm and a single

tape. Both technologies will be setup with values for acceleration and velocities of standard maximum

values. The values used for initiation and cutting speed were chosen on a 2/3 rule of the lay-up speed

as the parts to be simulated are flat. For the approaching and retracting distance, the value could be

selected between 100 - 200 mm. The latter was selected to opt as a more cautioned approached.

Minimum course and minimum cut restart length were chosen as the standard value of 101.6 mm. For

the ATL single-phase system an average value of 4 seconds was used for its starting and cutting course

time. Finally, the roll and creel changing time were selected based on Lukaszewicz [83] values, being

these values 300 and 15 s, respectively. The roll length and setup time were adopted from Soares et al.

[104] reference values, at 240 m and 2 h. These parameters are shown in subsection A.1.4.

6.3.1 Wing flap

The first example used was a wing flap illustrated in Figure 6.5. The dimensions used for this part are

similar to those of a medium size aircraft. The outputs will be divided into two tables in each example to

facilitate its reading. The first table in each section sums up the parameters which are characteristic of

each technology and do not vary within it. In the wing flap example this first table is the Table 6.15 which

contains parameters such as the original and offset area and perimeter, common to both technologies,

the material and technical scrap deposited area and mass as well as the technical scrap percentage.

Figure 6.5: Wing flap part geometry.

Table 6.15: Model results ATL vs AFP - Wing flap.

Symbol Aorig Aoffs Porig Poffs Matdep Techscrap %scrap Massdep Massscrap

ATL
4.27 4.50 11.43 11.55

215.92 45.04 20.86 129.55 27.02
AFP 181.66 10.78 5.94 109 6.47
Unit m2 m2 m m m2 m2 % kg kg

In this case, the full output information is shown in Table 6.16, except for the Ttrans h and Ttrans v

parameters, which were omitted, as there is no gaps in this part, and therefore, the machine does not

consume any time translating over the gaps. In this table, more detailed information can be seen and

several observations can be made with this data. On a larger scale, comparing technologies, the first
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remark that can be made is that, as expected, the cycle times are higher for ATL technology versus AFP

technology, although the ATL two-phase system with bi-directional lay-up has similar values to those of

AFP systems. This is due to the higher axis accelerations used in AFP and the higher bandwidth of

406.4 mm (32 * 12.7 mm) versus 304.8 mm in ATL. These accelerations affect all time parameters like

the time on and off part, the approach and retract time and the transitional time, all faster in AFP, as seen

in the Table 6.18. The time to change rolls is higher for AFP (64 rolls for 32 tows) when comparing to

ATL (3 rolls for a single tape) because of the time required to adjust each AFP machine creel, although

AFP only changes the 32 tows rolls simultaneously once comparing to twice for ATL. Nonetheless, this

time parameter has less impact on the cycle time when comparing to the faster acceleration and larger

bandwidth of AFP.

The material deposited is, as predicted, higher in ATL (215.92 m2) than for AFP (181.66 m2), due

to AFP being able to cut and lay independent tows. Even though having a higher maximum bandwidth,

AFP technology is able to adjust it as suited, laying down less scrap in consequence, 45.04 m2 (20.86%)

vs 10.78 m2 (5.94%). The technical scrap percentages are then in accordance to the reference made

in subsection 2.3.2. Consequently, the material costs are higher for ATL than for AFP. Finally, the lay-up

rates are higher in ATL two-phase systems despite the higher cycle times. This happens because, while

having greater cycles times, this technology also deposits more material and, as a consequence, more

technical scrap as well and thus boosting higher lay-up rates.

Table 6.16: Model detailed results - Wing flap.

Symbol ATL single ATL two ATL two bi-dir. AFP AFP bi-dir. Unit

Courses/f 2 - - 1 2 1 2

Cycletime 4.095 3.079 2.875 2.821 2.782 2.733 2.703 h
Layuptime 1.928 0.912 0.708 0.604 0.566 0.516 0.478 h

Tonpart
1.343 0.328 0.328 0.270 0.232 0.270 0.232 h

Toffpart
0.585 0.585 0.380 0.334 0.334 0.246 0.246 h

Tlspeed 0.059 0.328 0.328 0.107 0.091 0.107 0.091 h
Tispeed 0.642 - - 0.102 0.085 0.102 0.085 h
Tcspeed 0.642 - - 0.062 0.056 0.061 0.056 h
Ttrans 0.338 0.338 0.133 0.182 0.182 0.094 0.094 h
Ttrans t 0.322 0.322 0.118 0.175 0.175 0.087 0.087 h
Ttrans p 0.015 0.015 0.015 0.007 0.007 0.007 0.007 h
Tapp/ret 0.247 0.247 0.247 0.152 0.152 0.152 0.152 h
Tcrolls

0.167 0.167 0.167 0.217 0.217 0.217 0.217 h
Nrreq 3 3 3 64 64 64 64 -

Scrapcost 81.07 81.07 81.07 19.4 19.4 19.4 19.4 C
Matcost 9198 9198 9198 7739 7739 7739 7739 C
Totalcost 9279 9279 9279 7758 7758 7758 7758 C
Layuprate 31.641 42.075 45.064 38.641 39.177 39.884 40.326 kg/h

