
Manufacturing Three-dimensional
Carbon-fibre Preforms for Aerospace

Composites

by

Thanos Drivas

Thesis submitted to the

Faculty of Graduate and Postdoctoral Studies

In partial fulfillment of the requirements

For the M.A.Sc. degree in

Mechanical Engineering

Department of Mechanical Engineering

Faculty of Engineering

University of Ottawa

© Thanos Drivas, Ottawa, Canada, 2014



Abstract

Carbon fibre reinforced polymer matrix composites (CF PMCs) are increasingly used

in state-of-the-art aerospace applications. Aerospace manufacturers favour components

made of CF PMCs over those made of traditional metallic alloys because of their light

weight and corrosion resistance, which lead to significant improvements in fuel consump-

tion, increased payload capability, and reduced maintenance and inspection costs. How-

ever, manufacturing of CF PMC components is performed differently than traditional

material in all stages – design, prototyping and production – and therefore, many com-

mercial manufacturers have only recently begun producing components with CF PMCs.

The first half of this thesis was written as a contribution to the CRIAQ COMP-501

project, which focusses on investigating the cost-effective procurement of airframe com-

ponents that are manufactured from final-thickness, net-shaped, and through-thickness

reinforced CF preforms. Reinforcement preforms were assembled from commercial 2D

woven fabric using stacks of various configurations of structural through-thickness CF

stitch. The contribution herein provides the results obtained from investigations into the

mechanical behaviour of the relevant reinforcements, when subjected to pre-infusion op-

erations typical to RTM VARTM; mechanical behaviour in compaction, shear (draping)

and bending (forming).

The second half of this thesis presents the major developments which were made to

an alternative process for producing thick 3D preforms with great versatility, a process

originally proposed as a candidate for supplying preforms to the COMP-501 project.

This process interfaces a proprietary kinematic drape optimization (CAD) software with

proprietary automated dry fibre placement assembly (CAM) machinery to produce vari-

able or final-thickness reinforcements which are highly-drapable and can lay steered tow

yarns.

Keywords: Mechanical testing; Compaction; Draping; Bending; Dry fibre placement;

Fibre steering; Tow deposition
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Chapter 1

Introduction

1.1 Background

Carbon fibre polymer matrix composites (CF PMCs) are increasingly used in state-of-

the-art aerospace applications as they offer significant advantages over other common

structural materials, namely metallic alloys. In the aerospace industry CF PMCs are

highly sought after as their extremely high specific mechanical properties (specific ten-

sile modulus and specific strength) enable the design of lightweight airframes, which pro-

vide significant improvements in fuel consumption and/or increased payloads. Recently,

major aerospace manufactures such as Boeingr and Airbusr drastically accelerated the

integration of CF PMC primary and secondary load bearing structures for civil aviation.

This shift has facilitated the development of three of the most environmentally friendly,

spacious and inexpensive civil aircraft to operate, namely the Boeingr 787 Dreamliner,

Airbusr A380 and A350.

Structural CF PMC components manufactured to meet strict tolerances and airwor-

thiness requirements are typically manufactured using autoclave-cured prepreg. Prepreg,

short for pre-impregnated carbon fibre, is a form of carbon semi-product where colli-

mated or woven fibres are wetted with a thermoplastic or most commonly, a partially-

cured (B-stage) thermoset resin prior to layup. Manufacturing components from prepreg

requires large capital investment towards acquiring the processing equipment. Further-

more, storage and handling of unprocessed prepreg contributes to added cost. As a

result of economic and practical inconveniences involved with manufacturing CF PMC

1
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components from prepreg, airframe manufacturers recently begun exploring the use of

out-of-autoclave and liquid moulding processes such as resin transfer moulding (RTM),

RTM-light, vacuum infusion (VI) and resin film infusion (RFI) for making primary and

secondary load-bearing aircraft structures and skins [1–6]. Unfortunately, liquid mould-

ing processes also present challenges; they require that dry preforms be manufactured by

cutting, positioning and draping superimposed patches of dry textile material cut from

roll-stock. The manufacturing of each preform is typically carried out manually and

individually. This process is inherently time-consuming and introduces concerns over

manufacturing consistency. Automating the production of dry preforms from roll-stock

has been demonstrated to be possible [7, 8], however there are severe limitations in the

geometries that may be produced [9–11].

As a result, a production method for dry preforms as textiles requiring little or no

further assembly or trimming work and close to final shape is, highly sought after. Pre-

forms produced with such characteristics are typically referred to as 3D and net-shape

respectively and their production has been investigated previously [12–24]. In an ideal

scenario, such preforms would be suitable for a large array of PMC part geometries,

be manufactured using largely automated processes [25–28], exhibit high part-to-part

consistency, and feature fibre orientations optimized for processing [29] and structural

performance.

Textile preforms for more complex or realistic parts often feature thick sections, in-

tegral ribs or flanges and/or assemblies of intersecting shells or other similar features.

Designing and manufacturing such preforms as self-contained textiles demands thorough

planning and understanding of limitations in preform construction. Often, compromises

must be made to the component geometry in order to ensure manufacturability.

Typically, self-contained 3D textile preforms are produced by 3D weaving, 3D braid-

ing, knitting or embroidery [30]. 3D weaving extends on the conventional weaving process

by integrating superimposed layers of 2D fabrics with diverse degrees of Z-binder and

yarn interlacing [31–40]. The reinforcements are mostly woven as thick, flat slivers or

wider sheets where machinery capability is available; however, specific geometries such

as domes are also possible [41–44]. Preforms made for specifically complex component

geometries may be manufactured by assembling a small number of generic 3D textile

pieces using a mechanical assembly process such as stitching. Such preforms are manu-

factured with increased use of automated technologies, which replace layup and as such,

yield the advantage of increased preform consistency and reduced labour need. However
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the jointing techniques used for assembling these preforms must be capable of withstand-

ing later manufacturing operations such as handling and processing. Similarly, joining

techniques must be sufficiently robust to meet the desired structural requirements of the

processed component [45].

The CRIAQ COMP-501 project is a joint research effort involving three Canadian

universities, namely the University of Ottawa (UO), École de Technologie Supérieure

(ETS) and Université Laval (UL) as well as industrial partners Bell Helicopter (BH),

Bombardier Aéronautique (BA), Delastek, Hutchinson Aerospace (HA) and JB Martin

(JB). The effort was initiated in 2012. The COMP-501 project focuses on investigating

and assessing the feasibility of manufacturing and processing final-thickness, net-shaped

preforms into airframe components. Aimed at the procurement of a cost-effective method

for producing said components it was decided that reinforcements for the project would

be primarily manufactured by assembling stacks of internally sourced fabric with a struc-

tural carbon fibre lock stitch rather than seeking 3D woven, braided, or embroidered rein-

forcements from suppliers external to the project. The manufactured preforms would be

assembled using the same structural stitch, and likely feature stitch in areas not requiring

assembly in an effort to provide some degree of through-thickness reinforcement. In tune

with the theme of cost effective production, preforms will be geared toward processing

using vacuum assisted resin transfer moulding. (VARTM), a process described in detail

in Section 2.3.2.2.

This thesis is presented as a contribution towards the CRIAQ COMP-501 project

and contains information regarding the effects of the proposed assembly techniques the

on reinforcements’ mechanical properties, in terms of behaviour in compaction, shear

(draping) and bending (forming). It also presents the major developments made to

an alternative process for producing thick 3D preforms with great versatility, a process

originally proposed as a candidate for supplying preforms to the COMP-501 project.

1.2 Objectives

This first objective of this thesis is to address the work done to investigate the mechanical

and forming characteristics of CRIAQ COMP-501 reinforcements and shed light on how

these characteristics are altered by the presence of a one-sided structural lock stitch in

various configurations. The second major objective is to summarize the development of
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a new and novel process for producing highly drapable final-thickness, near-net-shaped

preforms with featuring steered yarns.

The following is a summary of the specific objectives completed towards the first and

second major objectives:

• Determine the average maximum attainable fibre volume fraction,vf , at 1 bar final

compaction pressure for each sample type.

• Obtain the fibre volume fraction, vf , to compaction pressure relationship for sam-

ples without stitching, with single stitching and with superimposed stitching pat-

terns.

• Determine the in-plane shear characteristics for each type of sample.

• Obtain the in-plane shear angle, γ, to normalized shear force, Fnormalized, relation-

ship for samples tested in shear.

• Determine the bending coefficient, kb, of the COMP-501 samples in single curvature

forming (bending).

• Develop the overall process and implement automated manufacturing equipment

suited to the automated production of net-shaped final-thickness steered yarn pre-

forms.

• Develop an electromechanical actuation system capable of interfacing directly with

an instructing computer.

• Develop software post-processor that is capable of translating outputs from the

drape optimization software developed at the University of Ottawa into an ordered

set of instructions codified in a machine-language. This post-processor will serve as

the primary means for generating and programming the aforementioned automated

machinery with operational instructions.



Chapter 2

Literature Review

2.1 Introduction to composite materials

Composite materials are a subset of engineered materials resulting from the organized

integration of two or more distinct engineering materials. These distinct materials are not

put into solution, instead they remain distinct with each material bringing a contribution

to the physical properties of the composite. As such, the properties of the composite

can be approximated as a volumetric average, or some other function of the properties

of the constituent materials. However, it is important to note that as the materials

remain distinct, composites featuring oriented fibres as their reinforcement often display

some form of orthotropy. Hence, volumetric approximations will only be valid for some

material properties.

Composite materials are commonly referred to as composites. In aerospace engineer-

ing, the term composites largely refers to materials that are constructed from a high

stiffness and high strength fibrous reinforcing material encapsulated in a polymer ma-

trix. In other industries, other types of composites are prevalent. For example, reinforced

concrete is a composite material that features a concrete-matrix reinforced with fibrous

aggregate and steel rebar.

Composite materials are by no means a new concept. Straw reinforced mud bricks

were used as a building material thousands of years ago. Reinforced concrete was imple-

mented as early as 1871. Cotton-reinforced rubber was implemented in the construction

of pneumatic tires in the early 1900’s by the Goodyear Rubber Company [46]. Com-

5
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posite materials continue to evolve using new constituent materials and manufacturing

techniques being researched and developed every day, worldwide.

Composite materials are required to feature a minimum of two distinct constituent

materials by definition; at least one type of reinforcement and matrix. This can be seen

in Figure 2.1. The matrix in composites typically is a material capable of transitioning

from a liquid-state to a rigid, solid-state during processing. Matrix materials are most

commonly thermosetting or thermoplastic polymers; metal and ceramic matrix materials

are also used [47]. Reinforcement materials of many kinds are available, ranging from

metallic wire, natural fibres, glass fibres, polymer fibres, aramid fibres such as Kevlar™,

and various grades of carbon fibres. Furthermore, reinforcing fibres are available in many

textile configurations including classic weaves such as plain, twill and satin weaves, as

well as non-crimp unidirectional configurations. Composites can be manufactured using

more than one type of reinforcement [48]. For advanced structures, combining various

reinforcement types enables designers to impart different properties to different areas

of a structure, whether for functional or sometimes aesthetic purposes. For example,

Kevlar™ is sometimes integrated within the reinforcement to enhance the ballistic pro-

tection properties of the composite. This technique is commonly seen in applications

such as the front body panels of modern-day racing vehicles. In aerospace construction,

certification issues do limit design freedom.

Reinforcement

Matrix

Figure 2.1: Schematic view of a composite material [49].
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Composite Material Matrices

Ceramic Matrix
Composites

(CMC)

Polymer Matrix
Composites

(PMC)

Rubber Thermoplastic Thermoset

Metal Matrix
Composites

(MMC)

Figure 2.2: Partial breakdown of composite matrix materials by type.

2.2 Origin of carbon composites

In 1960 Curry Ford and Charles Mitchell filed a patent [50] for a process which could

manufacture carbon fibre plies by heating rayon cloth to nearly 3000oC. By 1963 Ford

and Mitchell’s process was producing a material that became recognized as an advanced

composite. In similar times the material began to appear in gaskets and rubberized

packing materials. While at this time carbon fibres lacked the high moduli sought for

reinforcing materials, the advanced composite market was dominated by stiff, strong,

yet heavy and expensive tungsten-boron fibres [51]. By late 1969 Roger Bacon and

Wesley Schalamon [52] manufactured carbon fibres from rayon filament using a ‘hot-

stretching’ process. Bacon and Schalamon discovered that stretching the precursors

while heating them, rather than at final temperature would result in layers of graphite

within the filaments becoming aligned along the filament axis. This discovery produced

fibres marketed under the name Thornel 25, with a ten-fold increase in Young’s modulus

over existing fibres [51]. The Thornel line would continually expand through products

with superior mechanical properties for the next ten years.

The U.S. Air Force was amongst the first adopters of Thornel fibres, implementing

them in a new generation of high performance rocket nozzles, missile nose-cones and

aircraft structures. In space applications the fibres were used for reinforcing phenolic

resins and played a vital role in keeping the resin heat-shields intact during vehicle

re-entry. Over time carbon fibre technology has trickled down from strictly military
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applications toward various consumer markets. Thin shell polymer reinforced laminates

have been used in the construction of specialty marine craft for more than sixty years,

in aircraft for more than forty years, and over thirty years in civil infrastructure and

high-performance automotive applications [1].

Carbon composites are increasingly integrated into consumer products with the intent

of gaining an advantage over similar products whether said advantage is to be technical,

visual or a combination thereof. It has become common to see carbon fibre reinforce-

ments used in a variety of consumer and prosumer applications including sporting goods

(bicycles, helmets, hockey sticks, rackets, skis, sleds), after-market & high performance

automotive components and photography equipment such as tripods. Similarly, CF

PMCs have appeared in applications where structural makeup is of minimal concern,

where they are used purely for aesthetic reasons.

2.3 Manufacturing fibre composites

PMCs are manufactured by arranging a fibre reinforcement into a desired pattern in or

on a closed or an open single-sided surface mould that replicates the shape of the final

component to be made. Next, the fibre reinforcement is infused, most often with a liquid

thermosetting resin and transformed into a permanent, rigid component by curing the

polymer matrix that surrounds the fibres.

Two distinct manufacturing philosophies divide the manufacturing of PMCs into two

main process streams. The two process streams are differentiated by the time at which

the introduction of the polymer resin into the fibre reinforcement occurs before layup,

where the combination results in a partially cured semi-product in the form of pre-

impregnated tape – prepreg, which is laid onto the mould in a later, distinct operation;

or following the layup of the dry fibrous reinforcement onto the mould, resulting in a

group of processes identified as liquid composite moulding –LCM, Figure 2.3.
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Composite Manufacturing

Prepreg-based

Autoclave Out-of-autoclave

Liquid composite moulding

RTM VARTM RFI

Figure 2.3: Breakdown of various manufacturing processes used for creating PMCs.

2.3.1 Prepreg

Prepreg, short for pre-impregnated tape or fabric, designates a group of semi-products

where carbon fibres are pre-impregnated with resin during the manufacture of the semi-

product. The pre-impregnated resin is allowed to cure partially to an intermediate B-

stage, at which the reaction is halted and the material is cooled and packaged for delivery

to third-party component manufacturers. As a result, prepreg reinforcements require

uninterrupted cold-storage to impede the cure of the B-stage resin from resuming. The

reaction continues to progress albeit at a very slow rate, and so the shelf life of a B-

stage prepreg is finite, regardless of the level of care displayed in controlling its storage

environment.

Upon part manufacturing, prior to prepreg layup the semi-product is removed from

cold storage and allowed to thaw under seal to avoid condensation forming on the ma-

terial. Following the completion of ply-by-ply layup the prepreg is sealed on the mould

under a plastic membrane and loaded into an autoclave. It is then subjected to a pre-

cise cure cycle, which follows prescribed variations in temperature and pressure. As the

semi-product is fully pre-impregnated, no additional resin in needed during processing.

Instead, a vacuum is drawn on the component to further compress the prepreg stack

and remove any trapped volatiles, air bubbles and excess resin. While out-of-autoclave

prepreg-based manufacturing processes do exist, these typically do not produce compo-

nents equivalent to those produced using autoclave manufacturing, especially in terms

of equivalent vf and void content [53,54].

Due to requirements for cold storage and advanced processing equipment, manufac-

turing PMC components from prepreg is costly, often prohibitively so. Furthermore,

large-scale production both in terms of production volume and physical component size
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entails the use of more material, increased storage and larger processing equipment, fur-

ther adding to the often prohibitive cost associated with prepreg manufacturing. As such

the material is often unsuitable for high volume mass manufacturing applications.

However, prepreg does offer processing and performance advantages. For instance, as

the partially-cured resin in the prepreg material reaches layup temperatures it becomes

inherently tacky, which aids in handling and maintaining prepreg position during layup,

increasing manufacturing consistency between different components. The addition of

resin to the material prior to layup ensures greater uniformity and distribution of the

matrix within the composite, and it reduces the number of voids and inclusions in the

final PMC component. Autoclave processing enables greater pressures to be applied dur-

ing processing, leading to higher vf and superior mechanical properties. Hence, the use of

prepreg is often justified for low- to medium-volume production when strict control over

mechanical properties, high vf and low void content is required along with high manufac-

turing consistency. Aerospace applications generally rely on prepreg for manufacturing

any primary load-bearing component. High-performance sport equipment manufacturers

generally implement prepreg in high-end equipment [55,56].

2.3.2 Liquid composite moulding

The alternative to manufacturing with prepreg semi-products is a family of processes

generally known as liquid composite moulding (LCM). As shown in Figure 2.3, LCM

refers to a family of processes that feature specific manufacturing techniques. Manufac-

turing with LCM is favoured because of its relative simplicity, accessibility, flexibility

and contained cost. Liquid composite moulding processes are more economical than

prepreg-based manufacturing at any production volume. Secondly, they offer a viable

option for manufacturing small to midsize components relatively quickly without major

compromises over component quality.

Only the two most relevant LCM processes, resin transfer moulding (RTM) and

vacuum assisted resin transfer moulding. (VARTM) are discussed in detail below.

2.3.2.1 Resin transfer moulding (RTM)

Resin transfer moulding (RTM) is performed by enclosing a stack of fibre-based reinforce-

ment, or preform, within two or more sections that fit together to form an essentially
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rigid and entirely sealed closed mould, Figure 2.4. As the mould sections are closed,

the preform within is subjected to compaction which, in turn, rearranges the preform’s

fibres and brings them closer together. This compacting action confines the same volume

of fibre reinforcement into a reduced volume, reducing the free space within the mould

cavity to be filled by the resin in a subsequent step.

As the reinforcement’s contribution to the mechanical properties of the final PMC

component increases with the volumetric fraction, vf , of reinforcement within, this com-

pacting action is desirable.

Figure 2.4: Diagram of the RTM process [57].

Prior to resin injection, a vacuum is sometimes drawn within the closed mould. This

has two purposes. First, removing the majority of atmospheric gas from within the
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mould results in fewer bubbles forming in the resin leading to fewer voids within the

cured matrix. Second, it increases the pressure gradient within the mould, allowing

resin to flow into the preform under lower positive gauge pressure. As an additional

advantage, mould surfaces continue to apply compacting pressure to the preform rather

than containing the pressure of the resin, reducing the risk of the mould opening during

injection.

Liquid resin is injected into the mould so that it completely impregnates the volume

between individual fibres, and it is let to cure within the cavity. The rate of matrix cure

slows markedly as the reaction progresses past the halfway mark, hence it is common

for components to be removed from the mould as soon as the resin is cured sufficiently

to withstand demoulding. By demoulding early the tooling becomes available for the

next production run thereby increasing the production rate by reducing manufacturing

downtime. Prematurely demoulded, partially-reticulated components are post-cured in

a controlled environment to complete the curing process. By monitoring and controlling

the post-cure environment, components may be prematurely demoulded without affecting

their quality adversely. However, PMC components that are demoulded too early may

suffer distortions and loss of in dimensional accuracy that is often incompatible with

aerospace requirements [58].

RTM is most often performed using moulds made from metal, composites, or metal-

composite combinations. Such moulds are capable of withstanding large internal pres-

sures, allowing resin to be injected at significantly high pressure, up to 500 psi [57]. By

injecting resin using high pressure gradients large flow rates can be achieved, reducing

the time required to impregnate the preform fully, lowering overall process cycle times.

Similarly, resin under high pressure gradients is capable of deeper penetration and bet-

ter flow through preforms with low porosity, allowing production of PMCs with thicker

sections and higher vf [59]. However, resin pressure gradients cannot be so great as to

displace the preform within the mould [18]. Similarly, resin pressures cannot be so great

as to open the mould during injection.

Resin cure is an exothermic chemical reaction, for which the rate of heat release at

any given time is dependent on the temperature of the curing resin at that time. As

composites have low thermal conductivity the possibility of excessive heat accumulation

within a curing component is present. As a result, the temperature and rate of resin

cure must be considered in order to avoid heat accumulation that may lead the reaction

rate to increase beyond safe limits. If this is allowed, the reaction will induce thermal
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degradation within the composite [60], potential damage to tooling and/or environmen-

tal hazards such as fire and toxic gas emission. As a result, RTM moulds are often

fitted with integrated heating/cooling systems to control the temperature over areas of

the composite, or the part as a whole. In such cases, RTM enables the production of

composites with thicker sections.

2.3.2.2 Vacuum-assisted resin-transfer moulding (VARTM)

VARTM is the most flexible method for processing preforms into PMC components. In

similarity to RTM, VARTM uses a rigid half-mould to impart a shape to the component.

VARTM differs from RTM as the other mould-half is not rigid. Instead, VARTM moulds

are sealed using a flexible sheet membrane or ‘vacuum bag’. This affects the resulting

PMC components in several ways. Surface finish on the side of the component in contact

with the vacuum bag is inferior to the surface finish created through contact with the

solid mould, and so the membrane is generally positioned on the side of the part usually

hidden in operation or for which accurate dimensions are not required.

Figure 2.5: Diagram of the VARTM process [57].

Following the sealing of the membrane, a vacuum is drawn. This allows atmospheric
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pressure to bear down on the preform, causing it to compact prior to infusion. Vacuum is

maintained throughout the process by drawing on the resin outlet ports as seen in Figure

2.5. After checking for leaks, resin inlet plumbing is submerged into a pot of resin at

atmospheric pressure. The inlets are opened and resin is drawn into the preform under

a pressure gradient equivalent to the difference between atmospheric and the vacuum

induced at the outlet. Once the resin has impregnated the preform thoroughly, resin

inlets are closed while vacuum is continually drawn at the outlets in an effort to keep

compressing the preform and remove any lingering voids.

As VARTM setups are typically not used in conjunction with autoclaves, the sum of

compaction pressure on the preform and resin infusion pressure is limited to atmospheric

pressure. As a result, the placement of resin inlets and outlets must be considered

carefully to ensure that the preform will be impregnated fully upon infusion. Similarly,

limited compaction pressure induces limits in the fibre volume fraction that may be

achieved within the component. It is generally agreed that the fibre volume fraction of

PMC components produced by VARTM will have a vf in the 50% - 55% range; fibre

volume fractions approaching 60% have been achieved in laboratory settings [61].

Given the limitations of VARTM stated above, it is important to note that VARTM

also offers many advantages. VARTM is especially suitable to low volume production

runs. Its low tooling costs make it possible to produce PMC components economically as

single component runs to low volume production. Similarly, VARTM’s tooling simplicity

makes it possible to produce large components such as radar domes, wind turbine blades

and yacht hulls.

2.4 Limitations to current PMC manufacturing tech-

nology

Lightweight and structural materials are sought by aerospace manufacturers as weight

reduction is intimately tied to incentives such as fuel savings and larger payload capacity.

A study published in 1975 by J.G. Williams and M.M. Mikulas compared the weight

efficiency of aluminum compression panels with their composite counterparts. Analytical

models concluded that airframe weight reductions as high as 50% are possible by replacing

aluminum airframe components with CF PMCs. Findings were validated experimentally
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to demonstrate weight reductions spanning from 32% to 42% [62].

The successful implementation of PMCs into aerospace structures requires that high

manufacturing standards be fulfilled toward airworthyness certification. Composites that

are manufactured towards aerospace applications must exhibit high vf and low void

content, characteristics that are typically not attained using conventional dry fabrics

and VARTM manufacturing. As such, PMCs destined to aerospace applications are

predominantly manufactured using prepreg-based technologies.

High production costs remain a significant barrier plaguing the mass production of

PMCs. PMC manufacturing requires significant development by specially qualified en-

gineers to ensure that the resulting components will meet design specifications. Each

preform must be engineered individually with due regard to unique geometry and pro-

cessing challenges, as well as performance requirements. Extensive testing on prototype

components is required to ensure that design specifications are met and may be relied

upon in future production runs. Furthermore, the process of transforming raw materials

into PMC components is extensively labour intensive and must be tended to by skilled

workers. Raw materials including carbon fabrics and polymer reinforcements are expen-

sive and the industrial equipment required for cutting, moulding and infusing the raw

materials into fully manufactured components demands large capital investment.

The involvement required for manufacturing a PMC component rises rapidly with

every increase in component complexity. Any increased complexity in the manufacturing

process is often coupled with increased labour need and with increased cost. Components

featuring complex curves or double curvatures often involve complex layup sequences,

fabric darting, and/or post-infusion joining operations such as secondary bonding [63].

High volume production brings further limitations, notably the inability to meet

required production rates generally regarded as commonplace. Production at one minute

per part is generally regarded as a standard manufacturing rate by the mass-production

automotive industry, and this standard has been as longstanding as the domination of

metal-stamping manufacturing operations used in that industry. While processing times

for composites continue to improve, the in-mould time required for producing a single

component of moderate size such as a automobile trunk-floor pan currently averages

around 5 minutes [64]. In short, the one-minute composite is still far from a reality. A

refreshing truth balancing the above unwelcome reality is that composite tooling costs

amount to a fraction of those of metal-forming dies. Hence, the composite industry puts

forward the opinion that the low manufacturing rates plaguing composite production can
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be offset by implementing a larger array of tooling operating in a parallel manufacturing

arrangement [64].

Regardless of the available tooling array, speed of impregnation and cure time, each

liquid moulded composite component is manufactured from a precursory preform. Pre-

forms are manufactured individually through a sometimes tedious and time-consuming

process called preform layup. Layup is often performed by layering reinforcement plies

directly onto the same mould that will later be used for infusing the preform. During

layup tooling is disconnected from infusion equipment so that preform layup may occur,

contributing to non-operational tooling time and total tooling time required by a facility.

To enable a shift toward a mass-production paradigm, it would be ideal for preform

manufacturing to occur using automated preforming processes that would not require the

removal of moulding tools from the infusion line. This would reduce the time and manual

labour required for production, and reduce tooling capacity lost to non-operation time

while boosting preform consistency and component reproducibility. Furthermore, these

benefits towards preform consistency and component reproducibility would be sustained

in low production volume applications.

Unfortunately, a remarkable degree of manual dexterity as well as a thorough capacity

to understand and interpret what must be visual feedback upon draping is required for

performing the majority of conventional fabric layup procedures, putting conventional

layup out of the scope of today’s robotic equipment. As such, composites manufacturers

have turned to semi-automated manufacturing using implementations such as CNC-fabric

cutting and laser guided ply placement to aid, but not replace, skilled manual labour.

