
Process development for the manufacturing of flat knitted

innovative 3D spacer fabrics for high performance composite

applications

Von der Fakultät Maschinenwesen

der

Technischen Universität Dresden

zur

Erlangung des akademischen Grades

Doktoringenieur (Dr.-Ing.)

angenommene Dissertation

M. Sc. Md. Abounaim

geb. am 04.06.1978 in Pirojpur, Bangladesh

Tag der Einreichung: 05.11.2010

Tag der Verteidigung: 01.02.2011

Gutachter: Prof. Dr.-Ing. habil. Dipl.-Wirt. Ing. Chokri Cherif

Prof. Dr.-Ing. Burkhard Wulfhorst

Prof. Dr.-Ing. Jens-Peter Majschak

Vorsitzender der Promotionskommission





Acknowledgments

I would first and foremost like to thank my supervisor Prof. Dr.-Ing. habil. Dipl.-Wirt.

Ing. Chokri Cherif for his support and invaluable guidance during this research. I am

very grateful for his steady encouragement and readiness to help. His vision, ideas and

comments on various issues have contributed to the quality of this dissertation.

It is an honour for me to thank Prof. Dr.-Ing. Burkhard Wulfhorst, for his acceptance

to referee this dissertation.

I must also acknowledge Dr.-Ing. Olaf Diestel for his great support as the group leader

and Dr.-Ing. Gerald Hoffmann for his invaluable advice as the project head. I would like

to thank my research group fellows for their support. I also like to pay my gratitude

to all the employees of Institute of Textile Machinery and High Performance Material

Technology, who have made available their support in a number of ways. Especially, Mr.

Mirko Krziwon for helping to carry out the experimental part of this research work.

This Dissertation was carried out under the Collaborative Research Project “SFB 639,

TPA3” financed by the German Research Foundation (DFG). I am very much grateful

for this financial support. I also show gratitude to German Academic Exchange Service

(DAAD) for the financial support during my master’s study from 2004-2006 and fulfilling

my dream to study in Germany.

I am thankful to the Bangladeshi community and friends living in Dresden and especially

to Mr. Mir Mohammad Badrul Hasan and Mr. Mohammad Abu Shayed for their support

and encouragement.

I really wish to express my heartfelt thanks to my late father Md. Balayet Hossain Sardar,

my mother Mrs. Nasima Begum and my late eldest brother Zahidur Rahman for their

guidance, encouragement and moral support throughout my life.

Last but not least, special thanks to my beloved wife Sahanaz Parvin. I express my

deepest gratitude for her much patience and tolerance during the preparation of the

thesis. Without her constant support and encouragement, the completion of this thesis

would not have been possible.

Dresden, 05.11.2010 Md. Abounaim





Contents

Symbols and Abbreviations vi

1 Introduction 1

2 Flat knitting technology 9

2.1 Basic principles and structures of flat knitting . . . . . . . . . . . . . . . 9

2.2 Automatic power flat knitting machine and its modern features . . . . . 13

2.2.1 CAD system and modern programming installation . . . . . . . . 14

2.2.2 Electronic controls . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.3 Individual needle selection capability . . . . . . . . . . . . . . . . 14

2.2.4 Fully-fashioning or shape-knitting . . . . . . . . . . . . . . . . . . 15

2.2.5 Seamless knitting (knit and wear) . . . . . . . . . . . . . . . . . . 15

2.2.6 Stitch pressing-down devices . . . . . . . . . . . . . . . . . . . . . 15

2.2.7 Multi-gauge technique . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.8 Advanced take-down system . . . . . . . . . . . . . . . . . . . . . 16

2.2.9 Needle bed racking . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 State of the Art of 3D Spacer Fabric for Composite 19

3.1 Textile reinforced composites . . . . . . . . . . . . . . . . . . . . . . . . . 19



ii Table of Contents

3.1.1 Manufacturing of textile composites . . . . . . . . . . . . . . . . . 21

3.1.1.1 Thermoset composite manufacturing . . . . . . . . . . . 21

3.1.1.2 Thermoplastic composite manufacturing . . . . . . . . . 22

3.1.2 Advantages of thermoplastic composites . . . . . . . . . . . . . . 23

3.2 Hybrid yarn for textile reinforced thermoplastic composite . . . . . . . . 25

3.2.1 High performance fibers . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.1.1 Glass fiber (GF) . . . . . . . . . . . . . . . . . . . . . . 25