When comparing values within a technology other insights can be discussed. ATL single-phase

reveals itself the less efficient system with the lowest lay-up rate of all with a rate of 31.641 kg/h. This

is derived from the high initiation and cutting times comparing to other systems. In addition, the time off
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part for systems which are uni-directional (0.585 h for ATL and 0.334 h for AFP) is significantly higher

than that of the same system but with bi-directional lay-up (0.38 h for ATL and 0.246 h for AFP). This

is due to a reduction in the transitional tape/tow time from uni to bi-directional lay-up, 0.322 h to 0.118

h, in ATL, and 0.175 h to 0.087 h, in AFP. Finally, regarding the location of course start and finish,

with option 1 being to start a course lay-up before the part’s boundaries and finishing after and option

2 starting and finishing at the part’s boundaries, its selection affects the time on part parameter, as

by selecting option 2, that parameter is reduced and consequently the cycle time is smaller because

course length to run diminishes. One aspect that can be improved is the calculation of the initiation and

cutting time of bi-directional systems. The model, as developed, does not take into account that the

coordinates reverse when bi-directional system is chosen and, as such, calculates these parameters as

if the system was uni-directional. For this case, the error induced is minimum because initiation and

cutting speeds are similar. The error will increase with the increase of the difference between these

speeds. The distribution of material deposited per creel for AFP lay-up is shown in Figure 6.6. Only

the first four plies are shown for discussion purposes as these depend on which side of the part the

deposition starts. Despite the uneven distribution of plies of 0º angle, the global creel distribution evens

up, as there is a small difference of 20 m of material deposited between creels 1-18 and 19-32, which

assures that, at the moment the rolls are changed, there is not much material left on one particular roll

thus assuring less material wastage.

Figure 6.6: Wing flap AFP creels material distribution.

6.3.2 Horizontal stabilizer

The second part to be simulated was the horizontal stabilizer of Figure 6.3. This part is bigger than

the wing flap with almost double its size, 8.27 m2 comparing to 4.27 m2. The same trend observed for

the wing flap can be seen here. ATL two-phase has higher lay-up and scrap rates and material costs

comparing to AFP, and ATL single-phase has the smaller lay-up rate of all systems for this part. ATL

single-phase lay-up has a higher transitional time than ATL tow-phase uni-directional lay-up because, in

the first case, the machine stops and retracts when facing a longitudinal gap, which is the case for this

part.
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Table 6.17: Model results ATL vs AFP - Horizontal stabilizer.
Symbol Aorig Aoffs Matdep Techscrap %scrap Massdep Massscrap Scrapcost Matcost

ATL
8.27 8.67

419.67 89.02 21.21 251.8 53.41 160.23 17878
AFP 349.39 18.74 5.36 209.6 11.24 33.73 14884
Unit m2 m2 m2 m2 % kg kg C C

Table 6.18: Model detailed results - Horizontal stabilizer.
Symbol ATL single ATL two ATL two bi-dir. AFP AFP bi-dir. Unit

Courses/f 2 - - 1 2 1 2

Cycletime 6.652 4.732 4.335 4.403 4.344 4.161 4.103 h
Layuptime 4.236 2.315 1.918 1.753 1.694 1.511 1.453 h

Tonpart
2.424 0.613 0.613 0.510 0.451 0.510 0.451 h

Toffpart
1.812 1.702 1.305 1.243 1.243 1.002 1.002 h

Ttrans 0.749 0.668 0.272 0.454 0.454 0.212 0.212 h
Tapp/ret 1.063 1.034 1.034 0.789 0.789 0.789 0.789 h
Tcrolls

0.417 0.417 0.417 0.65 0.65 0.65 0.65 h
Nrreq 6 6 6 6 128 128 128 -

Layuprate 37.852 53.219 58.079 47.615 48.258 50.373 51.091 kg/h

6.3.3 Vertical stabilizer

The vertical stabilizer represented in Figure 6.7 is bigger than the previous horizontal stabilizer with a

bit over double its area, 19.62 m2, to be exact. The trend remains the same as in the previous examples,

but technical scrap percentage is reduced to half the values for both technologies from 21.21% to 10.74%

in ATL, and from 5.36% to 2.54% in AFP. For this case, ATL two-phase uni-directional system was

surpassed by both simulated AFP bi-directional systems which shows that with increase part size the

latter overcomes the first. The results are shown in Table 6.19 and Table 6.20.