Similarly, careful planning and tuning of aspects such as plant arrangement and batch

size allow manufacturers to optimize production thus recovering margins of lost efficiency.

Such manufacturing aids increase feasibility, but do not pave direct routes toward mass

producibility. Semi-automated preform manufacturing is not sufficient for supplying

preforms at rates required for mass production. Fully-automated preforming techniques

are required, and a reliable method for their construction is highly sought-after.
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2.5 3D Preforms

2.5.1 Woven 3D reinforcements

Weaving is an age-old practice by which individual yarns are transformed into a planar

fabric by interlacing these yarns at perpendicular angles. These perpendicular yarns are

referred to as warp and weft yarns. Conventional 2D woven fabrics have been used as

reinforcement in PMCs for more than half a century.

Three-dimensional weaving is an extrapolation of conventional 2D weaving where

thick, multilayered fabrics are produced essentially by binding layers similar to conven-

tional woven fabrics with an additional, third set of yarns spanning in the through-

thickness direction of the fabric [65]. These yarns, referred to as binder or Z-binder

yarns, are typically continuous filaments with a weight in the 50-500 tex (g/km) range

and they are woven into the fabric.

Binder yarns often run orthogonal to the layers of warp and weft yarns, but not

always [18]. Variations exist where binder yarns pass through the layers of planar fabric

at an oblique angle, as seen in Figure 2.6.

Two main types of 3D woven fabrics exist, known as 3D interlock and 3D orthogonal

non-crimp. In the former – 3D interlock weaves – warp, weft and binder yarns interlace

to produce a fully interlocked fibre structure [18,65]. The resulting fabric is analogous to

a stack of conventional crimped fabrics bound together by yarns interwoven through the

thickness of the preform in alternating directions [65]. In the latter type – 3D orthog-

onal non-crimp fabrics – warp and weft yarns are stacked as discrete layers similar to

multiple stacked plies of unidirectional reinforcements. No interlacing exists between the

structural warp and weft yarns. As a result, orthogonal non-crimp fabrics are capable of

producing composites with higher in-plane stiffness than those produced with interlocked

3D weaves [18].

Binder yarns are typically used for holding multiple plies of the warp and weft struc-

tures as one [66], or as structural yarns in warp-interlock woven reinforcements, providing

through-thickness reinforcement [37]. Whilst binder yarns are woven into the fabric at

volume fractions ranging roughly 0.5% to 10% [65], and most often represent less than

10% of total fibre mass, their presence causes inter-laminar shear strength (ILSS) and

impact properties to be superior to those of traditional laminates, at the expense of
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Figure 2.6: Z-binder reinforcement patterns in (a) 3D orthogonal and (b) 3D interlock
woven fabrics [65].

in-plane strength [1]. This makes woven 3D composites well suited to applications that

demand high levels of damage tolerance, such as military airframes [1, 67].

Woven 3D reinforcements are produced using looms that are similar to conventional

2D weaving machines. Given the added mechanical complexity involved in producing

fabrics that include a binder yarn, 3D weaving equipment is inherently more complex,

and as a result it is more limited in terms of the diversity of fabric types that may be

produced. Currently one such limitation is the ability to produce fabrics with in-plane



Literature Review 19

yarn orientated at angles other than 0o/90o [1, 18]. Hence, composites produced with

woven 3D fabrics tend to have inferior performance compared to stacked multidirectional

2D weaves when subjected to shear and torsional loading [1]. As such, 3D weaves are

deemed generally unsuitable for application in aerospace structures where materials well

suited to resisting torsional and in-plane shear loading are required [1].

2.5.2 Stitched 3D reinforcements

Three-dimensional fabrics can be produced by introducing an element of through-thickness

reinforcement via stitching operations. High strength thread is inserted into stacks of

unidirectional or woven fabric stacks such that it acts as a Z-binder and to lesser extent,

structural reinforcement [1].

Stitching is achieved using equipment as simple as single needle machines, similar to

those found in households, or more complex setups that are capable of performing single

sided stitching operations. Such single sided stitching equipment is extremely complex

and often utilizes multiple computer-controlled needles that are housed in units mounted

to articulated robotic arms.

Stitching can be performed using various types of high strength threads of ther-

moplastic, glass, aramid or carbon fibre, depending on the application and amount of

through-thickness reinforcement sought. Similar to various types of thread materials,

various thread weights are available, the most commonly used in the range of 100-2000

tex (g/km) [65].

Various stitch angles (orthogonal and inclined) and patterns can be achieved using

computer controlled equipment. The three most common locked-stitch patterns used are

the ‘lock stitch’, ‘chain stitch’ and ‘modified lock stitch’, the most popular type being

the modified lock stitch as it imparts the least degree of crimp on the reinforcement’s

in-plane fibres [18].

Stitch can be inserted into fabrics at varying stitch density, usually in grid patterns.

Surface stitch densities of 1 to 25 stitches/cm2 are common, equating to stitch volume

fractions of roughly 0.1% to 10%, similar to those observed in woven 3D fabrics [65].

Stitching is performed on fabrics after weaving or following some degree of preform

layup, hence stitching can be used for introducing an element of through-thickness rein-

forcement without restriction on preform fibre directionality. This allows the production
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Figure 2.7: Common stitching patterns [65].

of through-thickness reinforced multidirectional laminates, and allows designers to intro-

duce increased damage tolerance associated with the presence of Z-binders to laminates

with in-plane mechanical properties that resemble those of conventional 2D fabrics. Ad-

ditionally, restrictions in terms of the maximum preform thickness that may be stitched,

approximately 40mm [68], rarely surface as a design concern.

2.5.3 Z-pinned 3D reinforcements

Z-pinning is a process which involves inserting pin-like reinforcing structures through

the thickness of an existing preform or stack of fabric plies. Pins are usually made from

extruded metal wire, or pultruded fibre composite, with pin diameters ranging from

0.15mm to 1mm [18]. Z-pinning can be performed on both prepreg and dry reinforce-

ments though it is most commonly used with prepreg, as it currently is the only method

by which through-thickness reinforcement can be applied to prepreg materials [65].

Many methods for inserting Z-pins exist. One of the popular methods for performing

Z-pinning on prepreg materials is the UAZ® process, which uses ultrasonic compressive

stress-waves to drive pins into the reinforcement. The ultrasonic waves agitate the par-

tially cured resin in the surrounding area and cause local heating. This action softens

the resin and eases the insertion of the pin [18]. Once all pins are successfully inserted

any excess, protruding pin material is shaven off and the composite is processed either

in an autoclave or in the case of dry reinforcements, through one of the available LCM

processes.

Similar to stitching and tufting, Z-pinning can be performed off-loom on preassembled

multidirectional reinforcements. This allows the production of composites with shear and

torsional properties better than those obtained using 3D woven reinforcements, while
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maintaing the elements of damage tolerance provided by the presence of a through-

thickness reinforcement.

2.5.4 Tufted 3D reinforcements

Tufting is a process comparable to one-sided stitching, but performed using a single

needle and thread. Structural thread is inserted in the through-thickness direction using

a hollow needle that punches through the reinforcement. After the needle penetrates

the entire thickness of the reinforcement it is withdrawn along the same path though

which it was inserted, with tension removed from the thread. Friction between the

inserted thread and the reinforcement fibres grips the thread, leaving it embedded in the

material. The result is a non-locked stitch, similar in structure to that produced by a

conventional sewing machine with a malfunctioning or empty bobbin, Figure 2.8. Turfing

leaves excess, looped Z-binders on the underside of the reinforcement. The excess binder

thread is either kept or shaved off prior to preform processing.

Figure 2.8: Tufted Z-direction reinforcement inserted into a T-section (left), robotic
arm-mounted KSL KL150 tufting head (right) [69].

Tufting is a simple process, making it common and popular. It can be performed

using relatively simple equipment. Minimal restrictions apply to possible reinforcement

thickness, geometry or spatial orientation in which tufting can be performed.



Literature Review 22

Tufting typically uses high-strength yet highly flexible thread such as aramid or other

organic-based filaments [65]. Brittle filaments made of carbon or glass are prone to micro-

cracking failure when tightly bent around the needle, producing Z-binders with variable

degrees of reinforcement and hence composites with unpredictable mechanical properties.

2.6 Automated composite layup

2.6.1 Tape laying

Tape laying is an automated process that was developed for fabricating components

that are too large for manual tape layup or filament winding. Tape laying is performed

using prepreg material in the form of thin tape, which is fed into processing machinery

as a roll where each layer is separated with a paper backing. The efficiency of the

process generally increases as component size grows and the prescribed lay-up sequences

are simplified, Figure 2.9. As such, tape laying is typically well suited to the layup

of large semi-flat panels such as aircraft aerodynamic surfaces, wing skins and fuselage

bulkheads [57].

Tape is deposited using a robotic head that ejects the material while actively pressing

it onto a substrate, which will later be used as the mould that will impart a shape to

the component during processing. Tape laying heads are mounted to multi-axis, gantry-

mounted articulated robotic arms [57]. Commercially available tape laying heads that

are configured to lay flat components and are mounted to fixed-bed machines or open-

bay gantries are known as flat tape-laying machines (FTLMs), typically exhibiting four

degrees of motion. Commercial tape laying heads that are capable of laying components

with mild contours that rise and fall at angles up to roughly 18o are called contour

tape-laying machines (CTLMs) [57].

Typically, component size and complexity are limited by the ranges of motion and

articulation built into the gantry to which the tape laying head is coupled. Installations

geared for production of aerospace components are usually quite large, with the ability

to deposit tape within envelopes typically on the order of 40 ft × 20ft [71] and greater.

However, once installed most gantry machines offer little to no possibility for expansion.

Tape laying machines are controlled using numerical control (NC) programming lan-
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Figure 2.9: Tape-laying efficiency vs. part size [70]

guages, which consist of an ordered set of commands that directly instruct and coordinate

the motion of each machine axis independently. Each NC program is specific to a given

part geometry and must be compiled prior to beginning the tape laying process. Tape lay-

ing heads and gantry tracking equipment are usually constructed for precise motion, with

positional certainty of the order of a few tenths of a millimetre (fractional-thousandths

of an inch). Given this available precision, tape-laying equipment can be programmed

for producing net-shaped components requiring no post-lay trimming.

Gantry NC machinery is capable of very rapid motion, but tape-laying heads are

susceptible to problems such as jamming when pushed to high speeds, limiting the speed

at which tape can be deposited, and increasing layup time. As such, deposition rates

are low while the cost of automated tape-laying equipment remains high [71]. While
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deposition rates can be increased by depositing tape of larger width, this is achieved at

the expense of coarser deposition resolution. Simply put, by depositing tape as wide

as 305 mm significant deposition speeds can be achieved; however, PMCs with greater

geometric complexity and/or more complex lamination sequences often require the res-

olution provided by depositing much narrower tape, limiting layup speed [57, 71]. This

is the case with both FTLMs and CTLMs as both types of devices are compatible with

a variety of tape widths [57]. Figure 2.9 quantifies tape deposition rate in lb/h as a

function of component size.

Tape-laying heads are extremely complex components. Modern commercial tape

laying equipment often features a multitude of auxiliary feedback sensors and operator

aids such as optical sensors that are capable of detecting process flaws in real-time and

notifying the operator, as well as laser-projected boundary traces that allow the operator

to verify correct placement of tape plies in real-time [57]. Furthermore, each head exhibits

many axes of mechanical input to drive and control the functions necessary to make the

process possible. For example, inputs are required to control the payout of tape from

the supply reel. Similarly, tape is loaded into the tape-laying head on a paper backing

that must be collected during deposition. As the thickness of the tape reduces after the

reinforcement is ejected onto the tool surface, the take-up reel must revolve at a different

speed than that of the supply reel, hence requiring input and control that is independent

of the supply reel. Typically, mechanical input is provided to the head using stepper or

servo motors and in some instances pneumatic actuators.

Prepreg tape is wound on a supply reel seen in Figure 2.10, that remains in the same

frame of reference as the tape-laying head. As the prepreg tape is fed off the supply reel

it passes through a cutter and then through a tape heater. Throughout this time the

prepreg tape remains adhered to the paper backing. The cutter is configured so that it

can separate the prepreg tape from the remainder of the supply stock while keeping the

paper backing intact. Tape pre-heating elements are implemented on modern tape-laying

machinery to raise the tape’s temperature to around 25oC - 45oC. By preheating the tape,

it becomes tacky and exhibits better tape-to-tool and tape-to-tape adhesion [57]. Tape

pre-heating is accomplished using infrared radiation or solenoid valve-controlled forced-

air heating, with sensors in place to monitor and control the tape’s temperature [57].

Tape pre-heating is not said to effect the geometry of tape reinforcement noticeably,

hence this can be accomplished after the tape is cut. This allows cuts to be made while

the prepreg is still cold and hard, allowing an easier cut and reducing the accumulation
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of tacky material on the cutting components.

As the tape-laying head moves on the surface of the tool, tape is fed from the supply

reel through a tape guiding channel and to the tool’s surface where it is actively pressed

onto the manufacturing substrate or previously deposited tape. This pressure combined

with the tackiness of the tape causes the tape to adhere to the substrate surface and

plays a vital role in maintaining the position of the freshly deposited tape, reducing

manufacturing flaws. As seen in Figure 2.10, the tape cutter is mounted at some distance

from the tool surface. As a result the tape cutter is activated as the tape-laying head

nears the end of a tape-laying sweep rather at the end of the path. Following the cut, the

feed head must continue to traverse in order to clear the remaining tape that is separated

from the supply stock, yet still within the feed-head. After the robotic head has finished

depositing a strip of tape the head is repositioned for the next laying sweep.

After all tape-laying passes are completed, the tape is left on the substrate on which

it was laid, which doubles as the tooling/mould used for processing the PMC compo-

nent. Processing options are identical to those used with conventional hand-laid prepreg;

in-autoclave processing or out-of-autoclave processing when component size or budget

prohibits the use of an autoclave.

As tape laying is performed using prepreg it is well suited to the aerospace industry,

which readily favours the semi-product. However tape laying can only be performed using

prepreg, introducing need for storage, handling and processing equipment associated with

the material, at a cost that is often prohibitive for smaller manufacturers.
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Figure 2.10: Tape laying head typical of flat tape-laying machines and contour tape-
laying machines; top: schematic, bottom: image [57].
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2.6.2 Advanced fibre placement (AFP)

Fibre placement can be described as a cross between tape laying and filament winding

processes as it is often, but not always, performed by depositing material onto a substrate

mounted on a spinning mandrel as seen in Figure 2.11.

Figure 2.11: Towpreg fibre placement machine [72].

Fibre placement uses a material laying head similar to that used in tape laying,

however instead of being loaded with a single wide strip of prepreg tape it is fed by 12,

24 or 32 thin strips of prepreg tow each approximately 3.175mm – 4.623mm in width

(0.125” – 0.182”) referred to as towpreg [57].

Tows can be controlled individually, allowing individual tows to be cut and added

back. As such, AFP machines are capable of achieving the high deposition resolution
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provided by the use of single strand tows, while remaining capable of rapid layup using

simultaneous tow deposition. Furthermore, capability to disengage and reengage inde-

pendent tows as they are needed contributes to significant reduction in material waste.

Advanced fibre placement is commonly performed with scrap rates as low as two to five

percent.

Fibre placement is capable of producing components with complex geometries and

contours, including many geometries which are usually aimed at hand layup. Quintessen-

tial applications include C-channel spars, fuselage sections, engine cowls, inlet ducts, fan

blades and nozzle cones [73]. The concavity that can be manufactured using fibre place-

ment is limited by the diameter of the compaction roller which, similar to tape-laying, is

used to force the tows onto the surface of the mould substrate, tacking them into place.

In some instances large forces can be applied (up to 400 lbs) by the compaction roller to

debulk the preform prior to processing [57].

Components manufactured by fibre placement are generally constrained to be greater

than 10.2 cm (4”) in length and no less than 5.1 cm (2”) in concave radius by the geometry

of the placement head [57]. Maximum component size is limited by the machine’s overall

size and tracking travel. Fibre placement machines are large. Setups capable of handling

components up to 20ft in diameter and 70 ft in length are available, however, such

equipment weighs well over 80,000 lb [57]. Fibre placement also caries the limitations

associated with prepreg processing and storage, discussed in Section 2.3.1.

Overall, the largest disadvantages plaguing fibre placement operations are machine

complexity, expense and low fibre deposition rates in contrast to conventional filament

winding operations [57].

2.6.3 Dry fibre placement

The possibility of depositing reinforcing carbon fibres while in their dry configuration

offers intriguing advantages. Similar to tape-laying and AFP operations, in despite of

large capital equipment costs there are potential cost savings exist from reduced material

waste and elimination of the preform tailoring process [73].

Dry fibre placement offers several unique advantages over tape-laying and AFP. The

use of dry fibres eliminates difficulties associated with the use of prepreg, primarily in

regard to storage and processing. Further, dry fibres show consistent behaviour in sub-
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jection to temperature change, eliminating the need for pre-heating or chilling operations

that increase prepreg tack and aid in cutting respectively [57]. Eliminating the systems

responsible for such operations would reduce the overall complexity and cost of dry fibre

placement equipment.

Dry fibres do not possess ability to adhere or tack like fibres pre-impregnated with

a partially cured resin. As such, dry fibre placement is usually performed by depositing

fibres onto a flat substrate, rather than on a mould of geometry similar to that of the fin-

ished component. The completed dry preform is subsequently formed into its contoured,

three-dimensional shape during LCM-type processing, which imparts the intended ge-

ometry to the final component. As such, flat tow placement reduces tooling and set-up

costs, simplifies preform handling and enables processing to be performed off site and/or

at later time [73].

Dry fibre placement technology is generally viewed as proprietary; few if any com-

mercial units are available for procurement [73].

2.7 Mechanical testing

2.7.1 Compaction

The behaviour of fabric reinforcements subjected to compaction normal to their plane

is very important to many aspects of the processing of fibre reinforcements into PMC

components. Compaction controls reinforcement permeability which largely dictates how

resin flows through the reinforcement during processing [74]. It also controls the fibre

volume fraction, which influences the mechanical properties of the PMC and it affects

void content, which is important to certification of PMC components for aerospace ap-

plications [55,75].

Numerous investigations into the behaviour of a fibrous material subjected to com-

paction have been published [76]. In 1946, C. Van Wyk published a study focused on

the relationship between compaction pressure and fibre density [77]. Since then, much

work has been published regarding the compaction behaviour of single and multilayered

fabrics.

The compaction behaviour of a fabric material may be documented using a standard
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Figure 2.12: JB Martin 81 053 A fibre reinforcement at 22× magnification; (a) left:
initial state; (b) right: after 51 compaction cycles at 1.0 MPa max pressure [75].

load cell coupled to rigid compaction platens with a known footprint area [74]. Generally,

testing is performed by moving the platen onto the fabric at a constant displacement rate

and recording the reaction force applied by the compacted fabric on the platen. Recorded

values can be processed to display the fibre volume fraction to compaction pressure

relationship after correcting for rig deflection. The compaction curve for a single fabric

layer or for a stack thereof is non-linear and may be represented in three independent

stages as displayed in Figure 2.13(b). The first linear section is attributed to intra-yarn

fibre reorganization where the majority of gaps within yarns are reduced with relative

ease. In the second non-linear region, fibre reorganization continues but the progressive

reduction of gaps leads to a progressive increase in the compressive stiffness of the fabric.

In the third region (said to begin at point (2hy, p0) in Figure 2.13(b)) gaps within the

fabric are much reduced and fibre reorganization is no longer possible [78]. Fibres can

no longer be displaced and compressive stiffness grows rapidly and asymptotically [65].

Quantifying of the compaction behaviour of single-layer and multi-layer woven re-

inforcements is performed using identical test equipment and methods, and the same

general behaviour is observed in both cases. However, the behaviour of woven multi-

layer reinforcements is typically less consistent [65]. This is often attributed to nesting,

a phenomenon where yarns within adjacent fabric layers reorganize to fit next to each

other as illustrated in Figure 2.14.
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Figure 2.14: Unit-cell cross-section of two-layer woven fabric reinforcements showing
stacking: (a) without nesting, (b) with nesting occurring [78].

Nesting does not modify the general behaviour of multi-layer reinforcements during

compaction but it does influence quantitative results; initial reinforcement thickness and

vf values display much sensitivity to nesting [78] as shown in Figure 2.13(a). Nesting

is dependent on the relative initial positioning and orientation of adjacent fabric layers

within a stack of woven reinforcements. As such, nesting is difficult to control regardless

of any efforts aimed at inducing or reducing it, and it remains a source of variation in

quantitative observations made during compaction testing.

Successive compaction cycles can further reduce void content within the final com-

ponent [75]. Generally, large gains in fibre volume fraction are made through a first few

compaction cycles and gains diminish with each successive compaction cycle as seen in

Figure 2.15. As the number of compaction cycles grows, gains from each successive cycle

become negligible and a stable hysteresis loop is formed, which essentially repeats as a

single stabilized compaction curve [65].
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Figure 2.13: (a) Typical pressure–thickness curves of single and multilayer plain weave
fabrics under compaction; (b) stages within a typical pressure–thickness compaction
curve [79].
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Figure 2.15: Typical compaction curve displaying cycles number: 1, 11, 21, 31, 41, 51
for a Owens Corning 24 oz Plain Weave compacted to 1.0 MPa [80]
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2.7.2 In-plane Shear

Forming flat fibre reinforcements into PMC components that incorporate any degree of

curvature will produce localized changes in fibre orientation, vf and permeability. These

variations will alter resin infiltration properties and induce non-homogenous mechanical

properties within the PMC [81]. Forming reinforcements over more complex geometries,

for example draping over surfaces featuring double curvature, will induce more significant

changes within the reinforcement. The dominant deformation mode is inter-fibre in-plane

shear [73,81], though some degree of lateral fibre shift (inter-tow spacing) has also been

observed [73].

Inter-fibre in-plane shear is defined as the rotation that may occur at yarn crossovers,

between yarns that once intersected perpendicularly along their axes. It is measured and

expressed as an angle which quantifies the angular displacement of the fibres from their

perpendicular configuration [73].

Generally, if inter-fibre shear is allowed to progress beyond some limit known as the

shear locking angle, yarns in the reinforcement will respond by locking, disallowing any

further shear deformation to occur. At this point, any further shear deformation will

result in yarn buckling, causing the reinforcement to wrinkle and eventually leading to

the production of a defective component [73].

In laboratory testing, fabrics are deformed in in-plane shear using a load cell device

to measure the force required for the deformation. Plotted results of such tests reveal a

general response curve referred to as a classical non-linear shear curve, Figure 2.16. The

classical non-linear shear curve can be subdivided into three phases: the first corresponds

to small shear angles typically up to 30o where yarn rotation occurs with relative ease and

the majority of force required to shear the fabric is due to overcoming frictional forces

between yarns. In this phase the shear force required is minimal. The onset of the second

phase takes place when gaps between yarns begin to close and lateral contact between

yarns begins to occur locally. In subsequent deformation yarns continue rotating, but

their progressive displacement results in further closing of the gaps within the fabric

and generates more extensive lateral contact between yarns. The progressively growing

number of yarns in lateral contact with one another is met with a progressive increase in

the force required to perpetuate shear. Hence, the second part of the classical non-linear

shear curve is said to be a transitionary phase between the quasi-linear first phase and the

highly non-linear third phase. The third phase of the non-linear shear curve is initiated
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at the shear locking angle, which is the angle at which most gaps within the fabric have

been eliminated and lateral contact between yarns has progressed to a state of lateral

compression [65]. Any further shear deformation will cause the fabric to wrinkle.

493Mesoscopic approaches for understanding mechanical behaviour
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to identify a clear locking angle. Anyway, whatever the fabric considered, the 
increase of the shear stiffness induces another deformation mode: bending, 
which becomes less energetic than the shear mode. Wrinkles are therefore 
classically observed (Fig 16.6) as soon as the locking angle is reached. 
 The mechanical mechanisms involved in the in-plane shear of a dry fabric 
are clearly identified; nevertheless, in this case also, performing pure shear 
tests remains a difficult task because of the perturbations resulting from the 
high tensile stiffness (Launay et al. 2008). Discrepancies in the results tend 
to be mastered better (Hivet and Duong 2010) but are still high, as has been 
demonstrated with the results of the benchmark study driven by Cao et al. 
(2008).

16.2.3 Bending

The wrinkling phenomenon previously observed unquestionably results from 
the competition between the shear and the bending stiffness of the fabric. 
Furthermore, position, shape and number of wrinkles are strongly related to 
the bending stiffness of the layer. The fabric bending behaviour has thus to 
be investigated. It has been widely studied for garment fabrics because it is 
an important issue as far as cloth comfort is concerned. Two standard tests 
are classically used: the standard cantilever test (ASTM 2002; ISO 1978) 
and the Kawabata bending test (KES-FB2) (Kawabata 1980).
 The first test assumes an elastic linear behaviour and enables the 
determination of only one parameter: the bending stiffness. However, the 
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16.5 Optical observation of the yarn kinematics during an in-plane 
shear test on a glass plain weave with mesoscopic displacement 
fields for various shear angles before and after the locking angle.
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Figure 2.16: Classical non-linear shear curve; the top three images correspond to optical
observations made within the three subdivided phases within [65].

Bidirectional fibre reinforcements can tolerate relatively high levels of in-plane shear,

typically 10o - 60o [81] prior to the onset of wrinkling, with limits varying with fabric con-

struction and characteristics. Generally, loosely woven reinforcements and satin weaves

with higher harness numbers can withstand greater in-plane shear prior to the onset of

lockup [81]. Figure 2.17 presents a set of images depicting various types of woven fabrics

in their unsheared state and at their lock angle.
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TWILL with CR à 0:58 (see Fig. 13 and 14(b)) and
assumed V f ;max à 0:63; a locking shear angle of 248 is
predicted which again agrees with the experimental data
of Table 2 for TWILL.

7. Conclusions

This paper included a study of the shear deformation of
fabrics covering both mechanical and microstructural
aspects. Mechanical testing involved shear testing in

U. Mohammed et al. / Composites: Part A 31 (2000) 299–308306

Fig. 12. Experimental data and predictions of the shear stress (in-plane,
orthogonal directions) versus shear angle for the satin weave.

Fig. 13. Microstructural changes in fabrics during shear: (a) unsheared state; and (b) locking shear angle.

Figure 2.17: Change in microstructure from (a) unsheared state to (b) shear locking
angle for various types of Fothergill woven fabrics: ‘TPW’–Y0212 tight plain weave at
61o; ‘5HSW’–Y0227 5 harness satin weave at 26o; and ‘TWILL’–Y0185 twill weave at
25o [81].
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2.7.3 Bending of textile preforms

Consideration of the bending behaviour is important for assessing preform drapability,

and so it has a major effect on part manufacturability and part design, especially for

thick textiles. The bending behaviour dictates much about how a fabric can be shaped

from its initial flat state into a complex shell geometry.