3.2.1.2 Carbon fiber (CF) . . . . . . . . . . . . . . . . . . . . . 26

3.2.1.3 Aramid fiber (AF) . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 Thermoplastic matrix materials . . . . . . . . . . . . . . . . . . . 27

3.2.3 Manufacturing of hybrid yarn . . . . . . . . . . . . . . . . . . . . 28

3.3 Spacer fabrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3.1 Woven spacer fabrics . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.2 Braided spacer fabrics . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3.3 Stitched spacer fabrics . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3.4 Warp knitted spacer fabrics . . . . . . . . . . . . . . . . . . . . . 34

3.3.5 Weft knitted spacer fabrics . . . . . . . . . . . . . . . . . . . . . . 36

3.3.5.1 Spacer fabrics by circular and flat knitting . . . . . . . . 36

3.3.5.2 Current research on the development of weft knitted

spacer fabrics . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.6 Application of conventional spacer fabrics . . . . . . . . . . . . . 40

3.4 Panel-structures in lightweight application . . . . . . . . . . . . . . . . . 41

3.4.1 Conventional panel-structures . . . . . . . . . . . . . . . . . . . . 41

3.4.2 Strength characteristics of aluminium honeycomb sandwich panels 43



Table of Contents iii

3.4.2.1 Ultimate compressive strength of alumunium honeycomb

panels . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4.2.2 Flexural behaviours of alumunium honeycomb panels . . 48

3.4.3 Disadvantages of conventional panel-structures . . . . . . . . . . . 50

3.4.4 Comparison of textile technologies for the manufacturing of 3D

textile preforms for panel-structures . . . . . . . . . . . . . . . . . 51

3.4.5 Potential panel-structures on the basis of textile composites using

innovative 3D spacer fabrics . . . . . . . . . . . . . . . . . . . . . 55

4 Objective of the Research 57

5 Development of flat knitting technology for 3D spacer fabrics 61

5.1 Selection of flat knitting machines . . . . . . . . . . . . . . . . . . . . . . 61

5.1.1 Required technical features . . . . . . . . . . . . . . . . . . . . . . 61

5.1.2 Technology-comparison of flat knitting machines . . . . . . . . . . 62

5.1.3 Flat knitting machine: Stoll CMS 320TC . . . . . . . . . . . . . . 64

5.1.3.1 CAD-patterning software: SIRIX & M1plus . . . . . . . 65

5.1.3.2 Carriage . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.1.3.3 Needle bed . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.1.3.4 Yarn feeder . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.1.3.5 Knitting zone and knitting elements . . . . . . . . . . . 68

5.1.3.6 Take-down system . . . . . . . . . . . . . . . . . . . . . 69

5.1.4 Flat knitting machine: Steiger Aries.3 . . . . . . . . . . . . . . . . 71

5.1.4.1 CAD-patterning software: Model . . . . . . . . . . . . . 71

5.1.4.2 Carriage . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.1.4.3 Needle bed . . . . . . . . . . . . . . . . . . . . . . . . . 74



iv Table of Contents

5.1.4.4 Yarn feeder . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.1.4.5 Knitting zone and knitting elements . . . . . . . . . . . 75

5.1.4.6 Take-down system . . . . . . . . . . . . . . . . . . . . . 76

5.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.3 Development and manufacturing of 3D spacer fabrics . . . . . . . . . . . 78

5.3.1 Structural variation of 3D spacer fabrics . . . . . . . . . . . . . . 78

5.3.2 Development and manufacturing of 3D spacer fabrics without any

reinforcements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3.3 Concepts for the integration of reinforcement yarns into knit struc-

tures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.3.4 Development and manufacturing of 3D spacer fabrics with course

directional reinforcements . . . . . . . . . . . . . . . . . . . . . . 88

5.3.5 Development and manufacturing of various 3D tubular structures 91

5.3.6 Development and manufacturing of multi-layered 3D spacer fabrics 96

5.3.6.1 Multi-layered 3D spacer fabric . . . . . . . . . . . . . . . 98

5.3.6.2 Multi-layer reinforced curvilinear 3D spacer fabrics . . . 101

5.3.7 Development and manufacturing of 3D spacer fabrics with 4 rein-

forcement layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3.7.1 3D spacer fabric with 4 reinforcement layers . . . . . . . 105