Figure 6.7: Vertical stabilizer part geometry.
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Table 6.19: Model results ATL vs AFP - Vertical stabilizer.
Symbol Aorig Aoffs Matdep Techscrap %scrap Massdep Massscrap Scrapcost Matcost

ATL
19.62 20.06

879.3 94.42 10.74 527.58 56.65 169.95 37458
AFP 805.3 20.44 2.54 483.19 12.26 36.79 34307
Unit m2 m2 m2 m2 % kg kg C C

Table 6.20: Model detailed results - Vertical stabilizer.
Symbol ATL single ATL two ATL two bi-dir. AFP AFP bi-dir. Unit

Courses/f 2 - - 1 2 1 2

Cycletime 8.313 6.271 5.513 6.213 6.136 5.717 5.639 h
Layuptime 5.313 3.271 2.513 2.480 2.403 1.983 1.906 h

Tonpart
3.015 1.051 1.051 0.872 0.795 0.872 0.795 h

Toffpart
2.298 2.219 1.462 1.608 1.608 1.111 1.111 h

Ttrans 1.116 1.042 0.285 0.7 0.7 0.204 0.204 h
Tapp/ret 1.182 1.178 1.178 0.908 0.908 0.908 0.908 h
Tcrolls

1 1 1 1.733 1.733 1.733 1.733 h
Nrreq 13 13 13 288 288 288 288 -

Layuprate 63.461 84.134 95.692 77.77 78.748 84.521 85.679 kg/h

6.3.4 Wing skin

The final and larger example, the wing skin shown in Figure 6.8. This part, in the same fashion,

doubles the area of the previous vertical stabilizer with 32.23 m2. For this case, the scrap rate was

expected to further reduce comparing to the previous example, as the wing skin is double in size, and

scrap percentage tends to lower with increase part size. However, the scrap percentage increased about

2% for ATL and 0.25% for AFP. This is most likely due to the part’s geometry which is more complex

than the previous one. This particular aspect is also responsible for the lower lay-up rates comparing to

previous examples but ATL two-phase boosts the highest production lay-up rates. Results are displayed

in Table 6.21 and Table 6.22.

Figure 6.8: Wing skin part geometry.
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Table 6.21: Model results ATL vs AFP - Wing skin.

Symbol Aorig Aoffs Matdep Techscrap %scrap Massdep Massscrap Scrapcost Matcost

ATL
32.23 33.07

1477.8 188.5 12.76 886.7 113.11 339.3 62953
AFP 1326.3 36.98 2.79 795.8 22.19 66.57 56498
Unit m2 m2 m2 m2 % kg kg C C

Table 6.22: Model detailed results - Wing skin.

Symbol ATL single ATL two ATL two bi-dir. AFP AFP bi-dir. Unit

Courses/f 2 - - 1 2 1 2

Cycletime 15.208 11.33 9.817 10.648 10.482 9.799 9.634 h
Layuptime 11.541 7.663 6.15 5.831 5.666 4.983 4.817 h

Tonpart
5.567 1.830 1.830 1.529 1.364 1.529 1.364 h

Toffpart
5.974 5.833 4.32 4.302 4.302 3.454 3.454 h

Ttrans 2.045 1.999 0.486 1.244 1.244 0.396 0.396 h
Tapp/ret 3.929 3.834 3.834 3.058 3.058 3.058 3.058 h
Tcrolls

1.667 1.667 1.667 2.817 2.817 2.817 2.817 h
Nrreq 21 21 21 448 448 448 448 -

Layuprate 58.302 78.261 90.316 74.735 75.913 81.193 82.587 kg/h

6.3.5 Results comparison

In this section the results from the previous examples are compared in order to assess the evolution

of the outputs with the increase in part area and through the multiple machine systems. Only the

most important outputs were considered for the graphics, i.e, the cycle time, lay-up time, time on part,

time off part, transitional time, technical scrap percentage and finally the lay-up rates. Furthermore,

not all systems were displayed, as only relevant contrasting information was selected. Regarding ATL

technology systems, as depicted in Figure 6.9, it is possible to conclude that all parameters increase

with part area increase, except for the technical scrap percentage that usually decreases with part size

increase. Although being the standard rule, some examples can be the exception as is the case of the

wing skin, which has a much larger area when comparing to the vertical stabilizer but carries a higher

technical scrap percentage as well. This is due to the complex geometry of the wing skin comparing to

the simpler geometry of the vertical stabilizer. The more complex geometry, usually, the more technical

scrap produced.

Comparing systems within the ATL technology, the only relevant difference, which affects consequent

parameters, is once more in the time on part parameter which is significantly higher for the ATL single-

phase machine. This is majorly due to the high starting and cutting times characteristic of these systems.

All other parameters are as expected, being the cycle time and lay-up time higher in ATL single-phase,

time off part slightly higher in ATL single-phase and finally the lay-up rate is higher for the ATL two-phase

system. Comparing ATL two-phase uni-directional with ATL two-phase bi-directional lay-up, not shown

in the figure, the major difference is in the time off part parameter which is evidently lower for the latter.
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Figure 6.9: Comparison between ATL single-phase system and ATL two-phase system results.

Figure 6.10 illustrates the simulation results for AFP 2 and AFP 2 bi-directional systems. When

comparing these AFP systems, by analyzing the figure, it’s a quick realization that the major difference

is on the transitional time which is much smaller for bi-directional systems. Consequently, all other time

parameters will be smaller for AFP 2 bi-directional lay-up for the exception of the time on part parameter

which is not shown as it is equal for both systems. The difference between AFP 2 and AFP (1) is in

the time on part parameter, being lesser for AFP 2. Comparing AFP 2 system with ATL systems from

previous figures it is possible to conclude that the cycle times are much lower for all parts simulated when

comparing to ATL single-phase systems and slightly lower than ATL two-phase uni-directional systems.