Classical material and mechanical theories can be used for modelling the bending of

isotropic materials. This is common practice when designing components to be manu-

factured using sheet-metal forming operations. On the other hand, textiles are highly

anisotropic in nature and more importantly they are discontinuous, with fibres subjected

to compressive stresses and strains at risk of buckling under relatively light loading;

hence classical continuum mechanics cannot be used for modelling those materials in

similar forming operations without making major assumptions and oversimplifications.

A study by Yu et al. compared values for textile bending stiffnesses obtained experimen-

tally and numerically. Numerical values were generated using only in-plane mechanical

properties of the textile. The comparison revealed that values obtained numerically were

unrealistically high, and that the bending stiffness cannot be derived solely from in-plane

mechanical properties [82].

The textile bending behaviour can be evaluated at the macroscopic scale using test-

ing apparatus and standards developed specifically for fibrous materials, namely the

cantilever bending test (ASTM D1388), the Kawabata bending test (KES-FB2) and the

new cantilever test proposed recently by de Bilbao et al. which uses a digital camera

to better record the deflection of a cantilevered textile mounted in jig similar to that

used in the aforementioned ASTM method [83]. The ASTM cantilever bending test uses

the linear elastic theory to determine an equivalent bending stiffness at various bend

radii [65]. The Kawabata pure bending test enables non-elastic behaviour to be ac-

counted for, aiming at measuring the bending moment produced directly as the sample

is deformed continuously to progressively smaller bend radii [84]. A diagram showing

the mounting and path of a sample within a Kawabata testing machine can be seen in

Figure 2.18.

Adopters of Kawabata pure bending equipment have reported problems with the

apparatus which include lacking precision at small bend radii, variations stemming from

sample loading and general variation within identical samples [84]. Furthermore, the

Kawabata pure bending apparatus is incapable of testing samples to bend radii less than
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2.5 cm−1 in magnitude [65].

Figure 2.18: Kawabata (KES-FB2) pure bending testing method. [84]

2.8 Automation

2.8.1 The ‘G’ programming language

The ‘G’ programming language, which is simply referred to as g-code, is a popular

and widely used programming language implemented in automated numerical control

(NC) systems. The language allows humans to communicate and instruct machinery on

necessary actions that must be carried out in order to complete a task. Instructions are

broken down into ordered and structured sets of commands, for the machinery to follow

step-by-step.

G-code and NC have military and aerospace roots, originating in a time similar to

carbon fibre composites, the early 1960s. After punch-card computers were used for

demonstrating numerical path interpolation, the technology was implemented into NC

equipment and used in production of accurate and precise airfoil patterns. In present day,
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elements of early computing such as program demarcates and program-end/tape-rewind

instruction cues remain nested within modern G-code language.

G-code is regarded as the standard language in present day automated manufacturing.

It is deeply nested within computer-aided design (CAD)/computer-aided manufacturing

(CAM) manufacturing. It is found in all types of automated manufacturing, appearing in

CNC machining centres, automated water-jet/plasma/oxyacetylene cutting equipment,

robotic welders, 3D printers as well as large industry assembly plant equipment.

2.8.2 NC-code & G-code generation

Contemporary G-code is written in the form of electronic plain text. A typical program

can contain as few as 10 lines of code in very simple operations or many hundreds of

thousands of lines in more complex operations. Program size is typically limited by

writing time and storage medium memory.

Simple code can be generated manually. However, it is often performed with assis-

tance from a computer utility (wizard). This is adequate for NC equipment purposed

to perform simple repetitive tasks, typical of custom assembly-line machinery which is

rarely reprogrammed.

3D printers and machining centres are capable of manufacturing components with

significant geometric diversity at high turnover rates, requiring frequent, lengthy and

complex NC code generation. As such, semi-autonomous code writing utilities (‘post-

processors’) were created. Post-processors are programs written to interface with a CAD

software package and translate the physical and geometric information into a complete

NC program for manufacturing the physical component. Post-processors have limita-

tions; they are highly machine specific, they still require a high-level of manual in-

volvement and typically they are only readily available for brand-name commercial NC

machinery. Additionally, generated code must be verified before it is run, ensuring that

it will not prescribe a motion that may damage the machine. Hence the development

of customized automated NC machinery which aims at manufacturing components with

large geometric part-to-part diversity is met with challenges that extend well beyond the

design of the physical machinery.
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2.8.3 Elements within the G-code language

G-code language1 is based on discrete lines of code where each line is referred to as a

block and a program is a complete collection of blocks. Each block may contain one

or more instructions; however each block may contain only one instruction from each

discrete modal group, Table 2.1.

A complete instruction is made of a word, sometimes followed by axis designations

and corresponding numbers. A word is any letter other than N, A, B, C, D, V, U, W, X,

Y, Z which denote line numbers and axes labels, concatenated with a real integer value

between 00 and 99 [85]. A number is any positive of negative real value. An example of

a complete instruction is:

N04 G00 X0.5 Y10.5

where N04 denotes the 4th block in the code, the word G00 requests a rapid motion to

a position 0.5 along the X axis and 10.5 along the Y axis.

Possible words are sorted within modal groups such that each block may contain only

one word from each modal group. A key summary of modal groups relevant to this thesis

is presented in Table 2.1. Similarly Table 2.2 displays a summary of various key G-code

words and examples of their use in blocks.

1G-code discussed and implemented within this thesis follows the National Institute of Standards
and Technology RS274NGC Interpreter - Version 3 specification.
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Table 2.1: Summary of key G-code modal groups [85].

Group Words Description
G words

1
G0, G1, G2, G3, G38.2, G80, G81, G82,

G83, G84, G85, G86, G87, G88, G89
Motion

2 G17, G18, G19 Working plane selc.
3 G90, G91 INC./ABS. coordinate sys.
5 G93, G94 Feed rate mode
6 G20, G21 Units
7 G40, G41, G42 Cutter radius comp.
8 G43, G49 Tool length offset
10 G98, G99 Canned cycle return mode

12
G54, G55, G56, G57, G58, G59, G59.1,

G59.2, G59.3
Coord. system selc.

13 G61, G61.1, G64 Path cntrl. mode
M words

4 M0, M1, M2, M30, M60 Stop/halt/pause
6 M6 Tool change
7 M3, M4, M5 Spindle Speed/Dir
8 M7, M8, M9 Coolant
9 M48, M49 Feed speed override

Non-modal words

0
G4, G10, G28, G30, G53, G92, G92.1,

G92.2, G92.3

Table 2.2: Summary of the key elements of the G programming language.

Code Translation Example Description
G00 Rapid motion G00 X1.25 Y2.375 Rapid linear motion at

traverse feed rate. To
only occur at the safe
height.

G01 Linear feed G01 X1.25 Y3.75 F100.0 Linear feed at the pre-
scribed feed rate ‘F’.

G02/G03 Arc feed (CW/CCW) G02 X2.0 Y0.0 R2.0 CW arc feed - radius
2.0 at centre (2,0).

G17/G18/G19 XY/XZ/YZ-plane selc. G17 Select XY plane
G20/G21 Inch/mm selc. G20 Select inches
G90/G91 Abs./inc position G90 Select Abs. coord.

sys.
F Set feed rate F20.0 Feed rate = 20”/min
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2.8.4 Motors

NC systems typically rely on electric motors for rotary actuation. The two most common

electric motors used are stepper motors and servomotors.

Stepper motors, simply referred to as steppers, are capable of providing mechanical

input with good positional accuracy without the use of a position feedback sensor. As

such, their ability to operate in open-loop configuration allows for their inexpensive

implementation, at the expense of absolute positional certainty. Once initial position

is registered a stepper motor can be instructed to move to a new relative position by

transmitting a number of pulses to the motor; each pulse is called a step and corresponds

to a discrete angular distance. The speed of the motor is directly controlled by the

pulse frequency sent to the stepper. The machine control unit (MCU) computes the

new position of the stepper by adding the motion requested to the previous known

position, but without the presence of a feedback sensor the MCU cannot verify and must

assume that every pulse sent to the motor was successfully translated into a corresponding

motion. In situations where the torque provided by the stepper surpasses that required

for motion this assumption is valid and capable of maintaining good positional accuracy

within the system. However, if the available torque is overcome by that required (for

example a large acceleration of a sizeable inertial load) the stepper motor will skip,

leading to a discrepancy between the position recorded by the MCU and the actual

position of the stepper. Repeated occurrences of this will compound to large positional

errors and may damage the machinery by causing motions beyond physical machine

limits or stationary machine elements, called a crash, if left uncorrected.

Hence, stepper motors are most suited for use in applications where the available

torque continuously surpasses the required torque; however one cannot guarantee that

this is always the case and hence various actions may be taken to ensure safe imple-

mentation of steppers. For example, if the total actuation distance is minimal, limited

opportunity exists for positional errors to become large. Similarly, stepper-driven sys-

tems may be returned (‘homed’) to a known parking position, where the absolute position

may be verified and corrected. Homing provides reliable position error correction, but

it requires commandeering the erred system, often leading to interruption of machine

operations. Systems that provide intermittent service to NC machines have expendable

blocks of non-operation time during which homing correction can be performed without

interrupting the whole of machine operation.
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Servomotors, simply referred to as servos, are essentially open-loop electric motors

coupled with a position feedback sensor. Their closed-loop design allows for rotary

actuation with precise velocity and acceleration control, at the expense of greater cost

and complexity. As servos are more expensive, their implementation is generally reserved

for applications requiring continuous and absolute positional certainty or applications

where the required torque may intermittently spike or exceed the capacity of stepper

motors.

2.8.5 Microstepping

Microstepping is a technique that is implemented in an effort to increase the resolution

of a stepper motor, often far beyond the natural (≈ full-step ∼ 200 step/rev) resolution.

Microstepping is typically performed by splitting a full motor step into halves, quarters,

eights or sixteenths to increase the stepper resolution two-fold, four-fold, eight-fold, or

sixteen-fold. This is respectively referred to as half-, quarter-, eighth- and sixteenth-step

microstepping.

Microstepping is accomplished by controlling the electric current flowing through each

phase within the motor at a finer resolution; doing so increases the quantity of discrete

electric current levels possible within each phase and enables simultaneous excitation of

multiple phases. By exciting multiple stator phases simultaneously the rotor’s poles are

able to find equilibrium at positions between full steps, increasing the number of steps

and detent positions within the motor [86].

While microstepping increases the resolution of a stepper motor, it carries at a major

drawback: a severe resolution–accuracy tradeoff. As the number of microsteps per full

step grows, the motor’s positional accuracy becomes increasingly problematic. Table 2.3

shows the positional resolution and corresponding accuracy of a 200 steps/rev motor

with a full step accuracy of ± 0.05o/step operating at various levels of microstepping.
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Table 2.3: Positional accuracy of the microstepping technique given a stepper motor with
200 step/rev. and an accuracy of ±0.05o.

Micro-stepping Resolution (deg/step) Accuracy (±%)
Full 1.8 2.8
Half 0.9 5.6

Quarter 0.2250 22.25
Eighth 2.8125E-2 177.8

Sixteenth 1.7578E-3 2844.4
32nd 5.4931E-5 91022.2
64th 8.5830E-7 5825422.2
128th 6.7055E-9 745654044.4
256th 2.6193E-11 190887435377.7



Chapter 3

Mechanical Testing of Stitched
Carbon Preforms

3.1 Context: The CRIAQ COMP-501 project

As part of the CRIAQ COMP-501 project, several industry parties and members from ed-

ucational institutions gathered to assess the feasibility of producing aerospace secondary

structures with through-thickness reinforced preforms and VARTM processing, a method

discussed in Section 2.3.2.2. A structural member with a T-shaped cross-sectional profile

was proposed by industrial partners and later decided upon. Figure 3.1 displays the

cross-sectional geometry and dimensions of the T-section demonstrator.

Several lamination sequences were put forth for reinforcements to be used in the

project. These are outlined in a document titled ‘Def laminates.pdf’ by ETS MASc

candidate C. Leduc, found on page C.1, Appendix C. It was proposed that these rein-

forcements would be assembled and reinforced using a structural carbon stitch, inserted

using a Keilman® one-sided stitching machine operated by Centre des Technologies Tex-

tiles (CTT), St-Hyacinthe, QC. Manufacturing specifics regarding assembly sequence as

well as stitch position, density and direction that would yield the most efficient assembly

process remained to be discussed, at the time of writing, as the project is ongoing.

An investigation into at the effect of stitching on the properties and forming behaviour

of the selected reinforcement was launched prior to instituting an assembly procedure

for the demonstrator. This investigation aimed at answering questions regarding the

effect of stitch density and pattern on local fibre volume fraction as well as, the effect

of multiple compaction cycles on the reinforcement and stitch. This was investigated

45
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Figure 3.1: Cross-sectional geometry of the T-section demonstrator part.

in a series of compaction tests, outlined in Section 3.3. Questions about the ability of

the stitched reinforcement to be formed in shear and about a bend arose and similar

investigations were carried out to asses those characteristics. Those investigations are

outlined in Sections 3.5 and 3.4 respectively.

3.2 Materials and apparatus common to compaction,

shear and bending experiments

All mechanical testing was performed using a Instron 4482 100 kN universal testing

frame. In all instances an Instron Series 2525-806 - 1 kN load cell was used for measuring

rig loading. This cell is capable of measuring loads up to ±1kN with an accuracy better

than the larger of 0.25N or 0.25% of the measured load [87].

Extensive photographic evidence was captured to document the samples prior to and

following the tests. In instances where the view of the sample was not obscured during

testing, video recordings or time-lapse photo series were constructed. The photographic

equipment used for documenting is listed in Table 3.1.

Unless otherwise noted, preforms used in the following tests were constructed using

the ‘Quasi’ 20 layer lamination sequence defined as [((±45)/(0/90))5]S by C. Leduc’s

document titled ‘Def laminates.pdf, found on page C.1, Appendix C. All preforms were

constructed with TC-06-T 6.2oz/yd2 carbon weave provided by JB Martin. The preforms

were stitched using a Keilmann® RS 530 two-needle stitching head and two 67 tex (g/km)
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Table 3.1: Summary of photographic equipment used during testing.

Quantity Item
1 Nikon D600 FX camera
1 Nikon D5100 DX camera
1 Nikon 60mm f/2.8 AF-S G Micro-Nikkor lens
1 Nikon 24-85mm f3.5-5.6 AF-S G lens
1 Nikon SB-700 iTTL flash
1 Manfrotto 055XPROB horizontal tripod
1 Manfrotto 454 micro positioning plate
1 Helicon Focus Optical CT Software

structural carbon fibre thread. Samples were stitched with a 25.4 mm stitch width and

4mm or 8mm stitch pitch, Figure 3.2.

Stitch width

Figure 3.2: Intra-stitch geometry; dotted stitch line represents the stitch axis [88].
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3.3 Effect of compaction on CRIAQ COMP-501 pre-

forms

3.3.1 Justification

The ability of a preform to be compacted in the through-thickness direction is of crucial

importance to several aspects of PMC manufacturing. Compacting a fibrous preform

causes gaps within the fabric to close, and the fibres within to reorganize in a more

orderly structure. This reorganization results in increased vf , which in turn can yield a

component with superior structural properties. However, as a consequence, compaction

decreases the permeability of a preform and leads to increased challenges in processing

stages of manufacturing1.

The CRIAQ COMP-501 project implements thick preforms which are reinforced in the

through-thickness direction by a structural, heavy carbon stitch, discussed in Section 3.1.

These preforms are processed using VARTM, hence prior to infusion they are compacted

to a pressure equivalent to the atmospheric ambient. As such, compaction testing was

performed to 1 bar final pressure.

Compaction tests were performed to uncover the maximum vf achievable with the

COMP-501 fabrics, and to asses the effect of the reinforcing stitch on local vf .

3.3.2 Apparatus

The apparatus used to perform compaction testing is summarized in Table 3.2 and in-

cludes the apparatus discussed in Section 3.2.

Table 3.2: Summary of apparatus used in compaction testing

Item Quantity
Compaction platens 2

Sample support table 1
Assorted 0.127 mm (0.005”) and 0.025 mm (0.001”) shims -

Samples were manufactured from JB Martin carbon style TC-06-T. A data sheet as

1The importance and effect of compaction is discussed in Section 2.7.1
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produced by JB Martin is included in Appendix C. A summary of properties is provided

in Table 3.3 and an diagram of sample geometry is shown in Figure 3.3. Larger samples

featuring stitches in different configurations were subjected to compaction tests at a

number of locations sufficient for quantifying variability.

Table 3.3: Compaction sample details.

Parameter Value Unit Symbol

Weave 2 × 2 Twill -
Warp/weft ratio 50/50 % by mass -
Surface weight 205 g/m2 -
Fibre density 1760 kg/m3 ρc
Ends count 13.0 in−1 -
No. of plies 20 plies -

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
3. Bending tests – single curvature 
 
Justification: Fabrics must be folded during preform manufacturing (demonstrator). Some stitching may 
be done before or after bending, impacting on ease/difficulty and reproducibility of assembly. Possibility 
of bending assemblies to required bending radii unknown; if this is possible, behaviour of stitched 
assemblies in bending, final configuration of stitching threads and reproducibility of these configurations 
will have an impact upon infusion.  
 
- Samples: width 100 mm, variable length according to bending radius: 63 mm and 75 mm. 
 

- Trials conducted with stitch parallel and perpendicular to curvature, internal radii 5 mm and 12.7 mm, 
upper and lower sides of stitch on bending side, multiple trials (2) done on samples cut from a single 
larger assembly. 

 

- Trials with single stitches and without stitching under identical conditions for comparison. Only one 
flexion per sample.  

 

- Stitched samples potted and polished →  optical microscopy (Amine); microCT to be investigated 
(Amine, in Ottawa). 

 

- Fabric required (bending): 20 plies @ 288 mm x 512 mm = 3.0 m2 per sample/stitch configuration, + 
losses; 2 stitch configurations are planned at the moment (Carbon, 4/8 mm).   

 

- Stitches required (bending): 2 stitches full length stitches, 4 stitches 200 mm width stitches, per 
sample – no superimposition.  

 

- Staff and lab (bending): All bending done in Ottawa, one session per configuration for identical 
conditions, jointly by Thanos and Amine.  Microscopy, microCT, analysis: Thanos (non-stitched), Amine 
(stitched).  

 
 
 

440 mm 

280 mm 40 mm 
all 

40 mm 
all 

25 mm 

25 mm 

40 mm diameter 

Figure 3.3: Left: Platen Footprint. Solid and dotted lines represent stitch lines. Right:
Compaction sample geometry. Circles represent platen footprint and lines are represen-
tative of stitch lines.



Mechanical Testing 50

3.3.3 Procedure

Each sample was divided into several graphic areas centred about each test site. Prior to

testing, each plot was photographed at different focal lengths for 3D CT reconstruction,

and 2D focus stacked image generation with Helicon® Focus software. The position of

the test patch and the area captured by each frame was then documented in a wide view

image of each sample. Figures 3.4 and 3.5 show the respective frontside and backside of

each test plot site; for example, areas ‘A2’ and ‘B2’ are respectively the front and back of

the same test site. The white boxes that enclose each sample label outline the area and

frame limits of the photo-documentation captured prior to testing. The arrow printed

within each plot area is used for showing the orientation of the camera during capture; a

similar arrow exists on a keyframe captured for each plot and can be used to ensure the

alignment of images before and after. All plot overview images can be found in larger

size and detail in Appendix A.1.

In an effort to minimize any defects that may be introduced by handling of the

sample preforms, the face that was visible upon reception was photographed first and

designated to be the frontside. The samples were then flipped gently and the backside

was photographed, after which they were left backside up. It was decided prior to testing

that samples need not be flipped frontside up in order to perform testing, hence any data,

imaging and results generated after testing bear a name corresponding to the face of the

sample visible during testing.

Prior to testing, the load cell and compaction platens were loaded into the Instron

testing machine. A sample support level with the lower compaction platen allowed testing

to be performed without separating each sample test site from the sample stock, which

reduced handling-induced defects and stitch unravelling caused by cutting. The Instron

testing frame fully configured for testing is shown in Figure 3.6.
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Figure 3.6: Instron testing frame configured for compaction testing. Left: sample support
table fitted ∼2.5mm below bottom compaction platen. Right: Sample stock loaded in
testing frame prior to test.

A feeler gauge was used for checking the uniformity of the gap between the top and

bottom compaction platen. Shims were inserted under the bottom platen until the top

and bottom platens were parallel. Full compaction load was applied to the platens before

they were checked again with the feeler gauge. Following setup, a set of four dry tests

(no sample inserted) were performed to obtain the stiffness of the platen setup, later to

be used for removing apparatus deformation from raw sample compaction data. Testing

was performed using the parameters summarized in Table 3.4.

Table 3.4: Compaction test parameters.

Parameter Value Unit

Compaction rate 5 mm/min
Final compaction pressure 1 bar

Platen diameter 40 mm
Platen area 1.2566×10−3 m2

Final compaction force 125.66 N
DAQ Frequency 10 Hz

Hold time 60 s
Cycles per sample 5 -

Testing begun with inserting the sample between the platens and running the com-

paction sequence, whereby the sample was compacted at a rate of 5 mm/min to a final
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pressure of one bar. When final pressure was reached, compaction was halted for 60

seconds at the current displacement, after which the platen was retracted and data was

saved as a ‘.CSV’ file. The test was repeated four more times for a total of five cycles

per test area. Following each completed set of cycles the sample was removed, examined

and the footprint caused by the platens was marked using a labeled leaflet. Images were

captured in order to document defects incurred or arising anomalies. The process was

repeated for each of the 23 sample area summarized in Table 3.5.

A summary of the plot areas used in testing is shown in Table 3.5.
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Table 3.5: Summary of samples tested in compaction.
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B1 A1 700-0005-P4 0 CAMERA TEST AREA

B2 A2 700-0005-P4 4 Superimposed

B3 A3 700-0005-P4 4 Superimposed

B4 A4 700-0005-P4 4 Superimposed

B5 A5 700-0005-P4 4 Superimposed

B6 A6 700-0005-P4 4 Superimposed

B7 A7 700-0005-P4 4 Single

B8 A8 700-0005-P4 4 Single

B9 A9 700-0005-P4 4 Single

B10 A11 700-0005-P4 4 Single

B11 A11 700-0005-P4 4 Single

D1 C1 720-0006-P8 8 Superimposed

D2 C2 720-0006-P8 8 Superimposed

D3 C3 720-0006-P8 8 Superimposed

D4 C4 720-0006-P8 8 Superimposed

D5 C5 720-0006-P8 8 Superimposed

D6 C6 720-0006-P8 8 Single

D7 C7 720-0006-P8 8 Single

D8 C8 720-0006-P8 8 Single

D9 C9 720-0006-P8 8 Single

D10 C10 720-0006-P8 8 Single

E1 - 720-0006-P8 - Sans

E2 - 720-0006-P8 - Sans

E3 - 720-0006-P8 - Sans
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3.3.4 Analysis

The fibre volume fraction of the preform between the compaction platens, vf , is defined

as the ratio of the volume occupied by fibres, Vf , to the volume existing between the

platens, Vp:

vf =
Vf
Vp

(3.1)

where the volume of fibres was found using the theoretical mass of carbon between the

platens, mc (the product of the surface weight of the fabric, surface area of the platen

and number of fabric plies between platens) and the density of the carbon fibres, ρc:

Vf =
mc

ρc
(3.2)

and the volume existing between platen surfaces, Vp, is the product of the platen area,

Ap, by the corrected distance between the platen faces, hc. Platen distance was corrected

by applying a correction factor, sp, which removed the deflection of the platen assembly

from the displacement measured within the apparatus. The corrected platen distance is

given by:

hc = h− sp(F ) (3.3)

where the correction factor sp was expressed as a function of the force applied on the

preform, F . It was reasonably assumed that the compaction platen assembly could be

modelled using a linear spring constant. Using data obtained from running a test without

a sample in place, the spring constant of the compaction platens, kp, was obtained with

Hooke’s law, as follows:

kp = F/x (3.4)

After a sample was introduced between the platens the model was adapted to account
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for the presence of the sample, which acted as a second spring with nonlinear behaviour.

This can be seen in Figure 3.7.

F

kc

kp

F

Figure 3.7: Mechanical model of platens and carbon sample

The equivalent spring constant, keq, can be found by combining the following equa-

tions:

stot = sc + sp (3.5)

1

keq
=

1

kp
+

1

kc
(3.6)

keq =
F

stot
(3.7)

sc
sp

=
kp
kc

(3.8)

By combining Equations 3.6 and 3.7 the spring constant of the carbon sample kc can

be obtained as a function of the compaction force F as displayed in Equation 3.9.

kc(F ) =
Fkp

kpstot − F
(3.9)

Combining Equations 3.5 and 3.8 the displacement of the platens sp as a function of

the compaction force is obtained:
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sp(F ) =
stot

1 + kp
kc(F )

(3.10)

Lastly, the instantaneous fibre volume fraction throughout the test is given by:

vf =
mcρ

−1
c

Aphc
(3.11)

3.3.5 Results and observations

All compaction experiments displayed good repeatability. Figure 3.8 displays the fifth

and final compaction cycle for the first, third and fifth test sample in each case, where

the largest variance in final vf is roughly 1.25 % in the 8mm superimposed stitch case.

Larger variability was observed within superimposed stitch samples than in single stitch

samples, which exhibited variation remaining well within one percent.

The sans stitch cases were observed to attain the highest fibre volume fraction, roughly

57.5% at the final pressure of one bar. Final fibre volume fraction was observed to

decrease with the addition of more reinforcing stitch. Samples with the single stitch

were observed to display higher volume fraction than samples with the superimposed

stitch regardless of stitch pitch. The addition of the superimposed stitch was observed

to decrease the maximum volume fraction by roughly 1.5% in samples with 8mm stitch

pitch and 2% in samples with 4mm stitch pitch.

It is interesting to compare samples of 4mm single stitch and 8mm superimposed stitch

because both stitch geometries theoretically possess equal surface through-thickness rein-

forcement density, Table 3.6. Comparing the results of these two sample groups revealed

noticeably lower vf in the superimposed stitch configuration. This may be simply due

to stitch threads passing directly over one another, or to other factors at play. Figure

3.9 reveals that tension within the stitch actively pulls yarns within the fabric together

creating a localized area of higher fibre density in the actual reinforcement. Such an area

would likely require larger pressure to be compacted to the same thickness as the sur-

rounding area, decreasing vf measured beneath the area of the rigid compaction platens.

Logically, the addition of a second stitch in the perpendicular direction causes fabric
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Figure 3.8: Final compaction cycle of first, third and fifth test samples.

yarns to also gather along this second direction, as seen in Figure 3.10, further lowering

vf .

While the data presented is not sufficiently extensive to allow confirmation of this

theory, it is an interesting possibility. Further investigation of the area within single

and superimposed stitch lines may be performed to test this theory, perhaps by using

small-diameter platens that compact the area within the stitch without making physical

contact with the visible overlaying thread.

It was not feasable to make any visual observations during testing as samples were

obscured by the compaction platens. Samples were inspected after the final compaction

cycle and any areas of interest were photographed at high magnification. Minimal fi-

bre reorganization was observed in the outermost ply after compaction. Gaps existing

between fibres, yarns and within openings created by the stitching needle appeared essen-
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Pre-Compaction Post-compaction

Figure 3.9: Close-up stitch area of 8mm single stitch sample D8 before and after com-
paction.