5.3.7.2 Curvilinear 3D spacer fabrics with 4 reinforcement layers 109

5.3.8 Integration of “sensor-network” (functional yarn) for structural

health monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3.9 Thermoplastic consolidation of 3D spacer fabrics into composites . 114

6 Analysis of mechanical properties of spacer fabrics 117



Table of Contents v

6.1 Effect of different integration techniques of reinforcement yarns on the

tensile properties of GF-PP hybrid yarns and 2D knit fabrics . . . . . . . 118

6.1.1 Tensile testing of reinforcement yarns and 2D knit fabrics . . . . . 118

6.1.2 Tensile properties of reinforcement yarns and 2D knit fabrics . . . 121

6.2 Effect of dissimilar integration of reinforcement yarns on the mechanical

properties of 2D knit composites . . . . . . . . . . . . . . . . . . . . . . . 123

6.2.1 Measuring the mechanical properties of 2D knit composites . . . . 124

6.2.2 Tensile properties of 2D knit composites . . . . . . . . . . . . . . 125

6.2.3 Flexural properties of 2D knit composites . . . . . . . . . . . . . 127

6.2.4 Impact properties of 2D knit composites . . . . . . . . . . . . . . 128

7 Mathematical analysis of tensile properties 133

7.1 Calculation and comparison of tensile strengths of commingled hybrid yarns134

7.2 Calculation and comparison of tensile strength of multi-layer reinforced

2D knitted fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.3 Calculation and comparison of tensile properties of knit composites . . . 147