However, when comparing cycle times between AFP 2 and ATL two-phase bi-directional systems the

first is only lower for the smaller part simulated, the wing flap. Comparing AFP 2 bi-directional lay-up

with all other systems, the first has a smaller cycle time for the smaller wing flap, horizontal stabilizer

and wink skin but is surpassed by the ATL two-phase bi-directional system for the vertical stabilizer, in

which the latter is the fastest system of all simulated. This happens because, although lay-up times

are all faster for all AFP systems, the time difference in the time to change tape rolls is lesser than

the difference in lay-up time for the particular case of the vertical stabilizer making the ATL two-phase

bi-direction systems the most efficient for that lay-up in terms of time spent.

Finally, the material costs, as expected, are higher for ATL technology than for AFP and are directly

proportional to the material deposited as the price per kg was set as the same for both technologies.

68



Figure 6.10: Comparison between AFP 2 system and AFP 2 bi-directional system results.

By analyzing Figure 6.11, some observations can be made. The first, and the most evident, is that

the lay-up rate increase, as discussed in theory, with part size for the same machine systems. Although

most cycle times are lower for AFP, as discussed in previous paragraphs, ATL machines lay down more

material because they do not possess the ability to cut and restart individual tows and therefore produce

more technical scrap.

Figure 6.11: Area vs lay-up rate for all ATL and AFP machine systems.
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By laying down more material in more, although almost similar time, the difference in material de-

posited has a bigger impact than the difference in cycle times for ATL two-phase systems. They then

possess the highest lay-up rates for all part sizes being the ATL two-phase bi-directional system the

most efficient one. As seen in the figure the difference between lay-up rate for the ATL two-phase bi-

directional systems and AFP bi-directional systems increases slightly with the increase in part size. In

contrast the difference between ATL two-phase uni-directional system and the same AFP bi-directional

systems decreases with the increase in part size. The systems can be generally ranked in order of pro-

ductivity from ATL dual-phase bi-directional system, followed by ATL two-phase uni-directional (smaller

parts), AFP bi-directional 2 and 1 (larger parts), AFP uni-directional 2 and 1 and finally ATL single-phase.

6.4 First tape offset study results

The results of the study regarding the potential reduction on material deposited with an offset of the

first tape laid are shown in this segment. The first scenario to be studied was the horizontal stabilizer

seen in Figure 6.3. The results utilizing the model developed were 89.02 m2 of technical scrap when

laying the first tape aligned with the part’s boundary as exemplified in Figure 5.4 - Figure 5.7 and 88.89

m2, a negligible saving of 0.13 m2 or 0.15%, when using an offset on the first tape laid in each ply. The

plies that had its first tape require an offset were plies number 2, 6, 10, 14, 18, 27, 35 (Figure 6.12),

21 (Figure 6.13), 22 (subsection A.1.5), 23, 31 and 39 also shown in (subsection A.1.5). The plies that

remained the same did not improve on its technical scrap savings when implementing an offset on its

first tape. The first tapes suffering an offset are illustrated in red in the previously referred images. For

Figure 6.12 and all the plies it represents, the offset corresponded to 26 pixels which translates to an

offset of 82.55 mm. For Figure 6.13 and Figure A.2 the offset was 78 pixels, which equals 247.65 mm.

For Figure A.3 the offset was 34 pixels, or 107.95 mm. The direction of the lay-up is described in the

figure’s subtitles. The ply sequence used was [0 90 45 -45] x 5, symmetric. Material cost and scrap

disposal cost are 71 a 3 C/kg.

Figure 6.12: Offset study - ATL Ply Lay-up 90º (left
to right).

Figure 6.13: Offset study - ATL Ply Lay-up -45º
(right to left).

In a second scenario, the same Figure 6.3 was modified as to include gaps in the direction of lay-up of

the machine. This approach tries to describe a situation where this study could have a greater potential

than the one observed in the previous scenario. This kind of example can be seen when certain plies

have areas which require strength reinforcement. For this example, there are three first tape studies
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to do if the machine is laying material longitudinally and two tape offset studies if the machine is laying

material horizontally which potentially enhances the material savings in technical scrap. The standard

lay-up for this part was already shown as an example for the 0º ply in Figure 5.15 (with longitudinal

gap alignment). The total technical scrap obtained for the standard lay-up configuration was 76.37 m2

and for the offset study the same parameter suffered a slight decrease, as expected, to 74.57 m2. The

difference was 1.8 m2, or 2.36%, which corresponds to approximately 77 euros in material savings for

this lay-up.