Pre-Compaction Post-compaction

Figure 3.10: Close-up stitch area of superimposed stitch sample D1 before and after
compaction.

tially unchanged by compaction as seen in Figures 3.9 and 3.10. This was so, irrespective

of stitch pitch and configuration. No increase in fibre breakage was observed comparing

the fabrics before compaction and after compaction.
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Table 3.6: Average fibre volume fraction reached at the end of each compaction and hold
cycle, shown in percent.

Sample vf at cycle [%]
1 2 3 4 5

4mm Super 50.73 51.83 52.08 52.39 52.64
4mm Single 52.85 53.71 54.22 54.61 54.88
8mm Single 53.11 53.99 54.53 54.90 55.22
8mm Super 51.44 52.27 52.79 53.18 53.83
Sans Stitch 55.50 56.29 56.81 57.22 57.50

3.4 Effect of shear on CRIAQ COMP-501 preforms

3.4.1 Justification

Composites manufactured from multidirectional reinforcements display better perfor-

mance when subjected to in-plane shear loading. As a result, multi-directional lami-

nation sequences are often implemented in aerospace components, many of which must

display some level of resilience to failure when sheared in-plane [1]. Fundamentally, this

resilience is attributed to fibres running in a third, non-principal direction, which is

analogous to adding a reinforcing cross-member to a rectangular frame structure.

Similar to their processed counterparts, unprocessed dry multidirectional preforms

do not respond well when deformed in shear. Multidirectionals display fibre lock-up

and reinforcement wrinkling at very low angles of inter-fibre shear. As such, multidi-

rectional reinforcements are essentially undrapable onto double curvature surfaces, and

they cannot be tested in shear.

This becomes a problem for designers wishing to incorporate the mechanical be-

haviour made possible by multidirectional lamination sequences into curved components

such as wing skins, radar domes and T-section airframe formers.

This limitation extends to preforms relevant to the COMP-501 project, defined by the

lamination sequences displayed in C. Leduc’s document Def laminates.pdf, (Appendix C,

page C.1), and as a result renders a direct inquiry into the shear properties of COMP-

501 preforms impractical. However, multidirectionals can be assembled by layering bi-

directional preforms that have already been formed to near final shape.

In a similar fashion, thick bidirectional preforms featuring a through-thickness rein-
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forcement such as lock stitch that runs along the preform’s principal axes can be used

in similar cases, and draped. In doing so, it is possible to manufacture multidirectional

preforms that exhibit properties associated with 3D reinforcements, such as high damage

tolerance, with little restriction to geometric complexity.

This procedure could be used for manufacturing composites with multidirectional

lamination sequences similar or comparable to those sought by the COMP-501 project

(soft or hard1 sequences shown in Appendix C, page C.1), and this prospect is sufficiently

valuable in justifying a limited number of in-plane shear trials aimed at informing on the

shear behaviour of stitched bidirectionals.

3.4.2 Apparatus

The apparatus used for performing shear testing is summarized in Table 3.7 and includes

the apparatus discussed in Section 3.2.

Table 3.7: Summary of apparatus used in shear testing

Quantity Item
1 Trellising articulated testing frame
1 Sample cutting template

The specimens tested in shear were manufactured from JB Martin carbon weave style

‘TC-06-T’. A data sheet is included in Appendix C. Table 3.8 displays details about the

each specimen’s lamination sequence and stitching configuration.
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Table 3.8: Summary of specimens tested in shear.
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3 N/A [0/90]4 - No stitch
3 720-0010-P4 [0/90]4 4mm Single stitch
3 720-0009-P4 [0/90]4 4mm Double stitch

3.4.3 Procedure

Prior to testing any samples, testing was performed on the shear frame with no fabric

sample present in order to obtain a baseline measurement, later used in removing the

effect of the frame’s inertial and frictional forces from experimental data.

Samples were cut from pre-stitched reinforcement stacks with a 140mm × 140mm

testing area and 20mm extensions hanging off each end to hold the sample within the

testing frame, Figures 3.11 and 3.12.

To ease preparation and standardize the size of each test sample, a wooden template

with dimensions shown in Figure 3.12 was clamped over uncut stock material. Cuts

were made by depressing a sharp blade along the perimeter of the template, until the

surrounding material could be lifted away freely.

Samples were loaded into the trellising test frame such that tows ran parallel with

the frame, Figure 3.11. During loading a cross-brace was installed on the test frame to

maintain rig at 90o, or 0o shear. Samples were fixed along all four sides of the testing frame

by tightening a total of 16 socket-head cap screws onto plates which, in-turn, applied a

strong bearing force along the entire span of the sample’s four extensions. It was assumed

that tows held under the clamps remained fixed within the frame of reference of each

frame element, and that a single shear angle was induced at all points of the sample

within the test frame throughout testing, an assumption with good validity [89].

The rig was reinserted into the Instron testing frame and the centre of the test sample
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Figure 3.11: Trellising shear testing rig.

was marked by inserting a conventional sewing pin in the through-thickness direction of

the sample. Doing so provided a visual reference in photographic evidence. The cross-

brace was removed from the testing frame and the load cell was zeroed.

Each test begun by instructing the Instron testing frame traverse to move upward at a

prescribed, constant rate. At the same instant, tripod-mounted photographic equipment

was cued to record the test and a computer began to record frame extension (mm) and

load cell force (N) to a ‘.CSV’ file . A summary of the Instron testing parameters can

be found in Table 3.9.

The testing procedure was identical and repeated for all nine specimens (Table 3.8),

which were each tested on a single cycle. After all specimens were tested, numerical data

was analyzed using the method described in Section 3.4.4.
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140 mm
140 m

m

160 mm
160 m

m
Figure 3.12: Cutting pattern for shear test sample.

Images collected during testing were compiled into two versions of time-lapse video.

The first was a raw time-lapse, compiled using images as captured by the camera. In

a second time-lapse, raw camera images were converted into an 8-bit greyscale layered

stack using the ImageJ software package. Layers were aligned using the pinhead that

was inserted into each specimen prior to the onset of testing. Alignment was carried out

by translating the image in plane with any image alignment by rotation disallowed.
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Table 3.9: Shear test parameters.

Parameter Value Unit

Test and Data Parameters
Extension rate 5 mm/min

Maximum extension 95 mm
DAQ Frequency 1 Hz

Photographic Parameters
Frame rate 1 fps

Shutter speed 1/5 s
Aperture f/3.2

Film speed 250 iso

3.4.4 Analysis

The shear angle, γ, relates to the angle defined between warp and weft yarns as deter-

mined using Equation 3.12:

γ = 90o − 2θ (3.12)

where θ represents the half angle within the test frame and is given by Equation

3.13 [89]:

cos(θ) =

√
2Lframe + ∆l

2Lframe

(3.13)

The force required to shear the specimen, F , is obtained by removing the force re-

quired to actuate the test frame with no sample inserted, F ′, from the data recorded

while testing a specimen, F ′′ as seen in Equation 3.14 [89]:

F = F ′′(∆l)− F ′(∆l) (3.14)

The shear force required to shear the specimen, Fs, is determined as a function of F

and θ and given by the relation shown in Equation 3.15 [89]:
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Figure 3.13: Geometric representation of shear frame analysis [81].

Fs =
F

2cos(θ)
=
F ′′(∆l)− F ′(∆l)

2cos(θ)
(3.15)

Lastly, the normalized shear force (with respect to the length of the fabric), Fnormalized,

is computed using the shear force as seen in Equation 3.16 [89]:

Fnormalized = Fs
Lframe

L2
fabric

(3.16)

Constants used in the above analysis are summarized in Table 3.10.

Table 3.10: Summary of constants used in analyzing shear data displayed in this section.

Symbol Description Value Unit

Lframe Length of frame member 175 mm
Lfabric Length of sample edge 140 mm
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3.4.5 Results and observations

This section discusses the results and observations obtained by completing the procedures

and analysis outlined in Sections 3.4.3 and 3.4.4. Localized stitch lockup was said to have

occurred when a local set of three adjacent yarns were observed to be in a state of lateral

compression. Total stitch lockup was defined to have occurred when 15 (for outside

stitch area) and 5 (for inside stitch area) adjacent yarns were observed in a state of

lateral compression.

Overall, good repeatability was observed within each specimen group. Only two

outliers were observed in nine trials, one in the sans-stitch group and one in the single

stitch group.

Due to the lack of through-thickness reinforcement in the sans-stitch specimens load-

ing the specimens into the testing frame proved to be more difficult and tedious than

loading the stitched specimens. During sample loading, extra care was taken with sans-

stitch specimens in an effort to maintain the alignment between individual fabric plies.

Regardless of best efforts, during the early portion of the first sans-stitch test, a notice-

able amount of slack was observed in the first specimen, most likely originating during

specimen loading. It was decided that the test had progressed past the point of no return

and the test was allowed to continue. As seen in Figure 3.14, the curve corresponding to

test one displays a slight, early dissimilarity from the following two curves; later portions

of the curves show greater similarity. This is presumably attributed to imperfect loading

of the first specimen.

Sans-stitch specimens two and three returned similar results with good repeatability

between the tests. In these two tests the onset of fibre lockup was observed to occur in

localized areas at shear angles as low as 27o. Total fibre lockup was observed to occur

around 35o of shear, with reinforcement wrinkling beginning beyond that point.

In contrary to what was hypothesized, specimen number two was observed to a display

larger normalized shear force at the onset of localized fibre lockup than at the point

at which fibre lockup occurred over the total sample area. While originally surprising,

Figure 3.14 shows that in all tests conducted the normalized shear force increased steadily

until roughly 20o of shear, where it then began to decrease slightly until roughly 35o

of shear, after which it began to rise exponentially. The brief period of decreasing

normalized shear force may be attributed to tows located in areas where fibre lockup was

observed to occur prior to full reinforcement fibre lockup, slipping toward areas with less
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Figure 3.14: Normalized shear force vs. shear angle for sans-stitch specimens.

fibre crowding.

Stitched specimen were monitored for fibre lockup in two locations, the area bound

within the stitch lines and areas outside the stitch lines. In the case of superimposed

stitch, the area said to be inside the stitch was the area within the intersection of the

stitch lines, located about the centre of the reinforcement. Figure 3.15 illustrates each

area of observation.

The analysis of data collected while testing the single stitch specimens displayed

behaviour closer to what was expected, with the exception of one outlier, test two. This

specimen displayed a curve similar in that of sans-stitch specimens with normalized shear

dipping before growing again, and it exhibited stronger variation in magnitude when

contrasted to test specimens one and three. The curves corresponding to test specimens

one and three displayed behaviour typical of a classical non-linear shear curve [65].

Fibre lockup outside of the single stitch was first observed to develop locally at 29.5o.
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Fibre Orintation 
0o

90o

Sans-stitch Single-stitch Superimposed-stitch

Figure 3.15: Diagram depicting the placement of stitch and on each specimen type. The
area bound by the solid white lines is referred to as ‘outside stitch’ area. The area shaded
in grey is referred to as the ‘inside stitch’ area.

Total fibre lockup was first observed to occur at 35o. Both phenomena occurred at very

similar angles to those observed in sans-stitch tests. Total and localized fibre lockup were

observed to occur at lower shear angles within the area bound by the stitch lines, with

the earliest localized and total onset of lockup observed at 18o and 21o respectively.

The results of tests performed on specimens with superimposed stitch are displayed

in Figure 3.17. All curves generated by the superimposed stitch specimens displayed the

same general trend seen in the classical non-linear shear curves. Test specimen three

exhibits a significant departure in magnitude of normalized shear force when contrasted

with other similar specimens of the same type, however retains similar to other tests.

Fibre lockup outside of the stitch was observed first observed to develop locally at

20o. Total fibre lockup was first observed to occur at 36o. Total fibre lockup occurred at

angles very similar to those observed in both sans-stitch and single stitch tests.

Total and localized fibre lockup within superimposed stitch samples were observed to

occur even earlier than in the single stitch case. Earliest localized and total onsets were

observed at 16o and 20o respectively.

With the exception of the second single stitch test specimen which can be seen in

Figure 3.18, all tests samples displayed reasonably similar behaviour when subjected to

shear. Noticeable differences in magnitude of normalized shear force were seen from

variations in stitch configurations at angles of shear well beyond the onset of fibre lockup

and reinforcement wrinkling.

Tables 3.11 and 3.12 present a summary of the shear angle and normalized shear
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Figure 3.16: Normalized shear force vs. shear angle for single stitch specimens.

force that correspond with the point at which fibre lockup was first observed in localized

areas, noted in the columns labeled ‘Localized onset’. Similarly, the same tables display

identical information relating to the point at which fibre lockup was first observed across

the entirety of the reinforcement. This information is presented as two columns, ‘outside

stitch lockup’ and ‘inside stitch lockup’ which correspond to observations made across

the unstitched area and with the area bound by structural reinforcing stitch. These areas

are defined pictorially in Figure 3.15.

The ‘-’ character is used to denote a value that could not be obtained with reasonable

certainty and hence was omitted. Cells fitted with ‘N/A’ denote that a value can not be

applied to this measurement.

It was observed that the presence of stitching does not affect the maximum shear

angles of entire fibre reinforcements. It was also observed that fibre lockup across a

stitched reinforcement occurs in stages rather than all at once; however, not enough data
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Figure 3.17: Normalized shear force vs. shear angle for superimposed stitch specimens.

was available to isolate any pattern of how stitch configuration influences the lockup

propagation.

It was noticed prior to testing that tows directly underneath the path of the stitches

had been pulled together by stitching tension. This reduced the spacing of tows in the

across-stitch direction, while leaving tows running in the along-stitch direction unaffected,

as seen in Figure 3.19.

Fibre lockup is defined as the angle at which gaps within the fabric close and neigh-

bouring tows contact one another, in a state of lateral compression. Hence, it is logical

that inside stitch tows, which are already confined by the presence of stitch, lock earlier

than those surrounding.

Little variation in maximum shear angle was observed between sans-stitch, single

stitch and superimposed stitch tests in respect to total reinforcement lockup. Variation

in locking angle in inside stitch areas were observed between different specimen groups.
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Figure 3.18: Normalized shear force vs. shear angle for all specimen types and test tests.

The locking angle decreased from a maximum of 34.5o to 20.0o with the addition of a

superimposed stitch. Overall, data displayed greater variability between specimen groups

than variation within.
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Table 3.11: Summary of shear angle at which fibre lockup was observed in reinforcement
specimens.

Outside stitch lockup onset Inside stitch lockup onset
Specimen Test Localized Total Localized Total

type number [deg] [deg] [deg] [deg]

Sans-stitch 1 - - N/A N/A
Sans-stitch 2 27.0 35.0 N/A N/A
Sans-stitch 3 - - N/A N/A

Single stitch 1 29.5 35.0 18.0 21.0
Single stitch 2 35.0 40.0 19.0 34.5
Single stitch 3 - - - -

Superimposed stitch 1 - - - -
Superimposed stitch 2 20.0 36.0 16.0 20.0
Superimposed stitch 3 - - - -

Table 3.12: Summary of the normalized shear force which fibre lockup was first observed
in reinforcement specimens.

Outside stitch lockup onset Inside stitch lockup onset
Specimen Test Localized Total Localized Total

type number [N/mm] [N/mm] [N/mm] [N/mm]

Sans-stitch 1 - - N/A N/A
Sans-stitch 2 0.0793 0.0782 N/A N/A
Sans-stitch 3 - - N/A N/A

Single stitch 1 0.0451 0.0584 0.0366 0.0381
Single stitch 2 0.1770 0.1937 0.2562 0.1765
Single stitch 3 - - - -

Superimposed stitch 1 - - - -
Superimposed stitch 2 0.0695 0.0787 0.0739 0.0695
Superimposed stitch 3 - - - -
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Figure 3.19: Stitching within single stitch specimen number two, before testing. Lateral
compaction of tows in the across-stitch direction is evident. Specimen from CRIAQ
COMP-501 preform: 720-0010-P4. – Along-stitch direction: long-dotted line.
Across-stitch direction: short-dotted line.
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3.5 Evaluation of bending behaviour of COMP-501

preforms

3.5.1 Justification

The demonstrator T-section outlined in Section 3.1 exhibits 90o bends with 4.2 mm inner

bend radii performed on 4.2 mm thick reinforcements. Due to the significant thickness

(4.9 mm prior to processing) of the preforms it is suspected that complications such

as dry fibre buckling will arise during this operation. Furthermore, any stitch inserted

before bending may alter the behaviour of preform during bending, or in more extreme

cases, impart defects to the preform or stitch itself.

In light of the above, the behaviour of preform samples assembled using the CRIAQ

COMP-501 ‘quasi’ lamination sequence was probed in bending. Trials were conducted

on preforms of 4 mm and 8 mm stitch pitch. Tests on these preforms were conducted

with the stitch oriented in directions parallel and perpendicular to the bending axes.

These configurations are discussed below.

3.5.2 Apparatus

The apparatus used for assessing bending behaviour is summarized in Table 3.13 and

includes apparatus discussed in Section 3.2.

Table 3.13: Summary of apparatus used in bending tests.

Item Quantity
Bend test rig 1
Cutting pad 1

Cutting wheel 1

The samples tested in bending were manufactured from JB Martin carbon fibre woven

fabric style ‘TC-06-T’. A data sheet is included in Appendix C. Preforms were assembled

using the CRIAQ COMP-501 ‘quasi’ lamination sequence defined as [((±45)/(0/90))5]S

by C. Leduc, page C.1, Appendix C. Stitched fabric stacks were requested and received



Mechanical Testing 77

in the configuration shown in Figure 3.20. Individual samples were cut from the received

stock along the dashed lines.

Figure 3.20: Geometry of the stock sample received for testing. Short dotted lines
represent stitch lines, long dotted lines represent cutting lines along sample boundaries.

As per the CRIAQ COMP-501 project demonstrator, an internal bend radius of 4.2

mm shown in Figure 3.1 was to be used. Such a radius was outside the capability

of testing equipment available at the University of Ottawa. Commercially available

solutions were investigated, some of which discussed in Section 2.7.3; however, they were

deemed outside of budget.

In order to measure the bending behaviour of fabric samples in a configuration rele-

vant to the CIRAQ COMP-501 project, a custom testing rig was designed and manufac-

tured. Prior to designing the rig, the nominal thickness of test samples was measured.

This measurement was required in order to design the rig so that samples would fit snug-

gly within it, while allowing enough clearance for samples to be loaded without requiring

major disassembly of the rig. The latter was extremely important because excessive



Mechanical Testing 78

disassembly and reassembly of the rig between samples could induce variability within

results. Table 3.14 lists average measured sample thicknesses.

Table 3.14: Average measured thickness of bending samples.

Sample Average thickness

Sans stitch 4.902 mm

Single Stitch 5.410 mm

The complete testing rig mounted in the Instron testing frame appears in Figure

3.21a.

(a) Bending test rig mounted
within the Instron testing frame.

(b) Loaded sample prior to bending test as viewed from
the perspective of the video recording device.

Figure 3.21

The rig was manufactured with a perspex rotating hinge and bend radius, allowing

observation of the inner and outer bend radii during testing. Samples were loaded into

the rig as shown in Figure 3.21b and clamped at one end using a plate secured with two

socket-head cap screws as shown in Figure 3.21.

3.5.3 Procedure

The bending rig was loaded into the Instron testing frame and five dry runs were per-

formed with no sample loaded. The dry run data was plotted and it was confirmed that
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data variations between dry runs was less than 0.15 N; well within an acceptable range.

Using the same plots, it was the concluded that the rig was free any measurable stiction,

producing no data spikes when actuated. Before loading each sample, another dry test

was performed in order to measure the baseline corresponding to frictional and inertial

forces present in the apparatus prior to testing that sample. Samples were cut from the

preform stock as outlined in Figure 3.20, and loaded into the the testing rig as shown in

Figure 3.21b.

The video-recording device was cued to begin capturing right before the Instron

testing frame was instructed to begin the test. Data acquisition was cued automatically

by the Instron testing frame’s systems. Data recording began at the same time the Instron

testing frame began to extend the testing frame. Testing parameters are displayed in

Table 3.15.

Table 3.15: Bending test parameters.

Parameter Value Unit

Extension rate 20 mm/min
Maximum extension 70 mm

DAQ Frequency 5 Hz

Testing was performed twice for each of the three orientations shown in Figure 3.22.

However, one bending cycle was performed per sample. Samples were tested with the

upper side of the stitch on the inside of the bending radius, where the upper side of the

stitch is defined in Figure 3.23b. One test was performed in the underside-in configu-

ration, and is later referred to as ‘underside’. This test was performed using a sample

with a 8 mm stitch pitch; a sample which had been left over after the planned tests were

completed.
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Sans Stitch Perpendicular Parallel

0o

-45o

45o
90o
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A

Figure 3.22: Sample orientations for bending tests and their respective naming schemes.
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where access to the work piece is only 
necessary from one side. The ALTIN 
Nähtechnik has developed two separate 
stitching technologies, the one side stitching 
system, known as the OSS system and a 
tufting system. 

 
4. ONE SIDE STITCHING ( OSS ) 

The core of this system is a robot-guided 
special stitching head ( see fig. 1 ). Its stitch 
formation mechanism is based on the principle 
of the simple chain stitch. This stitch is 
produced by two stitching tools. Both tools are 
manipulated from the top side of the work 
piece, so that it is not necessary to arrange any 
stitch formation element underneath the work 
piece. Only free space for penetration of the 
needles has to be taken into consideration. 
 
The inserting angles of the stitching tools are 
45° and 90°. Although the operational 

principle permits a variation of these angles 
within certain limits, these angles were 
determined to be optimal. The reason is that the 
stitching angle determines the final position of 
the stitching thread in the FRP structure.  

 
The principle of the OSS system is the 
manipulation of a stitching thread by two 
stitching tools, a conventional needle and a 
catcher. Both stitching tools are driven 
translatorically, their moving axes form a point 
of intersection below the stitching material. 
 
The catcher-needle takes over the loop of the 
stitching thread produced by the needle and 
pulls it back through the work piece to the top 
side through the loop of the previously formed 
stitch which is located on the shaft of the 
catcher-needle. In this way the interlocking of 
the stitching thread is formed. The principle of 
the stitch formation is represented in fig. 4. 
 
Unlike other known stitching methods the 
interlocking of the sewing thread on the work 

 

 
Fig. 2 Double Lock Stitch Head 

 

Fig.3 Double Lock Stitch Head in Operation 

 

 
 
Fig. 4 Stitch Formation  
 
 

Fig. 5   Seam Pattern 

(a) One sided stitching
process [90].

(b) Stitch pattern used for all samples in compaction, shear
and bending tests. Stitch visible from the upper side is
shaded grey, from the underside shaded black and stitch ob-
scured within the thickness of the reinforcement is shaded
white [90].

Figure 3.23

3.5.4 Analysis

Similar to the two preceding analyses, a series of dry tests were performed prior to loading

a sample in order to check the rig for any stiction. Dry tests data was used to normalize

the data obtained from actual tests, where samples were loaded in-place. Raw force
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data was normalized using Equation 3.17, where Fi,w represents the instantaneous force

measured at position i with a sample present, and Fi,d is the force measured at the same

position without a sample present.

Fi = Fi,w − Fi,d (3.17)

Geometric analysis of the bending rig was approached using the theory governing

planar crank-slider linkages, Figure 3.24. Angles within the linkage were determined

using the trigonometric relations outlined in Equations 3.18, 3.19 and 3.20 where hi is

the vertical displacement measured. A summary of linkage member lengths at a bending

angle of 0o is presented in Table 3.16. In this table, the length of a linkage member along

a coordinate system axis is denoted with a subscript.

γi = arccos

(
a2 + (bo + hi)

2 − c2

2a(bo + hi)

)
(3.18)

α = arcsin

(
a sin γ

c

)
(3.19)

β = 90− α− γi (3.20)

ε = 90− α (3.21)
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Figure 3.24: Side view and free body diagram of bending test apparatus.

The bend angle, ∆γ, was then calculated as outlined in Equation 3.22 where γi is the

angle γ at the instantaneous position i and γo is the value of angle γ at a bending angle

of nil, or the value of angle γ before the onset of testing. The value of γo for the bending

rig is presented in Table 3.16.

∆γ = γi − γo (3.22)
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Table 3.16: Summary of constants used in bending analysis. Various values correspond
with lengths shown in Figure 3.24

Symbol Value Unit

a 52.66 mm
ax 50.89 mm
ay 13.54 mm
bo 232.07 mm
c 250.83 mm
γo 104.90 Deg

Analysis was carried out by considering the sample as a torsion spring mounted about

the bending axis of the rig. As the sample bends, it introduces reactionary moment on the

rig, about point Po. This moment is calculated as a function of the bending angle. Similar

to experiments carried out towards quantifying the shear behaviour, a slow extension rate

was used in the bending tests. This allowed the use of static analysis.The force transferred

through the linking arm which connects the load cell to the bending rig’s base, FT , is

given by Equation 3.23 where ε is the angle between the link and the horizontal plane as

shown in Figure 3.24.

FT =
Fi

sin(ε)
(3.23)

The summations of forces and moments about point O is given by:

→+

∑
Fy

... 0 = Rox + FT sin(α) (3.24)

↑+

∑
Fy

... 0 = Roy + FT cos(α) (3.25)

x+

∑
O

M
... 0 = ∆x · FT cos(α)−∆y · FT sin(α)−MO (3.26)

where ∆x and ∆y are the instantaneous distance from point Po to the linkage pin

and are respectively expressed as:
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∆x = ax cos(∆γ) + ay sin(∆γ) (3.27)

∆y = ay cos(∆γ)− ax sin(∆γ) (3.28)

Hence the moment MO, required to bend the preform at an angle ∆γ was calculated

using Equation 3.29:

MO = ∆x · FT cos(α)−∆y · FT sin(α) (3.29)

The bending moment was then normalized relative to the width of the sample ws,

Equation 3.30.Widths of all samples are listed in Table 3.17.

Mnormalized =
MO

ws

(3.30)

Table 3.17: Bending sample dimensions and measured mass prior to testing

Test
case

Test
number

Stitch
pitch

Sample
Width
(ws)

Sample
length

Sample
Mass

ASTM D3776
Linear density

[mm] [mm] [mm] [g] [kg/m]

Sans
Stitch

1 - 100 72.5 26.0 1.033
2 - 100 72.5 26.0 1.033

Perpendicular
Stitch

1 4 100 100 39.3 1.132
2 4 100 100 38.8 1.117
1 8 100 72.5 30.0 1.192
2 8 100 72.5 31.0 1.231

Parallel
Stitch

1 4 100 100 40.0 1.152
2 4 100 100 40.5 1.166
1 8 100 72.5 30.0 1.192
2 8 100 72.5 30.0 1.192

Underside - 8 100 72.5 - -
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3.5.5 Results and observations

Analyzed data from bending tests appears in Figure 3.25. In this figure all trials are

superimposed for comparison; specific plots are listed for the various cases in Appendix

A.5.