8 Advantages and potential applications of flat knitted innovative 3D

spacer fabrics 153

9 Summary and Outlook 157

List of Figures 163

List of Tables 169

Bibliography 171



Symbols and Abbreviations

Symbol Designation

IPCC The Intergovernmental Panel on Climate

Change

G8 The Group of Eight

◦C Degree Celsius

CO2 Carbon Dioxide

UD Unidirectional

EU The European Union

FRP Fiber Reinforced Plastic

GF Glass Fiber

PP Polypropylene

2D Two Dimensional

3D Three Dimensional

CAD Computer Aided Design

$US The United States Dollar

RTM Resin Transfer Moulding

VI Vacuum Infusion

SRIM Structural Reaction Injection Moulding

Pa.s. Pascal-Second

Tm Melt Temperature

Tc Crystallisation Temperature



List of Symbols and Abbreviations vii

Symbol Designation

Tg Glass Transation Temperature

CF Carbon Fiber

PAN Polyacrylonitrile

AF Aramid Fiber

MPa Mega Pascal

GPa Giga Pascal

µm Micro Metre

PEEK Polyether Ether Ketone

PET Polyethylene Terephthalate

PPS Polyphenylene Sulfide

APS Active Protection System

tf Thickness of Facing

hc Core Height

h Sandwich Panel Height

If Moment of Inertia

b Breadth of Sandwich Panel

A Vertical Area of the Unit Honeycomb Core

m Mass of the Honeycomb Sandwich Panel

mf Mass of Facing Material

mc Mass of Core Material

ρca Average Density of Honeycomb Core

d Breadth of Single Edge of Honeycomb Core

Cell

tc Wall Thickness of Honeycomb Core Cell

ρc Density of Honeycomb Core Material

teq Equivalent Thickness

Ef Elastic Modulus of Facing Material



viii List of Symbols and Abbreviations

Symbol Designation

Eeq Equivalent Elastic Modulus

Gf Shear Modulus of Facing Skin

G Core Shear Modulus

Geq Equivalent Shear Modulus

ρf Density of Facing Material

σu Ultimate Strength of Sandwich Panel in Axial

Compression

σfo Yield Stress of Facing Material

σf Facing Bending Stress

τc Core Shear Stress

P1 Short Beam Load

P2 Long Beam Load

c Core Thickness

L1 Short Beam Span Length

L2 Long Beam Span Length

U Panel Shear Rigidity

D Panel Bending Stiffness

∆ Total Beam Midspan Deflection

K Knit Loops

T Tuck Stitches

W Weft Inlay

WA Warp Inlay

WWA Weft and Warp Inlays

T-K Tube with Knit Loops

T-T Tube with Tuck Stitches

T-W Tube with Weft Inlay

T-WA Tube with Warp Inlay



List of Symbols and Abbreviations ix

Symbol Designation

T-WAT Tube with Warp Inlay and Tuck Stitches

T-WWA Tube with Warp and Weft Inlays

T-WWAT Tube with Tuck Stitches including Warp and

Weft Inlays

ITM Institute of Textile Machinery and High Per-

formance Material Technology

IFKM Institute of Solid Mechanics

ILK Institute of Lightweight Engineering and Plas-

tic Technology

TU Dresden Technische Universität Dresden

SFB 639 Collaborative Research Centre 639

Tbk Tensile Strength before Knitting

Tak Tensile Strength after Knitting

∆k Loss of Tensile Strength

mm Millimetre

cm Centimetre

m Metre

g Gram

kg Kilogram

N Newton

cN Centi-Newton

J Joule

KJ Kilo-Joule

DIN German Institute for Standardization

ISO International Standard

Tex Mass in Grams per 1000 Meters

0◦ Wales Direction



x List of Symbols and Abbreviations

Symbol Designation

90◦ Course Direction

E Modulus Elastic Modulus

Fh Fineness (in Tex) of Hybrid Yarn

nr Number of Reinforcing Filament-Roving

Fr Fineness (in Tex) of Reinforcing Filament-

Roving

fr Level of Feeding of Reinforcing Filament

nm Number of Matrix Filament-Roving

Fm Fineness (in Tex) of Matrix Filament-Roving

fm Level of Feeding of Matrix Filament

Gr Mass of Reinforcing Component

Gm Mass of Matrix Component

Vr Volume of Reinforcing Component

Vm Volume of Matrix Component

ρr Density of Reinforcing Component

ρm Density of Matrix Component

Tht Theoretical Tensile Strength of Hybrid Yarn

The Experimental Tensile Strength of Hybrid Yarn

Tr Tensile Strength of Reinforcing Filament-

Roving

Tm Tensile Strength of Matrix Filament-Roving

∆h Loss of tensile Strength (in %) of Component

Materials by Commingling Process

Tyl0◦ Tensile Strength in Wales Direction of Loop

Structure per 1 cm2

Tyl90◦ Tensile Strength in Course Direction of Loop

Structure per 1 cm2



List of Symbols and Abbreviations xi

Symbol Designation

Thel Experimental Tensile Strength of Finer Loop

Yarn Before Knitting

nyl0◦ Number of Straight Fiber Sections in Wales Di-

rection of Unit Knit-Loop Structure

nyl90◦ Number of Straight Fiber Sections in Course

Direction of Unit Knit-Loop Structure

W Number of Wales/cm

C Number of Course/cm

∆kl Degradation of Tensile Strength of Finer Yarn

due to Knit looping

Lyl Total Length of Finer Loop Yarns (m/m2)

Ll Length of Single Loop (in cm)

Gyl Fabric Specific Weight (g/m2)

tl Yarn Fineness (Tex) of Finer Loop Yarn

Tyr0◦ Tensile Strength of Multi-layered Knit Fabric

in Wales Direction (per 1 cm2)

Tyr90◦ Tensile Strength of Multi-layered Knit Fabric

in Course Direction (per 1 cm2)

Ther Experimental Tensile Strength of Reinforce-

ment Yarn Before Knitting

∆kr0◦ Degradation of Tensile Strength Due to Inte-

gration as Warp Inlay

∆kr90◦ Degradation of Tensile Strength Due to Inte-

gration as Weft Inlay

Lyr0◦ Total Length of Warp Inlay (m/m2)

Lyr90◦ Total Length of Weft Inlay (m/m2)

Gyr0◦ Weight of Warp Inlay (g/m2)



xii List of Symbols and Abbreviations

Symbol Designation

Gyr90◦ Weight of Weft Inlay (g/m2)

Gyr Total Weight of Multi-layered Reinforcement

Structure (g/m2)

tr0◦ Fineness (Tex) of Warp Inlay

tr90◦ Fineness (Tex) of Weft Inlay

w Width (in cm) of Multi-layered Knit Fabric

Tf0◦ Tensile Strength of Multi-layered Knit Fabric

in Wales Direction for Fabric Width w

Tf90◦ Tensile Strength of Multi-layered Knit Fabric

in Course Direction for fabric width w

Gf Total Weight of Multi-layered Knit Fabric

(g/m2)