The plies in which the offset was indeed required were 1 and 24, with 29 and 43 pixels (92.075,

136.525 mm) to the first tape of two of each sections shown in Figure 6.14. Also plies 2, 6, 10, 14, 18,

27, 31, 35 and 39 (Figure 6.15) got and offset of 7 and 52 pixels (22.225, 165.1 mm). Furthermore, plies

3, 7, 11, 15, 19, 26, 30, 34, 38 have two first tape offsets of 92 and 31 pixels (292.1, 98.425 mm) to two

of its sections shown in Figure 6.16. In addition, plies 4, 8, 12, 16, 20, 25, 29, 33, 37 (Figure 6.17) also

require an offset of 40 pixels, or 127 mm. Finally, plies 21 (subsection A.1.5), 22 (subsection A.1.5) and

23 subsection A.1.5) with 65 (206.375 mm), 93 (295.275 mm), 58 and 1 (184.15 mm, 3.175 mm) pixels,

correspondingly. All the above described offsets are shown in red in the corresponding images and the

direction of the lay-up is described in the figure’s subtitles.

Figure 6.14: Offset study - ATL Ply Lay-up 0º (top
to bottom).

Figure 6.15: Offset study - ATL Ply Lay-up 90º (left
to right).

Figure 6.16: Offset study - ATL Ply Lay-up 45º
(right to left).

Figure 6.17: Offset study - ATL Ply Lay-up -45º
(left to right).

By analyzing both scenarios it can be concluded that an offset must be provided when the first edge,

i.e, the side where the machine lays material first, has a smaller course length than the outer or final

edge. For the first scenario, the savings in material were negligible, but for the second scenario this

study revealed more potential as the material cost savings were 2.36% translating to around 80 euros

per part production which is not a very high value, but it is, nonetheless, a cost that can be saved.
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7. Conclusions and Future work

The main focus of this thesis was to assess material costs and deposition rates of automated lay-up

composite technologies for parts with planar complexity found in real aerospace components. Therefore,

a study regarding these technologies was performed, clarifying the requirement of an analysis and sim-

ulation tool to accomplish the proposed goals. A complex mathematical basis was developed through

equations that describe the calculation of several parameters, which can be divided in three major cat-

egories: times, distances and costs. The computing of the distance parameters was possible through

thorough research and the observation, in locu, of a composite part lay-up at Embraer Évora. These

equations were critical for the algorithm developed in this work.

With the tool developed and working for any kind of flat part geometry, its validation was required.

This was done in two stages. The first was using the tool to simulate a lay-up with a geometry that is

utilized in real aerospace composite manufacturing. The Embraer specimen test part, consisting of a

simple small rectangle, was then used and its real lamination results, provided to me by Embraer and

performed in an AFP system, were compared to the ones from the tool. The comparison produced an al-

most perfect agreement, with less than 1% difference. In this first validation test, parameters like the part

area, the material deposited, its percentage of technical scrap and the time on part were successfully

validated. This revealed that the part image processing is performing accurately as geometrical con-

straints were well computed and translated to real values. It also demonstrated that the correct relation

between machine lay-up path projections and part boundaries was achieved due to the agreement in

material deposited and technical scrap percentage. Finally, the time on part parameter validation, which

comprises the time the machine is actually laying down material, indicates that the relation between axis

speeds, accelerations, machines constraints like the minimum course length or the cut restart length and

the part geometry is working properly. Furthermore, the tool was validated with a horizontal stabilizer, a

more complex geometry from Soares et al. [104], on both AFP and ATL technology, revealing it had a

solid working foundation with differences not higher than 1.76% except from the technical scrap that, by

being small in absolute value, had a larger difference of about 1.3 m2, or 35%.

On a second stage, the tool was validated trough a comparison with Lukaszewicz [83] benchmark

studies which are highly relevant in the aerospace composite field of study, as this work is cited multiple

times in other articles and research papers. This model, also simple in geometry, enabled the validation

of the same parameters for both technologies, which are described in that work through more simplistic

equations. In addition, other parameters like the time to change tape and tow rolls and the number of rolls

required per lay-up were also validated. Furthermore, it enhanced the tool’s reliability as Lukaszewicz

[83] results are specified by ply orientation providing a more detailed description of the calculations.

The time off part parameter, which includes the time the machine spends transitioning between lay-up

courses, plies, approaching and retracting the mold was not able to be validated as there was no data

available for comparison. However, by validating all other time parameters, there is a strong premise to

consider the values obtained by tool for the time off parameter as viable since the equations in which both
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are based on are the same. As a consequence, the deposition rates were only eligible for comparison

using the time on part value and not, as standard procedure, the cycle time.

With the tool validated, several representative aircraft parts were simulated in order to assess its

material costs and deposition rates. These parts were a wing flap, a horizontal stabilizer, a vertical

stabilizer and a wing skin. These are ordered by increase in part size. Also, machine technology

comparison for each part and between parts was performed. The systems simulated with the tool were

the ATL single-phase system, ATL two-phase system with uni and bi-directional lay-up and also AFP uni

and bi-directional systems.