Sans stitch samples produced the smallest bending moments at any angle. Samples

with a stitching pitch of 4 mm that were bent in the parallel configuration (along stitch

lines) showed greater resistance to bending than those bent in the perpendicular config-

uration. Test samples with a stitching pitch of 8 mm bent in the perpendicular bend

configuration were observed to fluctuate above and below the minimum values recorded

with parallel bend samples with the same stitching pitch. Overall, samples with 8 mm

stitching pitch displayed minimal levels of variability in behaviour and magnitude regard-

less of bending configuration and stitching density; however, bending coefficients varied

more significantly. This is reflected in Table 3.18 which reports the linear slope of best

fit for all samples; equating to the torsional coefficient in ‘N-mm/ mm Deg’.

Table 3.18: Torsional coefficients of obtained from a linear curve-fit.

Test
case

Test
number

Stitch
pitch

Torsional Coefficient (kb)

[mm] [N−mm
Deg

·mm−1]

Sans
Stitch

1 - 0.0005
2 - 0.0003

Perpendicular
Stitch

1 4 0.0042
2 4 0.0038
1 8 0.0034
2 8 0.0031

Parallel
Stitch

1 4 0.0144
2 4 0.0120
1 8 0.0046
2 8 0.0039

Underside - 8 0.0040

Bending the 4 mm stitching pitch samples in the parallel configuration lead to the

largest bending moment. Notable, visual observations were made during testing, includ-

ing potential fibre buckling on the inside radius during 4 mm parallel bend and stitch
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unravelling propagating from cut lines in the 8 mm parallel bend in test number two.

However, these notable events do not clearly appear in the data. Overall, the bending

moment required to form the reinforcement to the bend increases as the stitching density

grows. The greatest bending moment is required when the reinforcement in bent in a

direction parallel to the stitch.
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Chapter 4

Manufacturing Process

Fibre reinforcements for PMC components can be manufactured a wide variety of avail-

able processes, some of which are discussed in depth in Chapter 2. Each process have

unique advantages over others, each excels at producing reinforcements for PMC compo-

nents with distinct geometric features, mechanical properties and production volumes.

Conversely, each process has limitations that leave significant room for improvement in

terms of the reproducibility and efficiency of manufacturing 3D preforms that exhibit

variable thicknesses, net-shape outlines, high drapability and formability.

In previous work by N. Burnford [91], a method for overcoming many challenges fac-

ing the production of reinforcement for manufacturing PMC components was developed

and validated. This work constitutes the foundation of a pre-production reinforcement

manufacturing process developed at and proprietary to the University of Ottawa. This

pre-production process enables the design and manufacturing of textile reinforcements

with variable spacings between adjacent tow yarns, allowing them to be steered. Local

alterations in the tow spacings allow localized adjustments to be made to the forming

behaviour and mechanical properties of the reinforcement. Therefore, by strategically tai-

loring the tow spacings within a reinforcement, it is possible to produce a final-thickness

textile reinforcement that is uniquely suited to easily form to an otherwise complex and

challenging manufacturing geometry.

The process begins with the selection of the desired component geometry. A vir-

tual model of the component is produced from design dimensions or, in the case of

a pre-existing physical model, imported using digital CMM or 3D laser scanner. The

model is then converted into a shell geometry by discretizing it as a continuous mesh of

88



Manufacturing 89

three-noded triangular elements. The mesh is loaded into proprietary kinematic drap-

ing software named uO-Drape [91]. The software is used for simulating the draping

of a bidirectional fabric with constant tow spacings over the mesh surface, enabling

the identification of areas featuring excessive in-plane shear where draping may become

problematic, as well as the maximum fabric coverage. The operator is then prompted to

define a parameter to be maximized or minimized; parameters include vf , in-plane shear,

fibre orientation and area covered by the draped reinforcement. Similarly, the operator

must provide the software with information regarding the nominal tow spacings (for ar-

eas where spacings will remain constant), along with and the maximum & minimum

spacings constraints, to maintain tow spacings within a manufacturable bounds.

An iterative algorithm which is embedded within the software is used to alter tow

spacings by shifting node positions, where node positions corresponds to the unique

intersection point of a warp and weft tow. The algorithm uses process shown in Figure

4.1 and computation continues until convergence occurs. (Information regarding the

uO-Drape algorithms and software can be found in within [91]).

138 
 

maximised, the original configuration is kept and the new configuration is discarded. The 

decision to keep or discard the new configuration completes one iteration of the optimisation 

process, for which the algorithm is shown in Figure 4-3. 

 

Calculate the 
value of the 
parameter to 

maximise

Store the yarn 
spacing and 
fishnet arrays

Calculate the 
value of the 
parameter to 

maximise

no

yes

Drape the non-
optimised textile 

onto the geometry

Modify the yarn 
spacing at a 

random location 
by a random 

amount

Drape the textile 
with the modified 

yarn spacing 
configuration onto 

the geometry

Fitness level of 
the modified configuration > 
Fitness level of the original 

configuration?

Replace the 
original 

configuration with 
the modified 
configuration 

Discard the new 
configuration and 

revert to the 
original 

configuration

 

Figure 4-3 Algorithm for the Software Optimisation of a Variable-Length Textile 

 

4.2.1. Optimisation Parameters 
 

Several parameters need to be defined to ensure that optimisations are carried out 

efficiently and that their results lead to textiles that can be manufactured. The first parameters are 

the maximum and minimum allowable yarn spacings, which define the range of yarn spacings 

permitted for a particular optimisation. As the yarn spacing is increased the space available to 

each yarn increases, but this may reduce the fibre volume fraction. If the yarn spacing is 

decreased the fibre volume fraction will increase but the yarns may deform out-of-plane if forced 

to occupy a space that is too constrained. Ideally, the maximum and minimum values are 

relatively similar to the initial yarn spacing, defined as the yarn spacing of the non-optimised 

Figure 4.1: Variable spacing fabric optimization algorithm [91].

The optimized design is displayed as a virtual fabric draped over the surface mesh

where tow paths and intersection points are highlighted. The operator has the ability

to inspect the design and map the node spacings and tow paths from their draped

configuration identified in the reference frame of the surface mesh to a flat configuration

in a planar reference frame. This numerical transformation is referred to as undraping
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and it is critical to the process; to be clear, undraping is only ever done in software as

a part of the preform design process. The physical preform is manufactured flat, and

undraped as the first step in PMC manufacturing. Undraping transforms the designed

preform from its shell configuration (draped) into a flat configuration that is used for

preform manufacturing. After manufacturing, the flat reinforcement may be immediately

processed or stored and transported to an offsite facility for further processing into a

PMC component at a later time. As the reinforcement is manufactured using dry fibres

and without using tackifiers, it does not require cold-storage and it has an open-ended

shelf-life.

Upon intent to process a flat reinforcement into the shell geometry for which it was

designed, the reinforcement is removed from storage and placed on or within an LCM

mould, typically requiring no further layup. As the reinforcement is draped into its

geometry, in-plane shear built into the flat preform upon undraping is reversed, allowing

the reinforcement to fit its intended shape with ease.

Variable tow spacing reinforcements were manufactured manually in prototype quan-

tities (at the University of Ottawa), which were used to validate the process experimen-

tally. However, manual manufacturing is not a viable process in terms of production

efficiency and reproducibility; neither is manual manufacturing capable of producing

preforms in quantities required for large-scale production.

The keystone for implementation of the UO manufacturing process, hereon referred

to as the uO-Tow process, is an efficient and reproducible method for producing the re-

inforcements. By mechanizing the manufacturing processes a high degree of component-

to-component repeatability can be achieved. Automating the manufacturing process re-

moves a significant degree of human involvement, furthering manufacturing repeatability

and efficiency.

Towpreg laying appears ideal for producing variable tow-spacing reinforcements, though

towpreg laying’s use on the use of prepreg semi-products limits its practicality and vi-

ability due to two key factors; namely, reduced ease in storage and processing of the

semi-product and most importantly, the inherent tackiness of prepreg limits the ability

of the tow to bend in-plane – a mechanism vital to the process. Similarly, production

of variable tow-spacing reinforcements is beyond the capability of current fabric weaving

machinery.

Implementation of the uO-Tow process is reliant on the availability of a manufac-

turing process tailored to its specificity while addressing the issues of efficiency and
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reproducibility facing current 3D preform manufacturing. The remainder of this chapter

is devoted toward outlining the design, manufacturing and development of the propri-

etary pre-production machinery used for automating preform manufacturing, designed

to be compatible with the aforementioned tailoring process. Mechanical, electrical and

electromechanical systems and interfacing thereof will be discussed in detail.

4.1 Overview of the manufacturing process

Physical preform manufacturing occurs in two distinct operations, implemented in two

distinct machines: the laydown machine (LM) and the contour stitching machine (CSM).

Manufacturing begins on the LM, a CNC-device with four axes of motion and two ser-

vice axes. The LM tracks above a part-specific manufacturing substrate while depositing

individual tows. Deposition continues until the specified preform geometry and thickness

are reached. The deposited tows are then transferred to the second machine, CSM, where

a thermoplastic or semi-structural stitch is inserted to assemble the tows into a preform.

The stitch secures the tows into final position; when sewn with a semi-structural thread

it can provide limited through-thickness reinforcement.

4.2 Laydown machine

4.2.1 Introduction to the laydown machine (LM)

The laydown machine (LM) was developed to automate the tow placement operation,

Figure 4.2. The machine operates on principles similar to those of tape or towpreg laying

systems, however the development of the LM is centred around deposition of dry carbon

tows, most commonly using 12k tows.

Carbon tows are deposited via a specially developed deposition head that is able to

track above a large aluminum base using electromechanical actuators.

The tracking system incorporates a total of four positional actuators, three linear

(X,Y,Z) and one rotational (A), providing precise open-loop control of the deposition

head’s position, velocity and acceleration in four degrees of freedom (DOF). Additionally,
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the LM has two service axis (V,C); the V axis is used to control the tow payout system

and the C axis is used to control the cutting system. Tows are deposited by tracking the

deposition head along the intended trajectory and coordinating tow-payout with tracking

velocity.

By coordinating motion along linear axes X and Y with rotation around the A axis,

curved tow paths can be deposited in the X–Y plane, allowing production of reinforce-

ments with local variations in tow spacing. Similarly, tow paths may be curved to better

orient fibres along principal loading axes or to navigate around cutouts and other struc-

tural or assembly features.

Figure 4.2: The laydown machine.

Laydown begins by positioning and levelling of the substrate designed for the intended

reinforcement geometry, Section 4.3.3.4. The deposition head is brought in contact with

the substrate reference point and the head position is registered. A continuous carbon

tow is loaded into the deposition head and final pre-operation checks are performed. The
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LM is programmed by loading a specific NC program and a cue for machine start is

given, beginning tow laydown.

4.3 Laydown machine systems and components

The LM features various systems, namely the machine control unit (MCU), tracking, tow

payout and manufacturing substrate systems. These systems and their main constituents

are summarized in Table 4.1 and discussed in respective sections.

Table 4.1: Systems of the laydown machine and their main constituents.

System Constituents

MCU PC, main board, motor drivers, sensors and PSU

Tracking
Stepper motors, ball screws and ball nuts, linear bear-
ings and rails and gantry platforms

Tow-Payout Tow spool, feed & cut mechanisms and feed nozzle
Manufacturing substrate Substrate and transport frames

4.3.1 Laydown machine Machine control unit (MCU)

The MCU is the system responsible for receiving human instructions as NC-code or direct

input, logging machine position, performing kinematic and trajectory calculations and

providing electrical input/output connections necessary to drive stepper motors, monitor

sensors and interface with peripheral devices, Figures 4.3 and 4.4. It is the system

which provides power, control and regulates all electrical systems. The MCU features

various subcomponents including a PC, logic controller, break-out boards, motor-drivers

(power-electronic amplifiers), power supply units (PSUs), limit switches, heat sinks and

peripheral connections. Table 4.2 presents a summary of the components and quantities

found within the MCU. The internal layout and main component relationships within

the MCU are depicted in Figure 4.5.
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Figure 4.3: The MCU’s internal components.
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1 2
3 4

5

Figure 4.4: Rear of the MCU housing and its peripheral connections. 1 V axis connector
(tow payout), 2 C axis connector (cutting), 3 limit switch connector, 4 USB in, 5
AC/DC in .

Table 4.2: Major components housed within the machine control unit (MCU).

Function Component Quantity
Human interface device (HID) PC 1
Main logic control board Mk2 1
Breakout board - 2
Motor driver Unipolar Stepper Motor Chopper Driver 6
Power supply unit (PSU) 40VDC - 10A Linear PSU 1
Power supply unit (PSU) 9VDC PSU 1
Fuse 3A - 250V AGC slow blow fuse 7
Cooling/heat management 9VDC - 0.25A 60 mm x 60 mm fan 1
Peripheral connectors 5 pin DIN connector 6
Peripheral connectors 8 pin DIN connector 1

The MCU controller housing is fitted with several receptacles intended for specific

input and output connections, Figure 4.4. Six 5-pin and one 8-pin threaded DIN con-

nectors were installed to attach the six stepper motors and limit switches respectively,

Figure 4.4. One IEC 60320-1-C14 connection was fitted to provide 120VAC line voltage
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to the linear PSU which services the stepper motor drivers. A usb 2.0 type B receptacle

was fitted to the housing to provide direct interface with the main board. Not pictured

in Figure 4.4 is the 9VDC PSU, which has no connection port, but instead is attached

directly to the MCU housing. The 9VDC PSU services the main board and cooling fan.
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4.3.1.1 Mk2 main control board

The main board housed within the MCU is a model Mk2 manufactured by Planet-CNC,

Figure 4.6a. The main board interfaces via USB 2.0 with a PC running Planet-CNC

software, namely CNC-USB. CNC-USB provides a machine-operator interface, allowing

the MCU to be programmed with previously written G-code1 file used in manufacturing,

and manual control of the machine’s motion (‘jogging’) which aids in machine setup.

G-code programs are processed in sequential block-by-block order by the CNC-USB

software and transmitted to the Mk2 board via the USB connection; each instruction

block is processed and transmitted after complete execution of the previous. Position

data is stored within the Mk2 board and transmitted back to the computer in real-

time, allowing it to be monitored by the machine operator. Kinematic calculation are

performed by the Mk2 board using the stored current position, active coordinate system

and desired motion commands.

(a)
(b)

Figure 4.6: (a) Mk2 CNC controller board [85] (b) relevant connection busses on the
Mk2 controller.

The MCU main board communicates using digital logic signals at ∼ +5VDC. When

motion of a given axis is requested the main board transmits the corresponding digital

1For more information on G-code see Section 2.8.1.
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instruction signal to the axis’ corresponding motor driver. The motor driver translates

the instructions signal from the format used by the main board into that understood

by the stepper motor. Then, the motor driver amplifies the signal to deliver it at the

intensity required to drive the stepper.

Table 4.3: Features of the Mk2 board [85].

Features

• 100 kHz maximum step frequency
• 7 digital outputs
• 12 µs minimum pulse width
• manual jog input keys for all axes
• limit keys for all axes
• 5 general inputs
• 8 control inputs for pendant or similar device
• SD card support for running G-code without computer
• control external devices with I2C protocol

4.3.1.2 Motor drivers

Instruction signals sent from the Mk2 main board are incapable of interfacing directly

with a stepper motor; signals from the Mk2 differ in format from those expected by a

stepper and lack the required power required to drive a motor. As a result, intermedi-

ate motor driver circuits which boost and translate the low power signals sent by the

Mk2 are installed between the Mk2 and each stepper motor. The motor driver circuit

boards selected for the application are ProboStep unipolar motor drivers manufactured

by Probotix® , built around the Sanken® SLA7078MPR power management integrated

circuit (PMIC) with built-in control system and translator. Each driver board is capable

of servicing one 8-wire unipolar stepper motor rated to an operational maximum of 44V

and 3A. Six unipolar motor drivers are housed within the MCU.
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Figure 4.7: Diagram of one of the six identical motor drivers. Labelled items are: 1
Vref trimmer, 2 Vref & GND test points, 3 mode switches, 4 power LED.

Aside from providing the signals necessary to drive stepper motors, motor drivers

provide a failsafe mechanism within the MCU system. The driver boards are the only

circuits within the MCU that are connected to the high-voltage PSU. Their isolation

(physical and electrical) from the remainder of MCU circuitry provides a barrier, imped-

ing the spread of damage that may be caused by an electrical malfunction or spike.

Each motor driver board also contains an electrical current regulator to limit the

maximum electrical current supplied to each phase within a connected stepper motor;

this is vital for preventing motor damage and damage to the motor driver itself. The

regulator may be adjusted to any value of current less than or equal to the motor driver’s

maximum current (3A); all motor drivers installed within this project were adjusted to

provide their respective motor with its maximum safe-working current, Table 4.7. This

enabled each motor to provide its maximum rated output torque.

The motor driver’s current regulation setting was verified by reading the voltage

across the Vref test points (Figure 4.7) while the motor driver is fully powered but not
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connected to a motor2,3. The current limit value is obtained by comparing the voltage

read with the specifications shown in Table 4.4. The current limit is adjusted4 via the

Vref trimmer (Figure 4.7), by matching the read Vref to that prescribed within Table 4.4.

Table 4.4: Table of Vref for setting desired motor current limits.

Current per phase Vref
[Amps] [Volts]

0.5 0.07
1.0 0.15
1.5 0.22
2.0 0.29
2.5 0.36
3.0 0.44

4.3.1.2.1 Heat management

A heat sink is required to cool the PMIC of any motor driver that provides more than

1A per phase. Every motor driver used within this project is set to provide a minimum

of 2.0A and requires a heat sink. The heat sink installed complies with manufactures

recommendations: a 25.4mm×25.4mm×3.175mm (1′′×1′′×1/8′′) aluminum T-section

attached to the PMIC with thermally conductive paste and #4-40 machine screws.

MCU housings were shipped from the retailer with three motor drivers installed,

which were all attached one long T-section heat sink in no particular order. While

retrofitting the MCUs to support six motors, motor drivers were mounted on a similar

but larger heat sink in order of descending current-limit setting. The cooling fan was

retrofitted for installation nearest to motor drivers providing the largest output current,

to direct cooling on the most stress-ridden circuitry.

Following retrofit of the LM’s MCU more torque was sought from the (2.0A – 180 oz-

in) C axis motor which serves to actuate the tow cutting mechanism. The torque provided

2Motors connected while making adjustments may experience excessive heating. Temperatures in
excess of 100oC are harmful to most stepper motors; internal melting and seizing may occur.

3Motor drivers with an output in excess of one amp per phase are required to have a heat sink.
Extreme care must be taken when providing power to any motor driver without a heat sink.

4For more information see Appendix C, Page C.3
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by the motor was already at its maximum, hence a stronger 3A- 280 oz-in motor was

installed and the current regulator within the C axis motor driver was raised to 3A.

Periodic monitoring of heat sink temperature was performed following the upgrade in an

effort to ensure that the C axis motor driver was being cooled properly by the distant fan.

C axis heat sink temperatures remained stable under high-load operation and relocation

of the motor driver in closer proximity to the cooling fan was deemed unnecessary. The

final order of the motor drivers within the MCU is summarized in Table 4.5.

Table 4.5: Table showing the order of the motor drivers as mounted within the laydown
machine MCU housing.

Position from fan 1 2 3 4 5 6
Axis X Y Z A V C

Current (A) 3 3 3 2 2 3
Designation lin. lin. lin. rot. payout cut

4.3.1.2.2 Driving Modes

The Probostep motor driver supports five drive stepping modes, namely full-, half-,

quarter-, eighth- and sixteenth-step, with two variations of the full-step and half-step

drive modes which are named mode F and mode 8. The drive mode is selected via the

setting the mode selector switches shown as 3 in Figure 4.7 to one of the configurations

shown in Figure 4.8.

Figure 4.8: Diagram of driver operational mode switches [92].

In single-phase operation the motor driver provides power to a one phase (A/Ā or

B/B̄) within the motor at any given time, and torque is induced on the rotor is the
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sole contribution of the single energized phase. In mode F and mode 8 the motor driver

operates in a two-phase configuration, simultaneously providing current to two perpen-

dicular stepper phases (A/Ā and B/B̄), Figure 4.9. In this case both energized phases

induce torque on the rotor; the total torque is equivalent to the vector sum of the phase

contributions. Mode F delivers the maximum rated current-per-phase to both phases

(100% current ratio between phases) and provides maximum torque output, Figure 4.9a.

Mode 8 delivers 70% of the maximum rated current-per-phase to both phases (70% cur-

rent ratio between phases), resulting in reduced torque output, Figure 4.9b. In mode F

and mode 8 perpendicular motor phases are energized equally causing a 45o shift in the

detent (rest) positions, Figure 4.9 and Equation 4.4.

A A

B

B

−

−

CWCCW

(a)

A A

B

B

−

−

CWCCW

(b)

Figure 4.9: Full-step phasor diagram in (a) mode 8 and (b) mode F.

Figure 4.9a shows the operation of full-step mode F where coils A and B are both

energized at a 100% current ratio. This results in a torque that is greater than the

motor’s rating in single-phase operation; the resulting torque produced is proportional

to the magnitude of the vector summation of orthogonal current ratio vectors IA and IB,

Equation 4.1. The shift in detent positions is equal to the shift in phasor angle θ and is

given by the trigonometric relation in Equation 4.3.
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Phasor length =
√
I2
A + I2

B (4.1)

=
√

100%2 + 100%2 (4.2)

= 141.42% torque

Mode 8 operates by clipping all current ratios delivered to each phase (IA, IĀ, IB, IB̄)

to 100%(sin 45o) ≈ 70.7%. This results in a phasor length of 100%, where the motor pro-

duces 100% of its single-phase rated torque – providing marginally smoother operation,

Figure 4.9b.

Phasor angle = arctan (IB/IA) (4.3)

= arctan (100%/100%) (4.4)

= 45o

Half-step operation is enabled by superimposing single-phase and two-phase operat-

ing configurations. Like full-step operation, it is available in both Mode F and Mode

8 configurations, Figures 4.10a and 4.10b respectively. Half-stepping has eight detent

positions and provides smoother operation than any full-step driving mode. Half-step

mode F allows the motor to alternate between 100% and 141% of the rated torque out-

put, at times providing greater torque than half-step mode 8 at the expense of smooth

operation.

All motors and motor drivers used in developing the LM and CSM were set to operate

in full-step mode F.
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(b)

Figure 4.10: Half-step phasor diagram in (a) mode 8 and (b) mode F.

Table 4.6: Warnings and cautions for motor driver operation.

Warnings and cautions

• Turn off box and wait one minute before disconnecting any motor or inductive loads.
Failure to do so will result in destruction of the motor driver.
• Ensure that cooling fan always provides substantial flow over the motor driver heat
sinks when they are powered.
• A heat sink and fan is required by any motor driver that is operating a motor rated
at more than 1A.
• Never remove a connection to the stepper motor with power applied. There is a

possibility that the SLA7078 IC will be damaged. The SLA7078 is rated for 46VDC
max. The PSU voltage should be limited to 42VDC to allow for back electromotive
force (EMF) generated by the stepper.

4.3.2 Tracking system

The tracking system features of components that allow machine elements to move and

hold a precise position. These components consist of stepper motors which provide

mechanical input, and various machine elements for converting the stepper motors’ ro-

tational motion into linear motion. These components include various bearings, rails,
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gears, ball screws, ball-nuts and carriages. Carriages are stable platforms that serve as

a mounting base for components that are intended to move via an electromechanical

actuator. Carriages can be manufactured to allow motion in a linear or rotational path.

4.3.2.1 Linear motion

Three linear axes of motion exist on the LM, namely axes X, Y and Z. The X, Y and Z

axes have a maximum travel of 83.8 cm (33”), 81.3 cm (32”) and 5.1 cm (2”) respectively,

Figure 4.11. Linear axes have displayed reliable motion at rates in excess of 508 cm/min

(200 in/min) and accelerations of 2.54 mm/2 (1 in/s2), however while depositing a tow

absolute feed rate was capped to a maximum of 323 cm/min (127 in/min), the maximum

reliable deposition rate attainable by the deposition head, Section 4.3.3.

+x

+y

+z

Figure 4.11: Laydown machine top view: solid arrows are machine’s coordinate system;
hollow arrow is substrate’s first pin (Section 4.3.3.4.8).
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For linear motion, components are mounted upon a carriage supported by linear

bearings and rails such that a single degree of freedom exists along the rails’ axis. Each

carriage is coupled with a ball nut which is fixed within the reference frame of the carriage

and a ball screw that runs parallel to the rails’ axis, and is fixed within the stationary

reference frame, Figure 4.12. Rotating the ball screw about its axis causes the respective

carriage to translate along its linear bearings. Conversely, when no rotation is induced

on the ball screw the carriage remains fixed within its current position and little to no

holding torque is required on the shaft to prevent back drive.

1
2

3 3

4 4

4 4
5

5

6 7

8

9

Figure 4.12: Linear motion actuator, top view: 1 stepper motor, 2 flexible shaft-
coupler, 3 ball screw bearing-blocks, 4 linear bearings, 5 linear rails, 6 ball screw,
7 ball nut, 8 carriage, 9 stepper motor mount.

4.3.2.2 Rotational motion

The A axis is the only rotational DOF on the LM. The A axis allows the deposition head

to rotate within a range of ±135o

Original plans called for the A axis stepper to couple directly with the deposition

head, allowing it to be rotated. It was originally hypothesized that the 1.8 degree full

step resolution provided by the stepper motor would provide adequate control. However,

upon testing several problems were encountered. The first was brought by nozzle offset,

the distance between the axis of rotation and the deposition nozzle end, Figure D.1,

which amplifies small discrepancies in angular position to unacceptably large deviations

on in-plane position. The second problem stemmed from the large rotational inertia of

the deposition head, which the motor struggled to accelerate or decelerate via a direct

drive. The third and most significant problem of this initial design surfaced while at-

tempting to maintain steady position of the deposition head: the directly coupled motor

was incapable of suppling sufficient holding torque. While coming to a stop, the motor



Manufacturing 108

allowed the deposition head to oscillate at significant amplitude and for a significant

time before coming to rest near the motor’s detent position. Once at rest, it was noticed

that minimal disturbances caused by interaction of the deposition head with the manu-

facturing substrate would induce further oscillation. This underdamped behaviour had

a detrimental effect to laydown performance, frequently causing the machine to deposit

misplaced tows, hence a solution was sought.

The first solution considered involved configuring the A axis stepper to operate in the

half-step mode F microstepping mode. Half-stepping the motor would double the number

of detent positions to one detent every 0.9o. It was originally proposed that increasing

the number of detent positions would reduce the amplitude of oscillation, reducing the

overall settling time. This was confirmed, however it was also noticed that disturbances

acting on deposition head caused increased interference and position errors.

Half-step mode F operates in a one-two phase mode, switching between single-phase

and two-phase operation every step. Hence, the holding torque at detent positions ex-

cited by two-phase operation located along phasor angles of 45, 135, 225, 315 degrees

is equivalent to the holding torque in the previously used full-step mode F. However,

holding torque at detent positions excited in single-phase operation along phasor angles

of 0, 90, 180, 270 degrees is significantly reduced, leading to problems. In light of the

aforementioned a solution involving the use of a reduction gearbox was probed.