Tc Tensile Strength of Knit Composite

Ec Tensile Modulus of Knit Composite

η Efficiency Factor of Krenchel

σr Tensile Strength of Reinforcement Component

σm Tensile Strength of Matrix Component

Er Tensile Modulus of Reinforcement Component

Em Tensile Modulus of Matrix Component

∆ct Degradation of Tensile Strength of Knit Com-

posite

∆ce Degradation of Tensile Modulus of Knit Com-

posite



Chapter 1

Introduction

Climate model projections summarized in the latest IPCC report [1] in-

dicate that the global surface temperature is likely to rise 1.1◦C to 6.4◦C

further during the 21st century. The uncertainty in this estimate arises

from the use of models with differing sensitivity to greenhouse gas con-

centrations and the use of deviating estimates of future anthropogenic

greenhouse gas emissions. However in the 34th summit, the G8 countries

have committed to limit global warming to 2◦C and reduce 80% of their

greenhouse gas emissions by 2050. The federal German government’s con-

tribution to the international climate agreement proposed to reduce 40%

of CO2 emissions by 2020, which would bring the level down lower than

that of 1990. The greatest challenge to achieving such an ambitious ob-

jective is the commitment to research to find exceedingly economical and

energy efficient solutions. The efficacy of the energy policy of the German

federal government lies in the attainable synergy of the following three

objectives; tenable energy supply, cost effectiveness and environmental

compatibility. This means, the investments of the energy and industry

sectors must be on reliable and competitive conditions. Simultaneously,

transparent and reliable framework conditions and cost-effective solutions

are indispensable for the consumers for their consumption and investment
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decisions [2–4].

Worldwide CO2 emissions are rising rapidly due to the combustion of fuel

by all modes of transport. They currently amount to approximately 24%

of the anthropogenic CO2 emissions. In order to preclude such emissions

effectively, intelligent applications of textile reinforced composites in the

automotive industry are key. They offer a great potential for reducing fuel

consumption and CO2 emissions by providing up to a 70% reduction in

body weight compared to steel and at least 30% to aluminium. The envi-

ronmental friendliness of a car, however, is based not only on the reduction

of fuel consumption and CO2 emissions. It also includes the entire life cy-

cle of a vehicle from environmentally friendly manufacturing processes to

its end disposal [5, 6]. The aviation industry is also showing a clear up-

ward trend in the use of composite materials, which are produced mainly

as unidirectional (UD) prepreg by tape laying process. The potential of

textile reinforced composite structures is still far from exhausted. Studies

conducted by Boeing indicate that a 38% composite structural weight can

result in a 40% reduction in empty weight, 39% reduction in wing area

and a 33% fuel savings for the same mission-profile when compared to an

aircraft of conventional metal construction [7, 8].

Consequently, the lightweight textile reinforced composite materials are

oriented toward a growing market. A significant increase rate of 15% in

the global market for textile reinforced composite materials has been fore-

casted. Based on the figure alone, that in 2005 the five largest automo-

bile markets of the EU registered a total of 13.2 million cars, a market

of approximately 2.6 billion Euros could be calculated for textile rein-

forced composites when only 1% of sales is generated from textile rein-

forced composites. The Figure 1.1 illustrates a clear trend of promising

material systems for lightweight economic designs, especially in the auto-
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motive industry. However, the breakthrough in the use of reinforcement

fabrics for composites in vehicle and mechanical engineering will only be

achieved when the high requirements concerning the performance and the

intelligence of the components, the environmentally friendly complete life

cycle from manufacturing to disposal, the ease of repairing and recyclabil-

ity, the reproducibility and suitability to medium- and high-volume series

production along with a fully automated economical manufacturing are

met [9–11].

Figure 1.1: Herder for the lightweight economic concept [9]

Textile reinforced composites are fiber-reinforced composites whose rein-

forcement structures are characterized by the fiber orientation. Unlike the

conventionally used isotropic materials, the material properties of textile

reinforced composites can be specially customized to accommodate par-

ticular load situations by modifying the fiber architecture and material

combinations. These composites are best suited for any design program
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that demands weight reduction, precision engineering, finite tolerances,

and the simplification of parts in both production and operation. Textile

reinforced composites are considered to be cheaper, faster, and easier to

manufacture than cast aluminium or steel and generally maintains better

tolerances and material strength [12–14].