It was plausible to conclude that, as a general rule and as stated in Grimshaw et al. [54], the lay-up

rate increase with part area increase. The lay-up rates were found to be higher for ATL two phase bi-

directional systems, that although had a higher cycle time than AFP bi-directional systems, the larger

difference in material deposited in favor of the first, made them the most productive system of all simu-

lated. They were followed by AFP bi-directional system for the two larger parts, being the wing skin and

vertical stabilizer, and ATL two phase uni-directional for the two smaller ones. Next in order is the AFP

uni-directional and finally, the least productive system, the ATL single phase machine. Once more, as

a general rule, scrap rates decrease with part size increase. However, for the larger and more complex

part simulated, a wing skin, of about 32.23 m2, the scrap rate increased when comparing to the smaller

vertical stabilizer. This is justified by the higher complexity of the wing’s geometry. Moreover, material

costs are higher for ATL systems as they deposit more material being the cost per kg of material set as

equal for both systems.

One of the objectives proposed in this thesis was to discover news ways to reduce material costs

through an optimization of the lay-up paths selection. It was then decided to include an option for

technical scrap reduction on the tool that inspects each ply geometry and assesses if an offset of the

first tape is required (only ATL technology was found to be advantageous for this scenario due to the

larger tape width). The feature was included and the results proved to be negligible for simple geometries

as an horizontal stabilizer, with 8.27 m2, attained a material cost reduction of 0.15%. For more complex

geometries, with similar area, the cost reduction was a more promising 2.36%. This value is strongly

dependent on material areal weight, part size, and the material cost per kg as the savings are likely

proportional to the increase of these values.

With the validations and analysis performed, the developed model presents itself as a tool capable

of estimating material costs and deposition rates using current machine technology for real world parts

with complex planar shapes. The potential of this tool is untapped as further developments can take it to

a far broader utilization. The tool can be adapted to work for any kind of three-dimensional parts which

would increase its utility and also an interface could be created with other computer aided design and

manufacturing software to further enhance its capabilities.
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A. Annex

A.1 Main script structure

A main script was created where the main loops of the tool run. Only the most important parts of

the script will be referred in order to give a wide understanding of the algorithm’s logic. Most relevant

functions and inputs/outputs will also be referred in this section. The main script, as illustrated in Fig-

ure 5.1, starts with a setup phase where the user provides the necessary inputs, as explained in the

previous section, for the model to function. Then, the composite part drawing is processed in an image

processing section of the script. After that, the core of the tool is called into action where the simulation

of the part manufacturing is performed. Finally, the results are processed and the outputs saved and

presented. The following paragraphs will provide further insight in each one of these script sections.

A.1.1 Image Processing

The first step to take is to pre-process the input variables in order to make them useful in the form

the algorithm is set. The tape/tow width, the minimum course length, the minimum cut-restart length

and the part offset are all provided in mm. For these measures to work in the algorithm they need to be

converted into the pixel resolution scale. If the values given for these measures are not a multiple of the

pixel resolution provided, the tool terminates and a warning message appears as to correct this situation.

If this problem is solved, they are then divided by the pixel resolution, Pres. As previously discussed, this

is crucial to the correct and plausible functioning of the model due to working with discrete pixels values.

They are stored in the variables tape width pixel , min course length pixel , min cut restart pixel

and offset pixel , correspondingly. Following that, a directory called ”Files” is created within the path

where the tool’s executable is stored in the computer where each simulation image(s) and excel file are

saved. This is done through a created function called createDirectory .

The next step is to read the composite image(s), stored in the variable Part images, using MATLAB’s

function imread as the basis for the creation of a larger function called readImages. The image infor-

mation is then stored in the variable Fig rgb as a three dimensional matrix, each dimension associated

with a color, red, green, and blue. The data is stored as uint8 - Unsigned Integers of 8 bits. This matrix,

along with the variable offset pixel , are then called to a function called imageProcesing. Colors are

not important in the subject at matter, as such, the MATLAB’s function rgb2gray is used to convert the

matrix Fig rgb into a new black and white image with one dimension stored in the variable Fig calc.

After, that variable is updated using a function created called binarize which, as the name indicates,

takes the matrix stored in Fig calc and translates it to binary numbers. An uint8 data type contains all

numbers from 0 to 255 and, as such, the referred function transforms every number with value 255 in

the matrix to 0 and the ones with value 0 equal to 1. This makes the values which represent the area

of the part ready to be manipulated which is crucial to make calculations and logical operations as they

get a 1 value.
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A developed function named boundaryImage is then called in order to detect the part’s boundary. A

grey line is attributed to the image contour with the interior and exterior in white. This new matrix is called

Fig display . This matrix is then centered in the white canvass in order to avoid orientation misplacement

of the tape in the algorithm. This is done through the created function centering. Furthermore, if a part

offset is provided, the image is re-sized to that length using the created function resizing. This surface

increase is needed and very important because it prevents any defect that may appear near the edges

of the part. Three matrices are produced as outputs of the imageProcesing function, Fig display ,

Fig area calc and Fig rsized boundaries. The first is the matrix where each ply deposition will be

”stored” and displayed throughout the script. The second is a matrix storing original part information

for further original part area calculation. The last matrix has multiple purposes such as calculation of

the resized area, serving as basis for further processes as a figure without any material deposited. In a

way, its the anchor of the algorithm providing the boundaries of the part to be laminated as reference.