4.3.2.2.3 Gearbox

A reduction gearbox placed between the stepper motor and the rotating deposition head

would increase the holding torque well beyond the level sought, eliminating any measur-

able oscillations of the deposition head. Secondly, implementing a gearbox would largely

increase the precision of the rotational axis. In view of these advantages, a reduction

gearbox was installed.

The gearbox sourced for the application was a Carson 23SP010 10:1 single stage

planetary gearset with specified maximum backlash of six arc-minutes. This gearbox

was selected because of its inline profile where input and output shafts remain coaxial,

and standard NEMA-23 input and output dimensions; the gearbox is designed to be

compatible with and to mimic the motor geometry, requiring no modification to the

existing motor mount. Figure 4.14, item 8 shows the gearbox and its installation

configuration.
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After installation of the gearbox, concerns about the linearity of axis response arose,

spawning an investigation. The deposition head was rotated to eight positions inter-

preted as nondimensional values by the MCU and a machinists’ protractor was used

for measuring the resulting angle. The data was plotted and a curve fit displaying the

head angle to MCU position transfer function was created, Figure 4.13. The response of

rotational A axis displayed satisfactory high linearity.
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Figure 4.13: A axis (deposition Head) MCU position vs. actual position

4.3.2.3 Motors

The stepper motors used in the LM are eight-wire NEMA-23 frame motors supplied by

Probotix® . Each motor has a full-step resolution of 200 steps/rev or 1.8o/step and is
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wired in a six-wire unipolar configuration. Motors were selected with consideration to

dimensional constraints and torque requirements. Table 4.7 provides a summary of the

motors selected for each axis and application.

Table 4.7: Summary of stepper motors used in the laydown machine.

Axis Current Actuation Role Model # Max torque
[A/Phase] HT23-× [N-m (oz-in)]

X 3 Linear Drive X carriage 400-8 2.82 (400)
Y 3 Linear Drive Y carriage 400-8 2.82 (400)
Z 3 Linear Drive Z carriage 280-8 1.98 (280)
A 2 Rotational Rotate deposition head 180-8 1.27 (180)
V 2 - Tow payout 180-8 1.27 (180)
C 3 - Tow cutting 280-8 1.98 (280)

Motors must be installed with due regard to shaft alignment. Misalignment in coupled

rotating shafts is problematic not only during assembly, but also during operation. Mis-

alignment is a source of vibrations and contributes to premature wear/failure of bearings

and shaft components. In an effort to minimize such problems, components supporting

and mating with other rotating bodies such as ball-screw bearing blocks were manufac-

tured to tight tolerances on a CNC work centre. Shims were used for making minor

adjustments in alignment while installing these components. Flexible shaft-couplings

were used as a final defence in joining rotating components; bearing-blocks and motor

mounts were designed to incorporate flexible couplings. Such couplings have intrinsic

dampening effects and aid in reducing vibrations that are generated within the stepper

motors during normal operation.

Table 4.8: Warnings and cautions for motor operation.

Warnings and cautions

• Motor connectors on the MCU do not provide identical power output. Be aware of the
current supplied by each connector before plugging in a peripheral. For more information
on the power provided to each axis see Figure 4.5.
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4.3.3 Tow payout system

The deposition system is the part of the deposition head that is responsible for physically

placing tows in sequence to construct a preform. It consists of various components

including a tow reservoir spool, various tow feeding and guiding components, a tow

cutting mechanism and manufacturing substrate.

4.3.3.1 Tow payout subsystem

The tow payout subsystem features components that facilitate the payout of tows onto the

manufacturing substrate, Section 4.3.3.4. The tow payout subsystem assembly is often

referred to as the deposition head. This subsystem features components such as the tow

reservoir spool, inbound tow tensioner, routing rollers, tension roller, payout roller, feed

nozzle, compressed-air pressure regulator and pneumatic distribution subsystem, Figure

4.14.

Carbon tow is stored within the reservoir spool, which is mounted on bearings that

allow the spool to rotate freely and expel stored stock, Figure 4.14 1 . The inbound tow

tensioner 2 contacts the reservoir’s outside walls and can be adjusted to apply variable

pressure; friction created by the contact induces a drag force on the spool, allowing the

tow to be tensioned. As the tow leaves the reservoir spool it passes over the routing

roller 3 , guiding the tow in a 90 degree bend and positioning it in between the traction

rollers 4 and 5 .

One driven 5 and one idle 4 traction roller are used to unwind the tow from

the reservoir spool. The idle roller is mounted on an adjustable spring-loaded swing-

arm, which applies a contact pressure onto the driven roller via the tow sandwiched

between. The compressive pressure increases the friction between the driven roller and

tow, eliminating slip from occurring and ensuring that an accurate length of tow is

deposited at a rate matching that of the deposition head.

The driven traction roller is connected to the V axis stepper motor via a 1:1 timing-

belt drive, hence the length and rate of tow payout is calculated with Equations 4.5 and

4.6 respectively. Figure 4.14 shows the path of the carbon tow as it unwinds from the

tow reservoir travels over the routing roller 4 , between the drive roller tensioner and

drive roller 4 and 5 respectively, and through the feed nozzle 6 . The tow is shown

as a thick solid line when it is externally visible and as a dotted line when it is obscured

by the feed head components.
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Figure 4.14: Components of the payout system: 1 tow reservoir, 2 inbound tow ten-
sioner, 3 routing roller (idle), 4 traction tension roller (idle), 5 driven traction roller,
6 feed nozzle, 7 A axis stepper motor 8 planetary gearbox, 9 C axis (cutting) step-

per motor, 10 V axis (payout) stepper motor, 11 cutting carriage, 12 head-rotation

bearing, 13 fixed blade, 14 cutting block.

Ltow = θvrdr (4.5)

L̇tow = ωvrdr (4.6)
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4.3.3.2 Tow cutting system

The tow cutting system is actuated at the end of a tow laying cycle to separate the

deposited tow segment from the remaining stock within the deposition head and its

reservoir spool. The components of the tow cutting system are shown and listed in

Figures 4.15 and 4.16.

Cutting is achieved by shearing the tow between two sharp blades. One blade is

fixed in the frame of reference of the deposition head. The other blade is mounted on

an arm which allows rotation. This arm is called the cutting carriage, Figure 4.14 11 .

The cutting carriage is powered by the C axis stepper motor via a straight bevel-gear

drivetrain, Figure 4.15 2 .

The cutting carriage also supports two spring-loaded pressure pads and a mechanism

for adjusting their position relative to the moving blade, Figure 4.15 8 . During the

cutting cycle, the pressure pads apply pressure to the tow via contact on both sides of the

blade, fixing it into place and preventing the blade from uprooting the deposited portion

of tow. The pressure pads also keep the tow taut during the cutting cycle, improving

the reliability of the cutting mechanism and reducing the amount of tow fraying arising

at the cut, which is important to reliable operation of the deposition nozzle.

4.3.3.2.4 Cutting cycle

The cutting cycle is initiated at the end of every tow laydown cycle by activating the

C axis stepper motor. Tow payout is stopped and the carriage-arm pressure pads and

moving blade move toward the cutting block and tow, Figure 4.16. Pressure pads make

first contact with tow, above and below the blades. The carriage-arm continues to rotate

toward the tow 7 , compressing the pressure-pad springs 6 and exposing the tow to

the moving blade 3 , Figure 4.16. After the moving blade makes full contact with the

tow, a high-frequency vibration is induced into the moving blade, as this was noticed to

improve cutting reliability. Then, the carriage-arm is retracted, marking the end of the

cutting cycle. In order to ensure that a complete cut is made, the cutting cycle may be

programmed to repeat several times after each tow is deposited, Section 5.2.2.
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Figure 4.15: Front view of tow cutting mechanism: 1 C axis stepper motor, 2 bevel
gears, 3 cutting carriage arm, 4 fixed blade, 5 moving blade, 6 tow, 7 top and bot-
tom pressure pads, 8 pressure pad position adjustment screw, 9 cutting shaft bushing

lower mount, 10 cutting shaft.
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Figure 4.16: Top view of tow cutting mechanism; thick lines in payout position, thin
lines in cutting position. Parts: 1 cutting block, 2 fixed blade , 3 moving blade, 4
top pressure pad, 5 drive shaft, 6 pressure pad springs, 7 tow, 8 cutting carriage
arm.
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4.3.3.3 Feed nozzle

The feed nozzle plays an extremely important role that consists in precisely placing the

tows into their final position on the manufacturing substrate. Its proper operation is

critical to the success of the manufacturing process; in its development, multiple design

iterations were required prior to arriving at a reliably working prototype.

4.3.3.3.5 Design requirements and challenges

The use of dry fibres in the uO-Tow process introduces specific challenges not typically

faced by towpreg and tape-laying manufacturing processes. Prepreg tape and tows are

received on large spools, where each layer of material is separated with a paper backing

that prevents adjacent layers from adhering to each other. In towpreg and tape laying

this paper backing typically travels with the material until the material meets the tool

surface, where the fibres adhere to the surface and the paper backing is peeled away,

traveling back into the placement head and collected onto a spool, Figure 2.10. Following

a cutting cycle, the paper backing, which remains intact, behaves like a heaving line and

provides a reliable method for guiding the next piece of prepreg material through the

guiding channel and onto the tool surface, Figure 2.10. Dry tows are not adhesive and

they are supplied without a paper backing. Hence a system that is capable depositing dry

tows requires a different technique to enable tow feeding to resume after a cut is made.

This required the development of a nozzle through which a cantilevered and sometimes

frayed tow-end could be fed reliably by a drive roller that is mounted upstream. This

posed a challenge analogous to pushing a thread through the eye of a needle that is

essentially equal in diameter to that of the thread, as there is a strict practical limit

to nozzle width, which is discussed in this Section and Section 4.3.3.4. In addition the

nozzle is a relatively long tube which contains a significantly sharp bend.

Towpreg and tape laying processes utilize the tack of prepreg materials by pressing

them onto the tool surface during deposition, so that the materials adhere to and maintain

their position on the surface. This is not possible with dry tow fibres. Hence, the uO-Tow

process requires the use of a unique substrate to maintain the position of tows, and the

feed nozzle had to be designed so that it would be compatible with said substrate. This

substrate is discussed in Section 4.3.3.4.

In summary the deposition system required a feed nozzle design capable of:

• positioning tows accurately.
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• positioning tows such that they remain in position throughout the remainder of

the process.

• reliable operation after a cutting cycle (rethreading the fibre though the nozzle

without jamming).

• reliable operation during a laydown cycle (no jamming during fibre payout).

4.3.3.3.6 Design iterations

The first nozzle design was a simple guide channel, Figure 4.17. It was manufactured

from aluminium and attached under the cutting block. This nozzle design consisted of

a single static open channel which was intended to guide the tow through a 90o bend

and onto the manufacturing substrate. In testing, the design operated unreliably. Tows

often became jammed within the nozzle’s sharp bend which caused them to buckle. This

resulted in tows derailing out of the channel’s guiding walls and deviating from their

intended trajectory.

Figure 4.17: First nozzle design attached to the deposition head’s cutting block.

Following a lack of success with the static nozzle design it was conjectured that a tow

which passed through a nozzle in a state of tension would be less prone to buckling and

jamming, leading to more reliable operation. Several designs of an active feed nozzle were
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considered. These designs incorporated stepper motor driven rollers and/or conveyor

belts which were mounted downstream from the cutting mechanism, in an effort to guide

the tow to the substrate’s surface while maintaining tension within the fibres. The driven

components were positioned as close as possible to the nozzle’s end in an effort to impart

tension along the entire length of tow passing through it, Figure 4.18.

(a) (b)

Figure 4.18: (a) First active feed nozzle, shown without belts installed. (b) Second active
feed nozzle design.

The first active feed nozzle design, Figure 4.18a, was tentatively approved prior to

beginning the design of the manufacturing substrate. The feed nozzle used a large com-

paction roller and guide channel which were driven by externally arranged belt pulleys,

Figure 4.18a. When it was realized that a substrate featuring guiding needles was re-

quired as described further in this chapter, unavoidable geometric interferences between

the drive mechanism and substrate pins surfaced. The feed nozzle design was revised ex-

tensively to relocate the driving mechanisms within the feeding channel. Revisions were

extensive and so the modified design was referred to as the second active feed nozzle

design.

The second active nozzle design used two rear-driven conveyor belts to deliver the tow

to the substrate’s surface, Figure 4.19. One conveyor was positioned above the tow and

the other below it, sandwiching the tow moving toward the substrate. The width of the

final guiding channel was required to be no more than 6.0 mm to ensure compatibility
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Figure 4.19: Second active feed nozzle installed within the deposition head.

with the pin-board type substrate. However, the width of belts and their respective

pulleys had to be greater than or equal to the nominal width of 12K tows (≥4 mm) in

order to prevent fibres from becoming caught around pulley shafts or between belts and

the channel’s walls. As such, this spared less than 2 mm for the channel structure, pulley

shafts and bearings. Nonetheless, the active nozzle design was completed and sent to the

UO machine shop to be manufactured. Most of components were manufactured without

complications; however, making the final channel structure proved more complicated.

Attempts at machining the component’s thin cantilevered sections failed due to excess

cutting chatter, which ultimately caused the bit to bite into the thin material and destroy

it. When manufacturing was attempted using sheet metal forming operations, required

tolerances could not be achieved.

Problems extended beyond manufacturing and into the versatility of the nozzle, which

was extremely limited. If a reinforcement design was to require wider tows, this nozzle

would be incompatible. The whole nozzle up to the cutting block would have to be

changed to a scaled-up version, requiring further manufacturing. High cost, lack of ver-

satility, potential lack of reliability and challenges in manufacturing lead to abandonment

of this design.

Problems encountered while manufacturing the thin geometry found in the active
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feed nozzle design brought about the notion that of a type static feed nozzle could be

manufactured using a one-step additive manufacturing process. Such a nozzle design

would be exempt from many of the constraints imposed when designing a component for

manufacture by conventional CNC machining. Additionally, production of a feed nozzle

using additive manufacturing is significantly quicker than machining. As such, the time

between nozzle prototype design and testing is greatly reduced, allowing more tuning of

a design within a given time. A fleet of feed nozzles with various widths and geometries

may be produced quickly, allowing a range of tow sizes. Inquiries into the cost associated

with 3D printing a polymer feed nozzle revealed that outsourcing to a printshop was

orders of magnitude less expensive than machining. On this notion, the green light was

given to produce a first nozzle using additive manufacturing.

The first additive design sported a geometry largely similar to the initial static nozzle

design, with a variable curvature and fully enclosed channel, Figure 4.20a. This was done

in an effort minimize tow jamming and stop tows from escaping the guiding walls of the

nozzle. The nozzle was manufactured by ShapeWays® using a which Multijet Modeling

process which produces components from a UV curable acrylic plastic resin, Appendix B,

Page B.2. The process produces high resolution components with a smooth surface finish

and is capable of wall thicknesses as small as 0.3 mm. The cured plastic is translucent,

allowing the tow to be viewed as it passes through it. Testing was performed with the

component mounted on the deposition head; this revealed that the tight curvature near

the end of the nozzle lead to frequent jamming.

The nozzle was removed from the deposition head and its end was trimmed using a

bench mill. This removed the tight bend near the nozzle’s end, slightly increasing the

minimum radius of curvature of the nozzle. The modified nozzle underwent successive

cycles of testing and material milling until a profile that performed well was found.

This eventually lead to destruction of the first nozzle, but provided extremely insightful

information that was used in designing following versions of the feed nozzle: versions

two, three and four.

Feed nozzle version two exhibited a gentle curve sweeping to a final angle of 25 de-

grees with the substrate, Figure 4.21a. This nozzle operated with greater reliability than

the first design. The frequency of tow jamming was greatly reduced. However, jamming

still occurred approximately once every five laydown cycles, requiring improvement. The

design also showed occasional problems in terms of interaction with substrate pins, specif-

ically with pins that had been bent previously. Pins sometimes would deflect towards
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(a) (b)

Figure 4.20: Additive manufacturing feed nozzle version one; (a)full view (b) section
view.

the wrong side of the nozzle, damaging them further while placing the tow incorrectly.

(a)
(b)

Figure 4.21: Additive manufacturing feed nozzle version two; (a)full view (b) section
view.

The third version of the additive feed nozzle featured two improvements over version

two. The channel inlet was widened and large radii fillets were added to usher tows back

into the correct path should the become astray, Figure 4.22b. The outside profile on

the nozzle’s leading face was altered from a pure parabolic profile to be slightly more



Manufacturing 122

pointed in an attempt to better guide the nozzle through the manufacturing substrate.

The change in the leading face profile resolved the issue where pins were deflected to the

wrong side of the nozzle.

(a) (b)

Figure 4.22: Additive manufacturing feed nozzle version three; (a)full view (b) section
view.

The fourth version of the additive feed nozzle is the final design to date, Figure 4.23a.

Though the internal and external profiles are identical to those of the third design, this

nozzle is drastically different from it predecessor. The nozzle contains two additional

channels above and below the tow channel, Figure 4.23b. Compressed air is flowed

though these channels to induce an area of low pressure at the tow channel inlet and

provide a virtually frictionless cushion of air for the tow to ride on while traveling through

the nozzle. The incorporation of this pneumatic conveyor further improved the overall

reliability of the nozzle and largely eliminated tow jamming. Much improvement was

noticed during tow clearing performed following a cutting cycle to remove the remaining

portion of tow from the feed nozzle, whereas before the tow would occasionally remain

stuck in the nozzle.



Manufacturing 123

(a) (b)

Figure 4.23: Additive manufacturing feed nozzle version four; (a) full view, showing top
air channel inlet (b) section view, showing top and bottom air channels.

4.3.3.4 Manufacturing substrate

The manufacturing substrate is the flat surface onto which steered tows are deposited.

Dry tows are non-adhesive and non-tacky; as such, they are easily displaced from their

position after they are deposited. Preforms that featured steered tows and variable tow

spacings pose a greater challenge: variations in tow spacings requires the tows to bend.

Carbon tows, which are made of extremely stiff, linear elastic filaments are resistant

to bending and store significant amounts of strain energy as they are bent. Following

such a deformation tows are unstable, and if left unconstrained they will distort into a

configuration of lower strain energy. The type of distortion that may occur is influenced

by the orientation in which the original deformation was incurred and by the presence of

fixities acting upon the tow. If a tow is deformed in-plane and left unconstrained, it will

naturally straighten itself while remaining in-plane, thus reaching a state of lesser strain

energy.

Tows that are constrained with absolute fixities at both ends and are not able to

straighten may still distort to achieve states of lesser strain energy. Consider the tow

shown in Figure 4.24, which exhibits a 90o in-plane bend where both tow ends are fixed.

The bend occurs about neutral axis A–A; in this configuration the second moment of

area is large and so is the stored strain energy. However, in accommodating constant

fibre lengths the tow may twist about its longitudinal axis, resulting in bending occurring

about the neutral axis B–B, Figure 4.25, which exhibits a lesser second moment of area,
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and hence lower strain energy.

A

A

Figure 4.24: Tow bent in-plane without distortion.

In the context of the deposition system a substrate design that is capable of main-

taining tow position (prohibiting tows from straightening) and orientation (prohibiting

tows from twisting) is required. Several substrate design concepts were considered; the

first was inspired by Tow placement studies for liquid composite moulding, by CD Rudd

et al. [73], which discusses a dry fibre placement technique that relies on a manually

applied polymer/latex tackifier and porous suction bed to maintain fibre position.

A porous bed suction type substrate offers many advantages, including design simplic-

ity, ease of manufacture and ability to function for a wide range of preform geometries.

However, the use of a porous bed type substrate is also riddled with problems. Firstly,

the large volume of air which is drawn continuously toward and through the preform

is saturated with environmental pollutants, leading to preform contamination during

manufacturing which may disqualify preforms from use in manufacturing high-quality

components. Furthermore, as preforms are manufactured layer–by–layer contaminants

would accumulate between each layer, worsening the problem. While a clean room envi-

ronment could be utilized to solve contamination issues, clean rooms require large capital

investment and continuous operational costs which would be prohibitive for many man-

ufactures. Secondly, while suction provides a strong hold on the first layer of deposited

tows, the holding force acting on layers deposited subsequently is minimal, requiring
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B

B

Figure 4.25: Tow bent in-plane with distortion.

tackifiers to hold these layers. As the uO-Tow manufacturing process is to avoid the use

of tackifiers, a substrate design incorporating porous suction was ruled out.

A substrate which uses induced electrostatic charges to attract and hold fibres was

considered. Electrostatic forces can act though previously deposited tow layers and

apply a holding force on tows that are currently being deposited. Similarly to suction

type substrates, electrostatic substrates display large part–to–part versatility and operate

irrespective of preform geometry, subject to the preform fitting within the substrate’s

active area.

Electroadhesive systems have been demonstrated in machine-assisted preform layup

where electrostatic attraction provides a mechanism for gripping fabric plies in perform-

ing pick-and-place layup operations. Such operations use manually-assisted ergonomic

cranes or automated robotic arms [93–95]. Attraction forces are induced by a charge that

is accumulated between one or more parallel-plate capacitors. In one-sided electrostatic

gripping devices an alternating series of positive and negative electrodes are mounted

within the gripper substrate and are charged using a voltage on the order of several

kilovolts [94], Figure 4.26. A smooth surfaced dielectric material is used for separating

the electrode from the fabric.
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3. PROTOTYPE ROBOTIC HANDLING SYSTEM 

In general, there are two types of EGD, viz. dual-pole and single-pole, as shown in 
Fig. 2. The dual-pole device has both positive and negative poles on the gripper 
substrate. Once a high voltage is applied between the two poles, the dielectric is 
subject to an electric field, and therefore polarized. The polarization induces charges 
on the fabric surface, resulting in an electrostatic force. The strength of the electric 
field is inversely proportional to the spacing between the two opposite poles. The 
closer the poles are placed, the stronger is the electric field, and hence the higher is 
the electrostatic force generated. But a close gap between two poles risks arcing, and 
therefore reduces the reliability. In practice, air was often trapped between the poles 
of the dual-pole device, shown in Fig. 2(a), causing frequent arcing. Monkman and 
Taylor have carried out extensive research on dual-pole EGD for handling clothing 
fabrics [12, 13]. However, little work has addressed the arcing problem. 

In the single-pole device, the conducting surface is unipolar and simply connected 
to a high voltage as shown in Fig. 2(b). The electric field is generated between the 
positive plate and the earthed bench. In handling conductive fabrics such as carbon 
fibre, this configuration is very similar to the parallel-plate capacitor model illustrated 
in Fig. 1. 

The comparison of the single-pole and the dual-pole EGD has identified the 
single-pole device as the preferred choice. The research efforts were then concen- 
trated on the design and implementation of a robotic end-effector using the 
single-pole configuration. The prototype robotic system based on the modular cell 
EGD is illustrated in Fig. 3. Experimental results show that with this approach, once 
the carbon fabric is lifted from the bench, the divergence of the external electric field 
is sufficient to retain the fabric on the gripping surface during transportation. The 
EGD is programmable and controlled by the host computer. Sensors are being 
investigated and developed, and will be integrated with the gripper. Figure 4 
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Fig, 2. Schematic diagram of dual-pole and single-pole EGD. 

Figure 4.26: Dual-pole electrostatic gripper [94].

An electrostatic substrate for dry tow deposition is subject to the same contamination

problem which plagues suction bed substrates. The forces that attract tows to the

substrate also attract dust and other pollutants, contaminating the preform; the level of

contamination is typically proportional to the electrostatic charge within the substrate

and to the time duration which the preform rests on the active substrate.

Electrostatic charge is a hazard to the machine’s electric systems and operator. A

substrate of a practical size typically stores significant electric charges while operating.

As such, failure of the substrate’s electrical insulation may cause a discharge into the LM,

easily destroying all electric components and systems therein. Similarly, if the substrate

was to discharge accidentally into the machine’s operator it could result in a fatality.

Due to potential risks of such a system and limited design experience with high-voltage

electrical systems, this type of substrate design was abandoned.

4.3.3.4.7 Final design

The final manufacturing substrate prototype was inspired by the apparatus used for

maintaining tows in position when variable tow spacing preforms were manufactured

manually as a proof of concept to the uO-Drape theory. This original apparatus, re-

ferred to as a pin-board, consisted of hundreds of stiff steel pins embedded into a thick

polymethyl methacrylate – a transparent thermoplastic (PMMA) plate, Figure 4.27. Pins

were placed into drilled holes located at 4.0 mm nominal intervals to support tows on

both sides of each tow path. The placement of the pins ultimately dictated the preform

geometry and the paths of tows running therein, hence a given pin-board corresponds to

a specific preform and part geometry.
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Figure 4.27: First prototype of a laydown machine manufacturing substrate, for produc-
tion of 0o/90o preforms.

The original pin-board design is incompatible with the final version of the LM. Firstly,

stiff pins were spaced at intervals nominally equal to the width of a 12K tows, 4.0 mm.

As such it was not possible to design a feed nozzle capable of passing between the stiff

pins while guiding the tow, which requires some thickness of material to be present along

each side of the nozzle.

A new type of a pin-board was designed; the prototype was geared toward production

of constant spacing 0o/90o bidirectional reinforcements with straight tows, Figure 4.28.

This was designed to allow pins to spread apart when in contact with the nozzle, allowing

it to pass though. After the nozzle ends contact with a pair of pins they immediately

return to their neutral position, Figure 4.29a. In their neutral position, the pins are in

contact with the recently deposited tow on both sides, generating frictional forces which

hold the tow in place, Figure 4.29b.
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Figure 4.28: Final substrate base design; shown without pins inserted.



Manufacturing 129

Ʌɢɫɬɨɜ� Ʌɢɫɬ�

Ɇɚɫɲɬɚɛ Ɇɚɫɫɚ Ʌɢɬ�

ɍɬɜ�
ɇ��ɤɨɧɬɪ�

ɉɪɨɜ�
Ɍ��ɤɨɧɬɪ�

Ɋɚɡɪɚɛ�
Ⱦɚɬɚ ɉɨɞɩ� ʋ�ɞɨɤɭɦ� Ʌɢɫɬ ɂɡɦ�

ɋ
ɩɪɚɜ��ʋ

�
ɉ
ɟɪɜ��ɩɪɢɦ

ɟɧ�
ɉ
ɨɞɩ��ɢ�ɞɚɬɚ

ɂ
ɧɜ��ʋ

�ɞɭɛɥ�
ȼɡɚɦ

��ɢɧɜ��ʋ
ɉ
ɨɞɩ��ɢ�ɞɚɬɚ

ɂ
ɧɜ��ʋ

�ɩɨɞɥ�

6ROLG:RUNV
��5866,$

Ɏɨɪɦɚɬ�Ⱥ� Ʉɨɩɢɪɨɜɚɥ

(a) Front view, pins’ neutral positions show in dotted line; solid lines show pin’s deformed
positions.

(b) Top view, interaction of feed nozzle and substrate pins.