However, thermoplastic composites are comprised of at least one reinforce-

ment material and a thermoplastic polymer as matrix. These composites

show distinct advantages over thermoset composites. Due to their high

fracture toughness, easy recycling, short processing time, various form-

ing possibilities, weld-ability, low cost and resistance to media and corro-

sion, they appear to be more promising for industrial applications [12–18].

But, conventional thermoplastic composite manufacturing routes are two

stage processes. Firstly, a precursor material is formed, i.e. commingled

fibers, prepregs, powder impregnated tows, fiber impregnated thermoplas-

tic, short and long fiber reinforced polymer pellets, etc. The second step

in the process is forming the component into the final product by apply-

ing high pressure and high temperatures. The aim of the aforementioned

process is to coat the reinforcing fibers with the thermoplastic and form

the desired shape. Nevertheless, commingled hybrid yarns consisting of

reinforcement and matrix filaments are soft, flexible, drapeable and are

available at a low cost, which makes them a forerunner for thermoplastic

composite manufacturing [19–21]. The reinforcement component of the

hybrid yarn is generally high performance fibers such as glass, carbon and

aramid fibers. Glass fibers are used extensively due to the optimized cost

versus mechanical performance. The thermoplastic matrix is used to fix

the reinforcement components in a defined order to improve the bearing

of applied forces, to ensure good adhesion between the fibers and matrix

material and to develop low cost products, especially for the automotive

industries [22–25]. The use of glass (GF) and polypropylene (PP) filaments
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in hybrid yarns in a volume combination of 52% and 48% respectively is

reported to optimize the mechanical properties of textile reinforced ther-

moplastic composites [26].

Textiles generally produced by braiding, weaving and other uni-directional

techniques are primarily used as semi-finished textiles in composites for

the aerospace and automotive industries. The variety of existing and po-

tential applications of reinforcing textiles on the basis of innovative and

economical manufacturing processes is immense. However, innovative 3D

spacer fabrics show a great potential as textile preforms in high perfor-

mance composites if they are manufactured in a single stage manufac-

turing process using high performance fibers. The excellent mechanical

properties, such as high strength, stiffness, damage tolerance in impact

loading, etc. along with the economical single stage manufacturing pro-

cess make them a precursor for 3D textile reinforced composite applica-

tions [12–22,26].

Spacer fabrics are complex 3D constructions made of two separate fabric

layers connected vertically with pile yarns or fabric layers. The conven-

tional spacer fabrics composed of two surface layers bound with pile yarns

are generally manufactured using weaving and knitting technologies. How-

ever, due to inferior mechanical properties, such as elasticity and deforma-

bility under applied loads, conventional spacer fabrics are not suitable for

high performance composite applications. Moreover, the restricted dis-

tance between the plane layers contribute to the drawbacks of such spacer

fabrics. One solution is to connect the planes by means of fabric layers

instead of pile yarns. So far, these 3D spacer fabrics are produced with

sewing or adhesives using almost entirely flat textiles. The used sewing

threads or adhesive lead to inhomogeneity in the structure, which makes

the composite structure weedy. Moreover, the additional production stages
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raise the manufacturing cost and limit the product to niche applications.

On the other hand, the weaving technique is not considered to be feasi-

ble for 3D textile manufacturing due to the huge investment costs and

complex manufacturing processes along with process limitation for manu-

facturing of complex shaped structures. Besides, the mechanical properties

of woven fabric reinforced composites are adversely affected by the inter-

lacing of very brittle reinforcement yarns in weaving [12–19,22,27–29].

Modern flat knitting machines are capable of manufacturing 3D complex

shaped engineering structures cost effectively. Unique technical features

which allow rapid and complex production include individual needle selec-

tion capability, the presence of holding down sinkers, presser-foots, rack-

ing, transfer, adapted feeding devices combined with CAD system, modern

programming installations, etc. Furthermore, the flexibility of the knitting

process in combination with the possibility of integration of reinforcement

yarns into fabric structures is capturing the attention of many researchers.