Its original and resized perimeter is also obtained in this function. After this, the part’s area before

applying composite material, meaning its original area, and the resized one are calculated. This is done

by summing all the entries with the value 1 in the matrices described above for the purpose. The ply

deposition loop can now be started.

A.1.2 Part Manufacturing simulation

A loop is performed for each ply lay-up. This loop starts with the value stored in the variable Ply index

of the current ply number being simulated. The loops reaches its end when Ply index reaches the full

length of the variable Full ply Sequence which contains the angle orientation of all plies. If necessary,

the matrices representing the simulated lay-up part and the basis re-sized part are rotated using the MAT-

LAB function imrotate according to the variable Full ply Sequence and then updated and allocated in a

new variable Fig display and Fig current ply , respectively. The same logic applies if the matrix needs

to be flipped horizontally. This happens if the finish location side of one ply course makes the machine

start on that side on the next ply for transitional time saving purposes. If this side is the right side of

the part’s image, the image needs to be flipped because the algorithm has the lay-up starting on the left

side of each ply in order to reduce the algorithm’s complexity. The flipping decision is made in the end

of each loop and will be further explained down this section. The variable Fig calc transitional time

is created by subjecting Fig current ply to the functions boundaryImage which, as explained, takes a

matrix image and transforms it in its grey color boundaries and a white background. Also, the created

function negativeTransf is applied to that same matrix which transforms it in its negative colors. This

happens because its values, which represent the area of the part, need to become positive value 1

instead of a 0 value. Then they can be used for calculations purposes in the functions used to calculate

transitional tape/tow distances which will explained further down this section as well. This all happens

when calling the created function imageRotatorFlipper .

Inside each ply loop a tape/tow loop is performed. This is done in order to jump from column to col-

umn of the matrix Fig current ply and start the part lay-up. A function called first entry detection was

created to detect the first column with a non-zero entry. It returns the number of that column and stores in
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the loop variable index which functions as an internal clock for the whole script because it represents the

location status of the lay-up at each moment of the loop. Following this, the function lamination is used.

It is responsible, as the explicit name indicates, for the composite lamination itself. It takes as major

inputs the matrices Fig current ply , Fig display , Fig calc transitional time, the tape width pixel ,

min course length pixel , min cut restart length pixel and the column where to start the deposition,

the index . Also the Current T number , which represent the current number of tapes/tows, is an in-

put of this function. As most important outputs the function returns the updated Current T number ,

the area of the deposited composite tapes/tows, T area, its tape/tows minimum and maximum row and

column coordinates, T coords and its length, T length. It also updates the image matrix Fig display

with the current deposited tape/tows as well as the index to start the next tape/tow loop. This is done by

adding the tape width to the current index . Also, the variable Fig display transitional time is created

here for each tape/tow deposition by applying the function negativeTransf to Fig display for transi-

tional time between tape/tows courses calculation purposes. If a course deposition has any longitudi-

nal gaps, its distance is also calculated in the lamination function and stored in the variable transi-

tional longitudinal distance.

Consequently, the variables Current area, which indicate the area sum of all the current deposited

tapes/tows and the created variable longitudinal transitional time per ply is also updated with the

time necessary to transition the longitudinal gap distance. This time is calculated using the created

function time Calc. This function basically uses the acceleration and speed (inputs) for that movement,

in this case, the Transitional acceleration and Transitional speed as well as the distance travelled

in that movement, here, the transitional longitudinal distance. It also takes into account the initial

speed of that movement which can be from idle position or other determined speed, depending of

the technology chosen and the machine configuration. If the variable display index equals 1, which

is consequence of the user option, then the lamination is displayed with the corresponding updated

tows with current lay-up area and ply orientation angle in the image title using the created function

imageDisplay .

If the deposition reaches an horizontal gap or the end of the part lay-up, translating to the variable

T coords having its first two entries with value zero, the function first entry detection is called again

to assess the new index after the gap and determine the Gap distance, if that is the case. This gap

distance takes into account machine configuration, meaning if the machine has uni or bi-directional

lay-up or the machine technology selected. This gap transition distance is given as the shortest dis-

tance between the four options described in chapter 4 for optimal time saving purposes. The function

first entry detection also returns the the row and column number where the machine last deposited

before the horizontal gap in the variables Finishing row and Finishing column, correspondingly. This

is important for the case of the script reaching the end of the part layup because that point, where the

machine finished the lay-up, will be used further down the algorithm to assess the transitional ply dis-

tance, meaning the distance the machine has to travel between finishing one ply and starting another.

After, if the case is of a horizontal gap, the Horizontal transitional time per ply variable is updated

with the corresponding gap machine transitional time, also calculated through the function timeCalc.
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Proceeding, the transitional distance for the next tow or tape deposition is calculated using cre-

ated functions transitionalTowDistanceAFP and transitionalTapeDistanceATL according to the tech-

nology used. Here, the discussed Fig calc transitional time and Fig display transitional time are

used as inputs for that purpose. Following, transitional tape/tow time time is calculated and added to

AFP transitional time per ply or ATL transitional time per ply in the same fashion using timeCalc,

same acceleration and speed and using the created output variables Tow transitional distance AFP

or Tape transitional distance ATL. To finalize each tape/tow loop, its coordinates are stored in variable

Total T coords and its length in Total T length.