Figure 4.29: Interaction of feed nozzle and substrate pins.
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Pins were cut from 0.305 mm diameter spring steel wire and glued into sockets, holes

drilled at 0.343 mm in diameter and 6.35 mm in depth. The socket holes were drilled

at the bottom of 6.35 mm deep by 3.43 mm wide recessed groves, providing clearance

for the pins to bend gradually in purely elastic deformation that allowed the pins to

return to their neutral positions, Figure 4.29a. Implementation of these recessed groves

prohibited pins from being placed around each tow intersection point; as such, pins were

arranged in a courser grid made of single spaced pin rows in ten tow-width intervals.

In testing the substrate prototype functioned as intended, allowing the feed nozzle to

progress through the pins easily and smoothly while holding the tows in position. Pins

were removed in an effort to determine a minimum pin density required for successful

operation; it was determined that the substrate functioned properly with as few as four

pins per tow, two supporting each tow at each end, when depositing tows along straight

paths, Figure 4.30. As such, and in effort to reduce substrate’s manufacturing time,

subsequent manufacturing substrates featured variable pin densities, where as few as

four pins per tow were used for straight tows and higher pin density was used in areas

exhibiting variable tow spacings and tow curvatures, Figure 4.31.

Figure 4.30: Pins within the substrate supporting 0o/90o preform, enlarged and not to
scale.
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Figure 4.31: Manufacturing substrate and frame for producing preforms for manufactur-
ing a automotive side-mirror; designed by MASc candidate L. West.

In complementary operations, a steel frame is positioned around the substrate pin-

board, Figures 4.31 and 4.32. Double-sided adhesive tape is placed along the frame

perimeter prior to beginning tow deposition, after each tow layer is deposited and after

the final tow layer. A second, identical steel frame is then superimposed over the first

and the two are clamped together, adhering to and compressing the tow ends. This frame

is critical in aiding transfer of the unfinished preform from the LM to the CSM.
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Figure 4.32: Manufacturing substrate frame

4.3.3.4.8 Registering substrate position

A limitation of the pin-board type substrate is that it must be placed in a known position

relative to the LM; it must also be aligned with the X and Y coordinate axes of the

machine. An error in position or orientation of the substrate will result in tows being

deposited into the pins rather than between them, causing damage to the substrate and

feed nozzle alike.

Prior to operating the LM, the pin-board’s orientation is verified with a dial-indicator

that is clamped onto the deposition head. Jogging the deposition head in the X or Y

direction while the indicator’s stylus is in contact with the substrate’s edge confirms that

the substrate is well aligned with the respective axis. If required, adjustments are made.
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Once the substrate is aligned its position must be registered with the MCU. This is

achieved by zeroing the X and Y axis positions as the feed nozzle’s end is located directly

above and centred on the first pin closest to the machine’s origin, Figure 4.11. This is

performed by jogging the deposition head in the Y direction at an orientation of 0o to

the point where side-contact is first made between the feed nozzle’s end and the first pin.

The head is then jogged in the reverse direction, one thousandth of an inch at a time

until contact no longer exists, at which time the Y position of the deposition head is set

equal to −(nozzle width/2). To register the substrate’s X position the deposition head is

brought up to the safe height, rotated to ±90o, and side-contact is made with the same

pin, followed by reversing the head position incrementally until contact ceases. The X

position is then set to −(nozzle width/2).

4.4 Contour stitching machine (CSM)

4.4.1 Introduction to the contour stitching machine

The contour stitching machine (CSM) is an automated two-sided stitching machine, the

second machine used within the uO-Tow manufacturing process, Figure 4.33. The CSM

inserts lock stitch lines into the preform in the through-thickness direction. The stitch is

primarily intended to hold tows within the position they were deposited in; transforming

the output of the LM from an organized but loose stack of tows into a sturdy preform

able to withstand handling and processing operations. Stitching may be performed with

thermoplastic or semi-structural thread. When the latter is used, limited structural

through-thickness reinforcement may be provided. A thread weight of 27-60 Tex [g/km]

is typically compatible with the CSM stitching head.

One important feature of preforms manufactured using the uO-Tow process is that

in order for them to be drapable, stitch lines must be implemented along paths that

correspond to those of the tows. If tow paths are curved, stitch lines must be curved,

requiring a device such as the CSM for creating them.

CO-OP student Hèlène Fortier compiled a tutorial video showing how this process is performed
properly and efficiently.
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Figure 4.33: Trimetric view of CSM CAD assembly. Conveyor belts are hidden to show
underlying rollers.

Stitch points may be inserted at variable density along a stitch line. However, gen-

erally a pitch of least one stitch per tow is inserted, holding each individual tow. The

pattern most commonly used inserts a stitch over each tow, where the sewing needle

inserts stitch at the points were substrate pins contacted tows during deposition, Figure

4.30. Preforms specifically manufactured to comply with a uO-Drape produced design

must be stitched along the path of tows, Figure 4.34.



Manufacturing 135

(a) Variable tow spacings reinforcement produced for
a Bombardier Aéronautique aircraft fairing. Features
steered yarns.

(b) Preform produced for a thermal bypass fairing for a
turbofan engine.

Figure 4.34: Stitching path lines used in various aerospace demonstrator components.
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4.4.2 CSM systems and components

4.4.2.1 Motors and tracking system

The CSM uses a system of conveyors belts to transport the preform along the X direction,

through the opening of a robotic two-sided stitching head. The stitching head is mounted

on a linear carriage, enabling it to move perpendicularly along the Y direction, Figure

4.36. Together, the motions provided by the conveyors and stitching carriage form the

basis for motion of the stitching head relative to the preform, in the X – Y plane.

Four conveyors are used to translate the preform between the stitching head’s open-

ing, Figure 4.35. There are two conveyors on each side of the stitching head, where one

conveyor is mounted to support the preform from below, and the other applies compres-

sive pressure from above. This pressure maintains the position of tows which have yet

to be stitched.

Each conveyor is driven by a single roller that is coupled directly to a dedicated

stepper motor that operates at 3A per phase. The top two motors, hence conveyors

rotate in the direction counter-to that of the bottom motors and all four motors are

driven at identical feed rates to synchronize the speed of the four conveyors. This allows

the preform to travel across the stitching gap without wrinkling or becoming distorting,

Figure 4.35.
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Figure 4.35: Side view of the CSM; 1 stitching gap, 2 preform and frame, 3 Y axis
linear carriage, 4 X axis conveyor steppers, 5 stitching head and Z axis stitching head
stepper, 6 X axis top conveyors, 7 sewing needle, 8 rotary hook bobbin, 9 X axis

bottom conveyors, 10 base chassis, 11 top carriage alignment screws.
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Each top-side conveyor is mounted on their its own one-piece laser cut aluminum

chassis. This allows the two conveyors to be removed for loading/unloading a preform.

After the top-side conveyors are removed, the preform in its support frame is placed

over the stitching gap and the top conveyors are reinstalled over the preform. The

top conveyor chassis are aligned and mounted to the remainder of the machine via four

alignment screws, Figure 4.36. Wing-nuts are screwed onto the alignment screws and may

be tightened over the chassis, applying additional compressive pressure to the preform.
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Figure 4.36: Top view of the CSM shown with top-left conveyor removed and top-right
conveyor semi-transparent; 1 alignment screws, 2 X axis top-right conveyor chassis, 3
stitching head, 4 Y axis stitching head carriage, 5 preform/frame, 6 X axis conveyor
steppers, 7 Z axis stitching head stepper, 8 X axis bottom-left conveyor, 9 X axis

bottom-left conveyor drive roller, 10 Y axis carriage stepper.
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The stitching head is mounted to a linear carriage that tracks in the Y direction. The

stitching carriage is of identical design on that used in the LM, Section 4.3.2.1. Power is

provided to the ball screw by a 2.82 N-m (400 oz-in) stepper motor operating at 3A per

phase, Table 4.9.

Table 4.9: Summary of the stepper motors used in the CSM. All motors are operated in
full-step microstepping mode F.

Axis Current Actuation Role Model # Max torque
[A/Phase] HT23-× [N-m (oz-in)]

X 3 Linear Drive X conveyor (bottom-left) 400-8 2.82 (400)
U 3 Linear Drive X conveyor (bottom-right) 400-8 2.82 (400)
V 3 Linear Drive X conveyor (top-left) 400-8 2.82 (400)
W 3 Linear Drive X conveyor (top-right) 400-8 2.82 (400)
Y 3 Linear Drive Y carriage 400-8 2.82 (400)
Z 3 - Drive stitching head 280-8 1.98 (280)

Conveyor width was set at 585 mm (23”) which determines the maximum preform

and stitching width. As a preform must remain within the conveyors to be supported

properly, the CSM is limited to stitching an area of 4000 cm2 (585 mm × 684 mm).

Some geometries may be stitched in two stages, allowing preforms up to 8000 cm2 to be

stitched.

4.4.2.2 Stitching Head

The stitching head was manufactured using an existing design discussed by S. Audette

in his MASc thesis titled Mechanical Properties of Aerospace Composite Made from Mul-

tilayer 3D Carbon Fibre Preforms, 2014 [96]. The device was retrofitted with a stepper

motor and mounted on the Y axis linear carriage. The stitching head chassis was man-

ufactured from three CNC-machined aluminium sections and the chassis was outfitted

with sewing assemblies and mechanisms harvested from a Brother® commercial sewing

machine. Some mechanisms were not installed on the new head chassis as their func-

tionalities were absorbed by other components or not needed. For example, the action

carried out by the feed dogs was absorbed by X axis conveyors and the Y direction

carriage. Similarly, the original machine’s stitching pattern, width and length selector

mechanisms were removed and their actions overridden.
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The chassis was manufactured to accept a NEMA 23 frame-mounted stepper motor

for replacing the OEM 120 VAC drive motor, allowing the MCU to control the stitching

mechanism precisely. A Probotix® 1.98 N-m (280 oz-in) stepper motor was coupled to

the stitching mechanism’s input drive shaft via a timing-belt with 12.7 mm width and

0.508 mm pitch. Light-weight acetal timing-pulleys were used to produce a 22:7 reduc-

tion, multiplying the maximum torque available to 6.2 N-m at the stitching mechanism’s

input drive shaft.

4.4.2.2.9 Stitching cycle

A single stitching cycle produces a single stitch point, which is created by a single

advance–retract motion of the needle and a single revolution of the rotary hook type

bobbin. A stitching cycle is completed by advancing the stitching mechanism’s drive

shaft by one revolution. As a result, the Z axis which is allotted to control the motor

that drives the stitching mechanism is calibrated so that it produces a single revolution

of the stitching drive shaft when instructed to advance by one unit.

4.4.2.3 Contour stitching machine MCU

The MCU designed for controling the CSM is essentially identical to the MCU used in

the LM, Section 4.3.1. As such, this section outlines the differences between the LM

MCU and the CSM MCU. Components and quantities housed within the CSM MCU

are identical to those of the LM’s MCU, Section 4.10. The two exceptions are the low

voltage PSU and the cooling fan which respectively provides and operates at 12VDC.
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Table 4.10: Major components housed within the CSM machine control unit (MCU).

Function Component Quantity

Human interface device (HID) PC 1

Main logic control board Mk2 1

Breakout board - 2

Motor driver Unipolar stepper motor driver 6

PSU 40VDC - 10A linear PSU 1

PSU 12VDC - 1 A 1

Fuse 3A – 250V AGC slow blow fuse 7

Cooling/heat management 12VDC - 0.9A 60 mm x 60 mm fan 1

Peripheral connectors 5 pin DIN connector 6

Peripheral connectors 8 pin DIN connector 1

The layout of the CSM MCU is identical to the LM’s MCU, Figure 4.37. All motor

drivers were adjusted to provide steppers with 3A per phase and therefore, their order

of arrangement differs from that used within the LM MCU. Hence, motor drivers were

arranged according to their duty cycle, where the most frequently used circuits were

positioned closest to the cooling fan, Table 4.11. The fan which services the motor driver

circuits was upscaled to provide increased air flow and cooling.

Table 4.11: Table showing the sequence of the motor drivers as mounted within the MCU
MCU housing.

Position from fan 1 2 3 4 5 6
Axis X U V W Y Z

Current (A) 3 3 3 3 3 3
Designation linear linear linear linear linear -
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(a) Upper MCU housing-half. Mounted within:
Mk2, breakout boards, motor drivers, periph-
eral connections, heat sink and cooling fan.

(b) Lower MCU housing-half. Mounted within:
40VDC PSU and fuses. External but pictured:
12VDC PSU.

Figure 4.37: Contour stitching machine MCU

Table 4.12: Warnings and cautions for CSM MCU operation.

Warnings and cautions

• Turn off box and wait for 1 minute before disconnecting any motor or inductive loads.
Failure to do so will result in destruction of the motor driver.
• Ensure that cooling fan always provides substantial flow over the motor driver heat
sinks when they are powered.
The cooling fan receives power from the 12VDC PSU.
Ensure that the 12VDC PSU is receiving line power before attempting to power-on
the MCU.



Chapter 5

Software Implementation

5.1 Laydown post-processor background

The software algorithms discussed within this chapter are the foundation of the post-

processor. The post-processor, which is written in the MATLAB language, is used for

translating the design outputs obtained from the uO-Drape software into G-code which

is used to run the LM and CSM.

The post-processor can be broken into numerous elements: sub-operations and sub-

routines. Each elements performs a distinct function that contributes to generating a

G-code file. Many of these elements are required in multiple instances through a sin-

gle run of the post-processor and hence, they appear repeatedly within this chapter.

However, their algorithms do not change and so, are outlined at the point of their first

appearance. This Chapter outlines how G-code is generated by the post-processor via

progressing through the flow of the post-processors main algorithm, which shown by

Figure 5.1.

Running of the post-processor starts by providing the two files obtained from a uO-

Drape simulation, Section 5.2.1. Next, the post-processor is passed a number of param-

eters by the user. These parameters inform the post-processor about the aspects of LM

and CSM operation which are independent of the manufacturing geometry; parameters

include: tow laying rate, feed rate and how many time the tow cutting cycle should be

repeated per tow. Section 5.2.2.1 provides details regarding these parameters. Next, an

NC file is created and is initialized with headers that format the file for the LM and

142
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CSM, Section 5.2.2.1. The position generator is summoned to calculate the coordinates

for where tow intersections are located. This computation is described Section 5.3.1.

After intersection coordinates are determined, the X and Y direction G-code generators

can begin writing G-code instructions to the NC file, Section 5.3.2. The tow cutting

and clearing G-code generator that is described in Section 5.3.3 is summoned after each

laydown cycle to separate the tow from the deposition head.
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Start

Input operation parameters – Table 5.1

Initialize NC file write and header blocks

Build X and Y position arrays

X tow direction G-code generator – Figure 5.4a

More tows to
lay in X

direction?

Y tow direction G-code generator – Figure 5.4b

More tows to
lay in Y

direction?

Preform final
thickness
reached?

End

yes

no

yes

no

no

yes

Two Layers

Figure 5.1: Post-processor for G-code generation (pointGenerator.m) flowchart.
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5.2 Inputs and outputs

5.2.1 Input: uO-Drape tow spacings lengths

After a composite component’s preform is designed in uO-Drape by the process discussed

in Section 4.1, tow paths within the designed preform are mapped onto flat for manu-

facturing. uO-Drape outputs this flat design as a set of two CSV files, which contain

the name of the design and an appendage: ‘XLengths’ or ‘YLengths’. The XLengths file

contains tow spacings along the X direction and the YLengths file contains spacings along

the Y direction, where the spacings stored correspond to locations of tow intersections.

The XLengths and YLengths files each consist of a 501 row by 501 column array.

Where the row and column indices map to the physical rows and columns of tows in

the grid-like arrangement in which they appear within the preform. For example, the

initial spacing in the X direction between the 14th and 15th tows running in the general

X direction is given by the cell XLengths[15, 1]. uO-Drape always outputs Lengths files

of size 501 by 501, limiting the maximum dimensions of a manufacturing geometry to

approximately 501 tow-widths by 501 tow-widths. However, larger preforms may be

manufactured by manually combining multiple uO-Drape outputs and inputting them

into the post-processor.

When the lengths files are inputed to the post-processor they are mapped to two

501 by 501 arrays within the working memory of the post-processor respectively named

xfile and yfile; these files are of identical format to the lengths files. As only non-zero

and positive array indices are permitted within the MATLAB programming language,

median tows in the centre of the preform are mapped to the median row and column

within each array: row 251 and column 251. Following this notation, the tow intersection

located in the top-right corner of the preform corresponds to indices [1, 501].

5.2.2 User input: machine operation parameters

The post-processor requires the user to input machine operation parameters. These

parameters control the machine’s tracking speed as well as other aspects that ensure

reliable and safe operation. The operation parameters and their default values are dis-

played in Table 5.1. As they are critical to safe machine operation, parameter values are
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intentionally provided in imperial units.

Table 5.1: User provided machine running parameters; the unit presented for each pa-
rameter is critical to proper machine operation.

Parameter Symbol
Default

value
Unit

Geometric parameters

Nozzle offset length R 1.0 [in]

Forward cutting length - scissor advance fcl 150.0 [1]

Backward cutting length - scissor return bcl 3.0 [1]

Tow bleed length yb 0.0 [in]

Tow height yh 0.0079 [in]

Feed nozzle length nl 3.5 [in]

Feed-from height (must have fh > ch & fh <

sh)
fh 0.25 [in]

Spool-out height (ch < fh < sh) ch 0.0394 [in]

Safe (rapid) height (sh > fh > ch) sh 0.875 [in]
Tow clearing length (distance traveled to allow

the tow to eject from nozzle after each lay)
ycl 4.0 [in]

MCU position for deposition head at 90o noznine 233.3 [1]

MCU position for deposition head at -90o nozineneg -233.3 [1]

Non-geometric parameters

Compaction pause after each layer (1 for yes, 0 for

no)
pau 1 [1]

Number of cutting cycles cn 3 [1]

Rates

Feed rate fs 90.0 [in/min]

Plunge rate ps 10.0 [in/min]

Nozzle preload rate ns 36.0 [in/min]

Nozzle clearing rate cs 35.0 [in/min]

Head rotation rate hs 200.0 [1/min]

Cutting rate cfs 200.0 [1/min]
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5.2.2.1 Output: NC-file initialization

First a NC file is created and four initial code blocks are written to it. The code blocks

are:

%

G20 (inch selection)

G17 (XY plane selection)

G90 (absolute coordinates)

These blocks format the file as G-code which will operate with the LM or CSM. The

fist block informs the MCU where the code begins, and the following three insure that

machines will run as intended1.

Three more code blocks are appended to the file:

G40 (cancel tool radius compensation)

G49 (cancel tool length offset)

G80 (cancel canned cycles)

These blocks are used to cancel any programmed cycles or position offsets, which may

remain within the MCU’s memory from previous manufacturing operations.

5.3 Algorithms, sub-operations and subroutines

5.3.1 Position generator

The position generator is used for converting the xfile and yfile arrays into two new

arrays, xpos and ypos, that store the cartesian coordinates of the tow intersection

locations. Similarly to the xfile and yfile, the indices of the xpos and ypos corre-

spond to the row–column address of tows forming an intersection point. For example

the index [1, 3] indicates the intersection of the first tow running along the X direc-

tion and the third tow running along the Y direction. Following this convention, the

1The MCU will not function properly unless imperial units are used. Hence, several variables and
constants within this chapter are intentionally presented in imperial units.
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cartesian coordinates corresponding to the intersection of the aforementioned tows are

(x, y) = (xpos[1, 3], ypos[1, 3]) and the coordinates corresponding to the preforms origin

are (x, y) = (xpos[251, 251], ypos[251, 251]) = (0, 0)

Coordinates of the tow intersection points are summing the spacing lengths. Sum-

mation starts at the xfile’s or yfile’s median column or row respectively, and ends at the

index that corresponds with the coordinate being calculated, Figure 5.2. X positions are

computed using an outward row-wise summation along solid lines within Figure 5.2a,

where summations are additive in the +a direction and subtractive in the −a direction,

Equation 5.1 and 5.2 respectively. Y positions are computed using an outward column-

wise summation along solid lines within Figure 5.2b, where summations are additive in

the +b direction and subtractive in the −b direction, Equation 5.3 and 5.4 respectively.

(a) X positions array generator sequence (b) Y positions array generator sequence

Figure 5.2: Post-processor position generator summation sequence, solid lines; dotted
lines show the next summation performed after the previous is complete [91].

The X coordinates of tow intersection points within the first and fourth quadrants

are calculated using Equation 5.1; where the X coordinate of an intersection located at

index [i, j] is given by:
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xpos[i, j] =

j∑
n=252

xfile[i, n] (5.1)

i ∈ Z|1 ≤ i ≤ 501 and j ∈ Z|252 ≤ j ≤ 501

In the second and third quadrants, the X coordinate of a tow intersection point at

index [i, j] is calculated using Equation 5.2:

xpos[i, j] =
250∑
n=j

−xfile[i, n] (5.2)

i ∈ Z|1 ≤ i ≤ 501 and j ∈ Z|1 ≤ j ≤ 250

and the X coordinates of tow intersections along the b axis ([i, j] = [i, 251]) are equal

to zero.

The Y coordinates of tow intersection points within the first and second quadrants

are calculated using Equation 5.3; where the Y coordinate of an intersection located at

index [i, j] is given by:

ypos[i, j] =
250∑
n=i

yfile[n, j] (5.3)

i ∈ Z|1 ≤ i ≤ 250 and j ∈ Z|1 ≤ j ≤ 501

In the third and fourth quadrants, the Y coordinate of a tow intersection point at

index [i, j] is calculated using Equation 5.2:

ypos[i, j] =
i∑

n=252

−yfile[n, j] (5.4)

i ∈ Z|252 ≤ i ≤ 501 and j ∈ Z|1 ≤ j ≤ 501

and the Y coordinates of tow intersections along the a axis ([i, j] = [251, j]) are equal

to zero.
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During the summation, if tow spacing values of zero are encountered in both xfile[i, j]

and yfile[i, j] for a given intersection index [i, j] other than the origin, the corresponding

xpos[i, j] and ypos[i, j] variables are set to not a number (NaN). This places the value

NaN within all position indices where no tow intersections are present; NaN values form

an outline around the nonzero values stored within the position arrays, defining the

boundaries of the preform that identify the end of a tow. Encountering a value of NaN

instructs the path generator to end the current deposition cycle, Figure 5.3. Additionally,

any subsequent calculation involving a NaN value results in a NaN answer, causing indices

that are external to the preform to be exempt from subsequent computation.

+b
NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
NaN NaN NaN NaN NaN 8 NaN NaN NaN NaN NaN
NaN NaN NaN NaN 9 6 7 NaN NaN NaN NaN
NaN NaN NaN 6 5 5 7 7 NaN NaN NaN
NaN NaN 5 4 4 4 6 6 8 NaN NaN
NaN NaN 4 2 3 2 6 6 8 9 NaN

−a NaN 0 0 0 0 0 0 0 0 0 NaN +a
NaN NaN -4 -2 -3 -1 -6 -6 -8 -9 NaN
NaN NaN -5 -6 -5 -4 -6 -6 -8 NaN NaN
NaN NaN NaN -6 -6 -5 -7 -7 NaN NaN NaN
NaN NaN NaN NaN -8 -8 -7 NaN NaN NaN NaN
NaN NaN NaN NaN NaN -9 NaN NaN NaN NaN NaN
NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN

−b
Figure 5.3: Typical format of the ypos Y position array prior to coordinate system shift.

At this stage, the coordinates of X and Y tow intersections extend within positive and

negative number domains, where each point is situated within one of the four cartesian

quadrants, Figure 5.3. While negative coordinates are not prohibitive to NC-machine

operation or prohibited in the G-code language, they are inconvenient during the ma-

chine setup procedure. Hence, all tow intersections are translated such that all points

are situated in the first cartesian quadrant. The translation relocates the preforms first

(bottom-left) tow intersection to the machine’s spacial origin, Figure 4.11. This bottom-

left tow intersection corresponds with the bottom-left substrate pin location, which is

easily identifiable and a convenient location at which to register the machine’s location
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relative to the substrate2. The physical coordinate translation is performed by deter-

mining the coordinates of the bottom-left most located tow intersection and adding the

magnitude of its respective X and Y coordinates to all values within the xpos and ypos

arrays.

Tow paths are defined as a sequential sets of tow intersection points. Therefore, a

tow path can be expressed as an incremental set of indices within the position arrays.

For example, the path of a tow number i running along the X direction can be defined

by all positions where said tow intersects tows running along the Y direction: (x, y) =

{(xpos[i, j], ypos[i, j]) , (xpos[i, j + 1], ypos[i, j + 1]), ..., (xpos[i, j + n], ypos[i, j + n])}. A

tow running along the Y direction can be defined by a set of tow intersection points:

(x, y) = {(xpos[i, j], ypos[i, j]) , (xpos[i + 1, j], ypos[i + 1, j]), ..., (xpos[i + n, j], ypos[i +

n, j])}.

5.3.2 X and Y direction generators

G-code is written by a series of path generators depending on the tow’s directionality,

Figure 5.4. Code generated to deposit tows running along the X direction is written

by the X direction inbound, midsection, and outbound generators, Figure 5.4a; code

generated to deposit tows running along the Y direction is written by the Y direction

inbound, midsection, and outbound generators, Figure 5.4b.

2This startup procedure is found in Section 4.3.3.4.
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Start

Inbound path generator – Figure 5.6

Midsection path generator – Figure 5.8

Outbound path generator – Figure 5.7

Cut & clear cycle – Figure 5.9

i=i+1

End

(a) X tow direction G-code generator

Start

Inbound path generator – Figure D.2

Midsection path generator – Figure D.3

Outbound path generator – Figure D.4

Cut & clear cycle – Figure 5.9

j=j+1

End

(b) Y tow direction G-code generator

Figure 5.4: Flowchart for X and Y laydown G-code generation.

Figure 5.5 provides an example deposition path along tow intersection points 1 , 2 ,

3 and 4 . The tows path incorporates a inbound and an outbound bleed-length to

points i and O respectively. Deposition though the path in Figure 5.5 is broken into

the following steps:

1. Inbound path generator:

At position i :

(a) Calculate inbound angle θin and extrapolate to obtain inbound bleed point,

i at Pxib,yib.

(b) Correct for nozzle offset induced by position shift in X–Y plane at deposition

head angle θin and position point i′; orient deposition head accordingly.

(c) Plunge from safe height to feed height, feed-from feed height to spool-out

height.

(d) Preload feed nozzle.
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(e) Deposit while feeding through point 1 to position 2o.

At position 2o:

(a) Calculate angle between intersection points 2 and 3 .

(b) Determine new position 2′, at which deposition nozzle end is at point 2 and

angle θ2→3 and correct for nozzle offset shift.

(c) Move to position 2′

2. Midsection path generator:

At position 2′:

(a) Deposit while feeding to position 3o

(b) Determine new position 3′, at which deposition nozzle end is at point 3 and

angle θ3→4 by correcting for nozzle offset shift.