Also, the additional cutting processes could be completely eliminated by

knitting the textile preforms in “near to net” form with the help of the

“Fully-Fashion” technique. However, exceeding the aforementioned tech-

nological advancements of flat knitting, the 3D complex shaped innovative

spacer fabrics are not developed yet for high performance composites be-

cause of the inadequate machine and manufacturing technologies required

for such multi-layer 3D spacer fabric knitting [12–20, 26–32]. Moreover,

knitted fabrics made from high performance fibers (e.g. glass, carbon) are

prone to some difficulties during knitting because of high stiffness, high

coefficient of friction and high brittleness of such materials. Nevertheless,

knitted composites are generally considered to have inferior mechanical

properties due to their highly looped fiber architecture. Conversely, the

integration of reinforcement yarns into the knit structures is inevitable

in order to improve the mechanical properties for the application in high
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performance composites [26, 33–39]. Even so, if the innovative 3D spacer

fabrics consisting of reinforced surface and connecting layers are developed

on a flat knitting machine, waste can be reduced and faster production

times can be achieved. These 3D spacer fabrics are expected to show supe-

rior mechanical properties. For example, very much improved tensile and

compression characteristics, flexural properties and energy absorption can

be expected, which would make them suitable for lightweight applications.

Future applications of composites made from innovative 3D multi-layer

spacer fabrics involve the replacement of conventional panel structures,

which are mainly metallic/ fiber-reinforced plastic surfaces bonded by

adhesives with metallic/ polymeric honeycomb or foam cores used cur-

rently in aircraft, spacecraft, transport vehicles, marine applications and

infrastructures, lift cabins, ballistic protection for buildings and combat

vehicles, etc. [12–20,26–30].

Within this background, the present research focuses on the development

of flat knitting technology and manufacturing process for innovative 3D

spacer fabrics to be used as complex shaped load-adapted textile preforms

in high performance composite applications. With the aim of manufac-

turing the thermoplastic textile composites the novel 3D spacer fabrics

should be developed using the exemplar GF-PP commingled hybrid yarn.

In order to develop compatible textile preforms suitable for 3D structures

for complex shaped composite components, different geometrical shapes

of 3D spacer fabrics consisting of surface layers connected with the same

should be manufactured on flat knitting machines as proposed by the new

developments. The reinforcement yarns must be integrated into spacer

fabric structures (in both surface and connecting layers) as multiple lay-

ers in order to improve the mechanical properties for application in high

performance composites. Moreover, for structural health monitoring, the

integrated sensor networks within the spacer fabric structure should be
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created simultaneously while knitting the 3D spacer fabric with innova-

tive flat knitting technology. Furthermore, the influence of the integration

methods of reinforcement yarns (fiber-arrangements) on the mechanical

properties of reinforcement yarns, 2D knit fabrics and 2D knit compos-

ites should be investigated. Finally, the mathematical analyses should be

carried out in order to predict the tensile properties of the hybrid yarn,

multi-layered 2D knit fabric and 2D knit composite.



Chapter 2

Flat knitting technology

2.1 Basic principles and structures of flat knitting

Knitting is a conversion system in which yarn loops are intermeshed to

form a fabric and accounts for more than 30% of total fabric produc-

tion worldwide. Knitting is classified into two fields, weft knitting and

warp knitting. In weft knitting, loops are formed in a horizontal direction,

whereas in warp knitting, loops are formed in a vertical direction (Fig-

ure 2.1). Weft knitting is more resilient, more open and has additional

design possibilities as compared to warp knitting. Weft knitting can be

divided into circular knitting and flat knitting. In the circular knitting

machine, needles are set radically or parallel in one or more circular beds.

On the other hand, a flat knitting machine employs straight needle beds

carrying independently operated needles, which are usually of the latch

type [31,32,40–42].
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Figure 2.1: Comparison of weft and warp knitting [31]

Flat knitting is a method for producing knitted fabrics wherein the work

is turned periodically, for example, the fabric is knitted from alternat-

ing sides. Flat knitting machine is very flexible and allows complex stitch

designs, shape knitting and precise width adjustment. A flat knitting ma-

chine consists of at least 2 flat needle beds arranged in an upside-down “V”

formation. These needle beds can be up to 2.5 metres wide and needles

are mounted in the needle grooves of needle beds. Generally, flat knitting

gauges range from E5 to E14 which allow wide ranges of yarn counts to be

used. Carriage, also known as Cambox or Head, which is equipped with

different knitting cams and mounted on the needle beds, moves backwards

and forwards across the needle beds. Thus, the needles are driven selec-

tively by the respective cams to form the knit, tuck or transfer stitches.