When the variable index reaches the last column of the matrix Fig current ply the tape/tow depo-

sition loop is broken. Following, if variables Fig display and Fig current ply were horizontally flipped

they are flipped back to its original rotated state. After this, they are rotated back to its original angle so

they can be rotated to its corresponding next ply orientation angle. Then, the function flipping is used

to determine if the next ply image needs to be horizontally flipped. This is important because there is a

need to determine the distance between the last machine location and the following ply machine start

location. As there are always four options for this location starting point, as explained in chapter 4, it re-

quires the determination of these distances so that the the shortest one can be selected. If the shortest

distance means the deposition starts on the left side of the original image there is no need for the image,

Fig display , to be flipped because, as explained, the algorithm detects the first column entry from left to

right of the referring matrix. If the shortest distance from one ply’s end to the next means the deposition

must start on the right side of the original image then there is a need to flip the image horizontally on the

start of the next ply loop and the value stored in the variable Flip index is 1, otherwise is 0. After this,

Ply transition distance is calculated. Consequently the time to perform plies transition is calculated

and then added to Ply transitional time per ply .

Furthermore, the total area deposited in this ply is stored in Total material deposited per ply . One

of the most important and complex functions is now reached that computes the time it takes for the

machine to perform a lay-up course. Course time comprehends the time the machine spends from

the moment it touches the deposition plane in the beginning of the lay-up process to the moment it

finishes the tapes/tows and lifts off the deposition plane. The created function, courseTimeCalc, is

responsible for not only calculating each ply course time, Total course time, but also for the number of

Courses number the machine takes in each ply deposition. The lay-up time per ply, Total course time,

also includes the calculated initiation, cutting time and lay-up speed time of each tape/tow stored

in variables Initiation time per ply , Cutting time per ply and Layup speed time per ply . The lat-

ter constitutes the time time the part is at or reaching the desired lay-up speed. The time on part,

Time on part per ply is then updated with the Total course time. In the next step, the total material

deposited per machine creel is calculated using the created function depositionPerCreel and stored in

Total deposition per creel per ply . To finish one ply loop cycle, Total approach retract time per ply

is calculated and the total lay-up time, Total layup time per ply , which sums up Time on part per ply ,

the Total approach retract time per ply and the Total transitional time per ply is finally obtained by

summing all the previous mentioned transitional time related variables. The loop then jumps to next ply

84



and the process repeats. When all the ply’s have went through both cycles the major loop is terminated.

A.1.3 Results Processing

The last section of the algorithm is responsible for processing the results using the function result-

sProcessing. Some important outputs are the Total material deposited , Total scrap,

Total scrap percentage, Total mass, Scrap mass, Layup time, Cycle time, Total initiation time,

Total cutting time, Total transitional time, Total approach retract time, Total cost, Material cost,

Scrap Cost and Layup rate, Time on part per ply, Number of rolls req among others. These vari-

ables evaluate material and time parameters and are displayed in the command window with the function

printing. Total scrap material per ply as well as its percentage with respect to the original area is calcu-

lated. The total lay-up time and cycle time are also obtained. Finally, the lay-up ratio is provided making

the algorithm reach its objectives. The two last functions are then reached. The first, called plotting, is

responsible for plotting the bars graphic illustrating the total material deposited per machine creel and

the second, excelCreator, creates an excel file with all the results from the simulation and also saves

the simulation image(s). The flowchart of Figure A.1 summarizes all steps explained above.
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Figure A.1: Main script flowchart.
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A.1.4 Lay-up and Scrap rates for aeronautical representative composite parts

Table A.1: Machine data for aeronautical representative parts simulation.

Parameter ATL single ATL two ATL two bi-dir. AFP AFP bi-dir. unit

alay 1000 1000 1000 2000 2000 mm/s2

atr 1000 1000 1000 2000 2000 mm/s2

avert 1000 1000 1000 2000 2000 mm/s2

vlay 1000 1000 1000 1000 1000 mm/s
vtr 1000 1000 1000 1000 1000 mm/s

vinit - 600 600 600 600 mm/s
vcutt - 700 700 700 700 mm/s
vapp 200 200 200 200 200 mm/s
vret 400 400 400 400 400 mm/s

Layupd Uni dir. Uni dir. Bi dir. Uni dir. Bi dir. -
Coursestart/finish At part’s edge (2) - - Both Both -

A.1.5 First tape offset study results

First scenario:

Figure A.2: Offset study - ATL Ply Lay-up 45º (left
to right).

Figure A.3: Offset study - ATL Ply Lay-up 90º
(right to left).

Second scenario:

Figure A.4: Offset study - ATL Ply Lay-up -45º
(right to left).

Figure A.5: Offset study - ATL Ply Lay-up 45º (left
to right).
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Figure A.6: Offset study - ATL Ply Lay-up 90º (right to left).
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