(c) Move to position 3′

(d) If point 3 is second last intersection point:

Exit from midsection generator and proceed using outbound generator.

(e) If point 3 is not second last intersection point:

Repeat midsection path generation for next point.

3. Outbound path generator:

At position 3′:

(a) Calculate outbound angle, θout, between intersection points 3 and 4 and

extrapolate to obtain outbound bleed point O at Pxob,yob.

(b) Deposit while feeding through point 4 to position Oo.

4. Invoke cut and clear cycle.
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i
i′

P (xib, yib)

1
1o

1′

P (x1, y1)

2
2o

2′

P (x2, y2)

3
3o 3′

P (x3, y3)

4
4o

4′

P (x4, y4)

O
oo

P (xob, yob)

θin

θout

Inbound Midsection Outbound

Figure 5.5: Beak-down of laydown pathline.

5.3.2.1 Inbound and outbound path and G-code generator

The inbound path generator is designed to guide tow deposition through the first two

tow intersection points within a defined tow path. When the tow bleed-length variable

yb is set to a non-zero value, the inbound path generator instructs deposition to begin at

a point i , which is extrapolated at a distance yb from tow intersection point 1 in the

direction along the 1→ 2 path, Figure 5.5. This allows a selectable length of excess

material (‘bleed-length’) to be added to the inbound end of all tows. The slight bleed-

length provides an area overhang by which the substrate frame can attach to the preform,
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allowing it to be handled easily in subsequent stages of the process3. The flowchart in

Figure 5.6 illustrates the inbound path and G-code generation algorithm. Figure D.2

shows the inbound and G-code generator algorithm for the Y direction.

3Since the time of writing this thesis, a new type of substrate frame was developed which does not
require a tow bleed-length, allowing the manufacture of preforms that are truly net-shaped. Nonetheless,
when this type of substrate frame is used, the post-processor operates using bleed-length of nil.
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Start

Find first and second tow intersection points along X direction (Pi,j and Pi,j+1)

Determine direction unit vector ̂Pi,j+1Pi,j

Find absolute inbound angle θo of ̂Pi,j+1Pi,j

getang.m

Find intended start point, P o, from unit vector and bleed length

Determine required machine pos. for nozzle pos. P o and inbound angle θo

getco.m

Write to file:
1. rapid motion to safe height – Z

2. rapid motion to bleed position & an-

gle – X, Y, A

3. rapid down to plunge height & feed

to spool-out height – Z

4. preload nozzle with tow – V

Increment tow length used ctr.

Determine required machine pos. for nozzle pos. Pi,j+1 and inbound angle θo

getco.m

Calculate tow length required and increment ctr.

Write to file: • linear feed to pos. – X, Y, V

Update current position to j = j + 1

Determine direction unit vector ̂Pi,j+1Pi,j

Find absolute inbound angle θ′j+1 of ̂Pi,j+1Pi,j

getang.m

Determine required machine pos. for nozzle pos. P ′j+1 and inbound angle θ′j+1

getco.m

Write to file: • linear feed to pos. – X, Y, A

End

Figure 5.6: Inbound X direction path generator and code writer; this section of the
post-processor code generates the instructions necessary to begin laying down each tow.
Follows PRow,Column convention.
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Similarly, a non-zero bleed-length variable yb will instruct the outbound path genera-

tor to extrapolate the path from the last two tow intersection points, adding an equivalent

length of excess material to the tow end. The algorithm used in the X direction outbound

path and G-code generator is displayed in Figure 5.7. Figure D.4 shows the outbound

and G-code generator algorithm for the Y direction.

Start: if next intersection is the last intersection

Determine direction unit vector ̂Pi,j+1Pi,j

Find absolute outbound angle θ′ of ̂Pi,j+1Pi,j

getang.m

Find intended end point P ′ from unit vector and bleed length

Determine required machine pos. for nozzle pos. P ′ and outbound angle θout
getco.m

Calculate tow length required and increment ctr.

Write to file: • linear feed to outbound bleed pos. – X, Y, V

End

Figure 5.7: Outbound X direction path generator and code writer; this section of the
post-processor computes the path from the second-last tow intersection position outward
to the tow bleed-length. Then it writes the G-code which directs the LM to end deposition
of a tow. Follows PRow,Column convention.

If the desired bleed-length variable yb is set to zero, deposition will begin at tow inter-

section point 1 and end at intersection point 4 , Figure 5.5. This enables manufacture

of a fully net-shaped preform.
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5.3.2.2 Midsection path and G-code generator

The midsection path generator writes G-code for directing tow deposition through all tow

intersection points with an exception to the first two and last two intersections, which

are written by the inbound and outbound path generators, The internal workings of the

X and Y midsection path generators are explained in Figures 5.6 and D.2 respectively.



Software Implementation 159

Start: if next intersection is not the last intersection

Find next tow intersection point along X direction (Pi,j+1)

Determine required machine pos. for nozzle pos. Pi,j+1 and previous inbound angle

getco.m

Calculate tow length required and increment ctr.

Write to file: • linear feed to pos. – X, Y, V

Determine direction unit vector ̂Pi,j+2Pi,j+1

Find absolute angle θ′ of ̂Pi,j+1Pi,j

getang.m

Determine required machine pos. for nozzle pos. Pi,j+1 and inbound angle θ′

getco.m

Write to file: • linear feed to pos. – X’, Y’, A’

Is pos. Pi,j+2

last
intersection
along tow

path?

Update current
position

to j = j + 1

Update current
position

to j = j + 1

End

no

yes

Figure 5.8: X direction midsection path generator and code writer; this section of the
post-processor computes the paths between intermediate tow intersections (excludes first
and last) and translates the paths to G-code instructions; directing the LM through this
domain. Follows PRow,Column convention.
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5.3.3 Cutting cycle and tow clearing G-code generator

The cutting and tow clearing cycle is invoked at the end of each laydown cycle to cut the

tow and remove it from within the deposition head, Figure 5.9. The cutting and clearing

G-code generator allows the cutting cycle to be repeated several times prior to clearing

the tow. Repeating the cutting cycle increases the overall manufacturing cycle time.

However, repeated cutting cycles increase the LM’s reliability and reduces the frequency

of machine breakdowns and restarts. The cutting cycle is discussed in Section 4.3.3.2.

Start

Write to file:

• switch to incremental coord. system (G91)

• linear feed to ‘forward cutting length (fcl)’ at

feed rate ‘forward cutting speed (fcs)’ – C

• linear feed to retract to ‘back cutting length

(bcl)’ at – C

Repeat
cutting?

No. of cuts ≤
cutCounter

Increment cutting counter
cutCounter++

Write to file:

• switch to absolute coord. system (G90)

• feed in ̂Pi,j+1Pi,j direction to clear tow within

nozzle – X, Y

• rapid up to safe height – Z

End

no

yes

Figure 5.9: Cutting & clear cycle flowchart
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5.3.4 Subroutines

5.3.4.1 getAng.m

The getAng.m subroutine is used for determining the absolute angle with respect to the

X axis of an instantaneous tow orientation. The subroutine receives a unit vector âb

which defines the vector orientation of a tow and uses the vector product to determine

its orientation, returning the result to the main program as an angle in degrees. The

algorithm within the getAng.m subroutine is displayed in Figure 5.10.

Start

Define vector ~u = [1, 1]

Input: vector unit vector âb = [m,n]

Calculate magnitude Mag = ‖~ab‖

Calculate crossproduct Kmag = ~ab× ~u

Calculate angle θ = arcsin (Kmag/Mag) + 45o

Output: return angle θ

End

Figure 5.10: ‘getAng.m’ subroutine used for calculating the absolute angle of the inputed
vector with the X axis.

5.3.4.2 getco.m

Due to the nozzle offset length, Figure D.1, the in-plane position of the nozzle end is

shifted when the deposition head is rotated to an angle other than its native angle of 0o.
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When a tow is to be deposited at a non-zero angular orientation, the getco.m subroutine is

invoked to calculate the correctional planar displacement required by the deposition head

in order to place the feed nozzle end at the intended position, given its specified angular

orientation. The getco.m subroutine receives the intended tow coordinates, nozzle offset

radius and path angle (xi, yi, R, θ) and returns the resultant deposition head position

and orientation (resx, resy, resa) required to correct the planar shift.

The X and Y correction factors are calculated using a 2-dimensional coordinate trans-

form from polar to cartesian coordinates. The resulting corrected position is obtained by

a summation of the intended position coordinates and the correction factors, Equations

5.5 and 5.6. The algorithm used in the getco.m subroutine is displayed in Figure 5.11.

resx = xi −R cos(θ) (5.5)

resy = yi −R sin(θ) (5.6)
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Start

Input: intended X coordinate, intended Y coordinate, nozzle offset radius, angle
(xi, yi, R, θ)

Set non-dimensional MCU position for deposition head at pos. and negative 90o

(noznine, nozineneg)

Calculate deposition head angular position
resa = ((θ + π) ∗ (180/π)− 90)) · (−noznine/90)

Calculate deposition head X position
resx = xi −R ∗ cos(θ + π)

Calculate deposition head Y position
resy = yi −R ∗ sin(θ + π)

Output: resultant linear and rotational positions
(resx, resy, resa)

End

Figure 5.11: ‘getco.m’ subroutine used for calculating the positions and angle of the
deposition head required to place a tow at a given point and orientation, by correcting
for nozzle offset radius from the rotational axis of the deposition head.

5.4 CSM post-processor

The stitching post-processor is built on the same framework as the laydown post-processor,

and as such, the CSM post-processor calculates stitch points from uO-Drape output files:

XLengths, YLengths. X and Y position arrays are built using an identical method to

that used in for the LM, Section 5.3.1. This results in X and Y position arrays that con-
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tain the positions of tow intersection points rather than the positions in which substrate

pins once were, where stitch will be inserted. However, this discrepancy is corrected

during machine setup by shifting the point that is used to register the location of the

preform within the CSM during machine setup. Incidentally, the CSM’s origin is set to

the location where the stitching needle is positioned on the first intended stitch point

within the preform.

The NC file is initialized using the same format discussed in Section 5.2.2.1. Opera-

tional perimeters are inputed, allowing the operator to program the conveyor feed rate,

stitching carriage feed rate, the stitching cycle time, and stitch-line direction. Stitch-lines

are defined by a set of coordinates, which are obtained from an incremental set of posi-

tion array indices. The general direction of the stitch-line is dictated by the index that is

incremented. For instance stitch-line number i which runs in the general X direction is

defined by the incremental set: (x, y) = {(xpos[i, j], ypos[i, j]) , (xpos[i, j+ 1], ypos[i, j+

1]), ..., (xpos[i, j + n], ypos[i, j + n])}. A stitch-line running in the general Y direction

is defined by: (x, y) = {(xpos[i, j], ypos[i, j]) , (xpos[i + 1, j], ypos[i + 1, j]), ..., (xpos[i +

n, j], ypos[i+ n, j])}.
A single stitching cycle is performed at each stitch point, thereby inserting a single

stitch. During the stitching cycle, the needle penetrates the preform and remains embed-

ded therein for a significant fraction of the cycle duration. Throughout that time, the

stitching head must remain stationary with respect to the preform, as any relative motion

between the two will result in tows becoming displaced by the sewing needle dragging

through the preform. As a result, the Z axis that controls the stitching mechanism is

always actuated as an independent process, and never in concurrence with a motion of

the X direction conveyors or the Y direction carriage. Figure 5.12 displays the process

used to build a stitching G-code file.
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Start

Input operation parameters

Initialize NC file write and header blocks

Build X and Y position arrays

Determine first position in stitch line.

Write to file:

• go to first position in stitch line. - X, U, V W,

Y

• perform one stitching cycle. - Z

Last stitch
point along
stitch line?

Determine next stitch point position

Write to file:

• move to position. - X, U, V W,

Y

• perform one stitching cycle. - Z

More stitch
lines to

produce in
preform?

Go to next line

Write to file:
• move to next line. -

X, U, V W, Y

Retract stitching head

Write to file:
• move stitching head to negative

limit switch. - Y

End

yes

no

no

yes

Figure 5.12: Post-processor for CSM G-code generation flowchart.



Chapter 6

Conclusions and Recommendations

This work brings a contribution to the CIRAQ COMP-501 project, which is ongoing

at time of writing. The COMP-501 project focuses on investigating methods for cost-

effective procurement of airframe components manufactured from carbon fibre reinforced

polymer matrix composite materials. Efforts were made towards reducing the cost as-

sociated with layup operations that are typically used for producing preforms, which

are required for manufacturing such components. This was approached by investigating

the feasibility of using preforms that are manufactured to net-shape and final-thickness,

using woven carbon fibre fabrics assembled using a structural carbon stitch. The effect

of different stitching configurations on the forming behaviour of the assembled preform

reinforcement was assessed in compaction, shear and bending.

Compaction tests were performed on areas with various stitching densities and pat-

terns. Observation showed that an increase in stitch density lead to a loss in fibre volume

fraction within the reinforcement. Additionally, stitching pattern was observed to have

an effect on the fibre volume fraction, causing the fibre volume fraction to decrease in

areas surrounding the intersections of discrete stitching lines. Further experimentation

is required to confirm the mechanism of this phenomenon, specifically to confirm that

the root cause thereof is yarn gathering that is caused by the stitch, rather than the

presence of the stitch itself. This could be performed by an investigation into the fibre

volume fraction in areas surrounding stitch line intersections with smaller diameter com-

paction platens that are positioned between individual stitches, thus assessing the fibre

volume fraction of the fabric yarn without contact with and hence, the contribution of

the stitching thread.
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Data obtained through testing of the preforms in in-plane shear indicated that the

force which is required to shear preforms is larger for preforms which have been stitched;

however, the increase is limited. A specific locking angle could not be observed clearly for

a number of preform samples. Instead, in said samples fibre locking occurred gradually

and over a range of angles. Data gathered from samples in which a specific locking

angle was observed displayed that fibre locking occurred at lower angles within the area

confined by the stitch lines. In a number of samples it was very difficult to observe a

specific angle corresponding to fibre lockup, even with the aid of high-resolution images

which were captured during testing. It is recommended that subsequent testing employs

a digital image correlation method.

Samples that were tested in bending displayed an increased resistance to the applied

deformation when larger stitch densities were used to assemble them. Samples that were

not stitched displayed the lowest resistance to bending. Bending was most problematic

in the parallel bend configuration, bending along the stitch lines. In this configuration

samples displayed the largest bending resistance, with stitch unravelling in one sample

and yarn buckling observed visually in another. However, stitch unravelling and yarn

buckling were not found to be highlighted by a significant event in the force–displacement

quantitative data. Overall it was difficult to make any definitive conclusions as to events

happening at a small scale in the inner bend radius due to the bending tight curvature,

which significantly distorted the view.

Objectives for the uO-Tow manufacturing process were completed successfully. The

process was developed through design, manufacturing and implementation of the equip-

ment and support systems necessary to automate manufacturing of preforms with the

characteristics sought.

As with any type of process, decisions both right and wrong appear more clearly with

hindsight. This is no different for the work discussed in preceding chapters, and there are

areas of the process that can still benefit from improvement. For example, large gains in

overall process efficiency would have been realized if had the uO-tow post-processor been

integrated into the uO-Drape software package. Such a pursuit was beyond of the scope

of this study; however, the foundation and principles for its undertaking now exist.

The same principles governing design and operation of the laydown machine and

contour stitching machine would apply to a scaled-up version of the machinery. However,

in the event of such endeavour being undertaken, it is recommended that certain system

within the LM be revised.
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A revised cutting mechanism should be used; this mechanism should operate on sim-

ilar principles as a guillotine, rather than the rotational type used in the prototype-scale

deposition head. It is of the designer–authors’ opinion that the reduced complexity in

such a design would result with large improvements in tow cutting reliability. Addition-

ally, a pneumatic linear piston is a far better suited actuator than the stepper motor

drive used in the prototype, due to its ability to provide much greater force at a fraction

of the size, weight and cost.

Improvements are still possible regarding the feed nozzle in terms of a reduction in

the nozzle channel length. This would be beneficial to the process because the length

ultimately limits the minimum tow length that can be deposited.
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Acronyms

A

AFP

advanced fibre placement

B

BA

Bombardier Aéronautique

BH

Bell Helicopter

C

CAD

computer-aided design

CAM

computer-aided manufacturing

CF

carbon fibre

CRIAQ

consortium for research and innova-
tion in aerospace in Quebec

CS

contour stitching

CSM

contour stitching machine

CTLM

contour tape-laying machine

CTLMs

contour tape-laying machines

CTT

Centre des Technologies Textiles

D

DIN

Deutsches Institut für Normung

DOF

degrees of freedom

E

EMF

electromotive force

ETS

École de Technologie Supérieure

F

FDM

fused deposition modelling

FTLM

flat tape-laying machine

FTLMs

flat tape-laying machines

H

HA

Hutchinson Aerospace

HID

human interface device

I

ICE

International Electrotechnical Com-
mission
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ILSS

inter-laminar shear strength

J

JB

JB Martin

L

LCM

liquid composite moulding

LM

laydown machine

M

MCU

machine control unit

N

NaN

not a number

NC

numerical control

O

OEM

original equipment manufacturer

P

PAN

polyacrylonitrile

PMC

polymer matrix composite

PMIC

power management integrated circuit

PMMA

polymethyl methacrylate – a trans-
parent thermoplastic

PSU

power supply unit

R

RFI

resin film infusion

RTM

resin transfer moulding

U

UL

Université Laval

UO

University of Ottawa

USB

universal serial bus

V

VARTM

vacuum assisted resin transfer mould-
ing.

vf

fibre volume fraction
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A.1 Compaction testing

Figure A.1: Frontside overview of the ‘700-0005-p4’ (4mm stitch) test preform, showing
frontside test sample designations and photo frame area.
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Figure A.2: Backside overview of the ‘700-0005-p4’ (4mm stitch) test preform, showing
backside test sample designations and photo frame area.
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Figure A.3: Frontside overview of the ‘720-0006-p8’ (8mm and ‘sans’ stitch) test preform,
showing frontside test sample designations and photo frame area.
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Figure A.4: Backside overview of the ‘720-0006-p8’ (8mm and ‘sans’ stitch) test preform,
showing backside test sample designations and photo frame area.
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A.1.1 ‘E’ Samples - sans-stitch
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A.1.2 ‘B’ Samples - 4mm single stitch
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A.1.3 ‘B’ Samples - 4mm superimposed stitch
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A.1.4 ‘D’ Samples - 8mm single stitch
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A.1.5 ‘D’ Samples - 8mm superimposed stitch
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A.1.6 Compaction platens
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A.4 Shear testing

All shear testing results are listed within the corresponding section; see Section 3.4.5
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A.5 Bending tests
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Material	
  Specs	
  for	
  Frosted	
  Detail	
  &	
  Frosted	
  Ultra	
  Detail	
  
	
  

Properties Frosted Detail & Frosted Ultra Detail 

Composition UV Curable Acrylic Plastic 

Color  

Density @ 80 degree C 

(linquid), g/cm3 

1.02 

Tensile Strength, MPa 26.2 

Tensile Modulus, MPa 1108 

Elongation at Break, % 8.98 

Flexural Strength, MPa 26.6 

Heat Distortion Temp @ 66psi, 

Celsius 

46 

Heat Softening Temp, Celsius 80 

Ash Content, % .01 
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MATERIAL SAFETY DATA SHEET 
 
 
SECTION I:  PRODUCT IDENTIFICATION 
 
Product Name:  6.2 oz/yd² carbon fabric,  TC-06-T 
 
Weaver:   jb martin ltée 
    445 St-Jacques 
    Québec, Canada 
    J3B 2M1 
    Tel.:  (450) 346-6853 
 
Raw material:   Grafil, Inc. 
    5900, 88th Street 
    Sacramento, CA 95828 
    USA 
Emergency Telephone: (916) 386-1733 
General Telephone:  (916) 386-1733 
Facsimile Number:  (916) 383-7668 
 
 
SECTION II:  COMPOSITION/INFORMATION ON INGREDIENTS 
 
Component    CAS RN  Exposure limits1 % by Weight  
 
Carbon Fiber     7440-44-0  not established² ≥ 99% 
Epoxy resin    not applicable  not established 0,4% 
 
1  There are no established OSHA PELs or ACGIH TLVs for these ingredients in the form in which they 
are present.   
²  At this time neither OSHA nor ACGIH has established any air contaminant limits specific to carbon 
fibers.  OSHA has an established standard for particulate not otherwise regulated (nuisance dust) set at 5 
mg/m³ (respirable fraction) and 15 mg/m³ (total dust).  ACGIH has established an exposure value of 10 
mg/m³ (total dust) for particules not other wise classified.   
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D.1 Machine operation parameters

Nozzle offset length R is a property of nozzle geometry, defined as the length from

the end of the tow feed nozzle to the rotational axis of the deposition head, Figure D.1.

These values are used within the getco.m subroutine for correcting the in-plane position

shift caused by the nozzle’s end rotating at a distance from the rotational axis. More

information is provided in Section 5.3.4.2.

Nozzle offset length

Figure D.1: Feed nozzle offset length

Feed nozzle length nl is the distance traveled by the tow from where it is cut by the

cutting mechanism for the feeding nozzle end. This length is used to pre-feed tows into
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the nozzle after each cutting cycle so that the tow is ejected from the nozzle and meets

the substrate surface in syncronicity with the onset of a tow laydown cycle.

Spool-out height ch is the distance at which the feed nozzle moves above the substrate

while depositing tows. After a layer is deposited, the spool-out height is increased by the

tow height yh in order to account for the growing thickness of preform building below

the feed nozzle.

The safe height sh is the distance above the deposition substrate’s surface, at which

rapid motions can safely be made by the machine’s axes. This allows the deposition head

to be quickly repositioned after each laydown cycle, reducing manufacturing cycle time.

The safe height should be set sufficiently large so that the deposition system’s components

are undoubtedly clear of obstruction while in motion. Collisions at the speed of rapid

motion will likely result in catastrophic destruction of the LM’s components and systems.

After the deposition head is repositioned using rapid motion it must be lowered from

the safe height to the spool-out height before beginning a tow deposition cycle. This is

performed in two stages. Initially there is a rapid plunge which is followed by a slower

prescribed-feed plunge. The deposition head is first lowered using rapid motion from

the safe height to the feed-from height. From the feed-from height the deposition head

is lowered at a prescribed slower feed rate ps until it reaches the spool-out height. By

lowering the deposition in two stages, the manoeuvre can be performed in a timely, yet

safe fashion. A high-speed machine crash during a plunge motion will likely result in

severe damage to the machine’s components as well as to the preform being manufactured

at the time.

Tow clearing length ycl is the distance by which the deposition head must be moved

after a cutting cycle in order to clear the section of tow that remains within the deposition

head and nozzle. The tow clearing length is generally equivalent to the feed nozzle length

plus a reliability length (≈ 0.5′′).

D.2 Flowcharts
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Start

Find first and second tow intersection points along Y direction (Pi,j and Pi+1,j)

Determine direction unit vector ̂Pi+1,jPi,j

Find absolute inbound angle θo of ̂Pi+1,jPi,j

getang.m

Find intended start point P o from unit vector and bleed length

Determine required machine pos. for nozzle pos. P o and inbound angle θo

getco.m

Write to file:
1. rapid motion to safe height – Z

2. rapid motion to bleed position & an-

gle – X, Y, A

3. rapid down to plunge height & feed

to spool-out height – Z

4. preload nozzle with tow – V

Increment tow length used ctr.

Determine required machine pos. for nozzle pos. Pi+1,j and inbound angle θo

getco.m

Calculate tow length required and increment ctr.

Write to file: • linear feed to pos. – X, Y, V

Update current position to i = i+ 1

Determine direction unit vector ̂Pi+1,jPi,j

Find absolute inbound angle θ′i+1 of ̂Pi+1,jPi,j

getang.m

Determine required machine pos. for nozzle pos. P ′i+1 and inbound angle θ′i+1

getco.m

Write to file: • linear feed to pos. – X, Y, A

End

Figure D.2: Inbound Y direction path generator and code writer; this section of the
post-processor code generates the instructions necessary to begin laying down each tow.
Follows PRow,Column convention.
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Start: if next intersection is not the last intersection

Find next tow intersection point along Y direction (Pi+1,j)

Determine required machine pos. for nozzle pos. Pi+1,j and previous inbound angle

getco.m

Calculate tow length required and increment ctr.

Write to file: • linear feed to pos. – X, Y, V

Determine direction unit vector ̂Pi+2,jPi+1,j

Find absolute angle θ′ of ̂Pi+1,jPi,j

getang.m

Determine required machine pos. for nozzle pos. Pi+1,j and inbound angle θ′

getco.m

Write to file: • linear feed to pos. – X’, Y’, A’

Is pos. Pi+2,j

last

intersection

along tow

path?

Update current
position

to i = i+ 1

Update current
position

to i = i+ 1

End

no

yes

Figure D.3: Y direction midsection path generator and code writer; this section of the
post-processor computes the paths between intermediate tow intersections (excludes first
and last) and translates the paths to G-code instructions; directing the laydown machine
through this domain. Follows PRow,Column convention.
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Start: if next intersection is the last intersection

Determine direction unit vector ̂Pi+1,jPi,j

Find absolute outbound angle θ′ of ̂Pi+1,jPi,j

getang.m

Find intended end point P ′ from unit vector and bleed length

Determine required machine pos. for nozzle pos. P ′ and outbound angle θout
getco.m

Calculate tow length required and increment ctr.

Write to file: • linear feed to outbound bleed pos. – X, Y, V

End

Figure D.4: Outbound Y direction path generator and code writer. This section of the
post-processor computes the path from the second-last tow intersection position outward
to the tow bleed-length. It then writes the G-code to direct the laydown machine to end
deposition of a tow. Follows PRow,Column convention.
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D.3 getAng.m

1 %Returns the angle of vector 'ab' with respect to the x axis.

2

3

4 function angle = getAng(ab)

5 xhat(1) = 1; %45 Degree unit vector

6 xhat(2) = 1; % 45Degree vector

7

8 %Calculate Theta using Cross−product (use 45deg ...

vector

9 %because it handles all quadrents and directions

10 Kmag = (xhat(1)*ab(2))−(xhat(2)*ab(1));
11 Mag = (ab(1)ˆ2 + ab(2)ˆ2 )ˆ0.5 * (xhat(1)ˆ2+xhat(2)...

ˆ2)ˆ0.5;

12 angle = 0; %Clear Theta Vairable

13 angle = (asin( Kmag / Mag ) * (180/ pi)) + 45 ; %...

Calculate Theta Compensate for 45deg vector

14 angle = angle / (180/ pi);

15 end
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D.4 getco.m

1 function [resx, resy, resa] = getco(xi, yi,r,theta)

2 noznine = 233.3 ; % "Distance" to make nozzle turn 90 degrees

3 nozineneg = −233.3 ; %negative deg value (indpendent of + or − Sign...

)

4

5 theta = theta + pi;

6 resa = (theta*(180/pi)−90)* (−noznine/90) ;

7

8

9 resx = xi − r*cos(theta); %Calculate resultant X Cordinate

10 resy = yi − r*sin(theta); %Calculate resultant y Cordinate

11 end
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