Normally, yarns are supplied from cones or spools and stored in the yarn



2.1 Basic principles and structures of flat knitting 11

storage. These yarns are guided by the yarn feeders through the yarn

controlling as well as tensioning devices to the knitting zone where loops

are formed and intermeshed by the mutual action of needles and sinkers.

The knitted fabrics are delivered by the take down rollers and placed in

storage section at the bottom of the machine [31,32,41,43,44]. The basic

construction and knitting zone of a flat knitting machine are shown in

Figure 2.2, whereas the knitting action is in Figure 2.3.

Figure 2.2: Basic construction and knitting zone of flat knitting machine

Figure 2.3: Knitting action of V-bed flat knitting machine [31]

However, different stitches, for example, knit loop, tuck stitch and float

stitch, could be produced by varying the sequence of the needle loop in-

termeshing in flat knitting. A knit loop stitch is produced when a needle
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receives a new loop and knocks-over the old loop that it held from the pre-

vious knitting cycle. On the other hand, a tuck stitch is produced when a

needle holding its loop also receives the new loop, which becomes a tuck

stitch because it is not intermeshed through the old loop, but it is tucked

behind it on the reverse side of the stitch. Then again, a float stitch is an

old loop that the needle has retained and it is not released and knocked-

over until the next, or a later, yarn feed. In addition, the drop stitch

and plating technique are also used to design the knit structures. Besides,

the additional yarns could be integrated into knit structures as weft and

warp inlays to increase compactness and mechanical performance of fab-

rics [31,32,41]. The structural elements of knit fabrics by flat knitting are

shown in Figure 2.4.

Figure 2.4: Structural elements by flat knitting

Nevertheless, four primary base fabrics- plain, rib, interlock and purl- are

the base structures from which all flat knitted fabrics are derived. Plain

is produced by the needles knitting as a single set, drawing the loops

away from the technical back and towards the technical face side of the

fabric. Conversely, rib requires two sets of needles operating in between

each other so that the wales of face stitches and wales of reverse stitches

are knitted on each side of the fabric. But, interlock was originally derived

from rib but requires a special arrangement of needle knitting back-to-back

in an alternative sequence of two sets, so that the two courses of loops

show wales of face loops on each side of the fabric exactly in line with
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each other, thus hiding the appearance of the reverse loops. On the other

hand, purl is the only structure having certain wales containing both face

and reverse meshed loops [31,32,41]. These four primary base flat knitted

structures are presented in Figure 2.5.

Figure 2.5: Primary base structures by flat knitting [31]

2.2 Automatic power flat knitting machine and its

modern features

Over the last thirty years, many innovations and refinements in knit-

ting technology have gradually evolved and combined to transform the

mechanically-controlled V-bed machine into a computer-controlled, highly

efficient and versatile knitting machine, not only for cut-and-sew knitwear,

but also for integrally-shaped panels and whole garments. Main intention

of developing such automated flat knitting technology was the automat-

ically knitting of garments in industrial scales with little or no further

human intervention. However, a brief overview of some of the modern

features of a fully automated flat knitting machine is presented in this

section [31,32,41–47].



14 2. Flat knitting technology

2.2.1 CAD system and modern programming installation

In general, knit patterns can be created on the CAD (Computer-Aided

Design) system. This data can be transferred to the flat knitting machine

and the machine can be operated. Such CAD system is a totally integrated

knit production system that allows all phases including planning, design,

evaluation and production. Specifically, the loop simulation program per-

mits quick estimation of knit structures without any kind of actual sample

making. The program provides an opportunity to see knit problems and

try out diverse knit structures on the computer before beginning actual

knitting [45,48,49].

2.2.2 Electronic controls

The electronically-controlled power flat knitting machine offers quick re-

sponse to size, style and pattern changes with versatile and infinitely vari-

able adjustment of its electronically-controlled functions under the guid-

ance of CAD-data and the back-up support of its memory. It is therefore

more able to meet the exacting requirements for knitting shaped garments

efficiently. In contrast, the mechanically-controlled power flat machine is

time-consuming and costly during machine changes and its limited facili-

ties provide less scope for adjustment [31,45].

2.2.3 Individual needle selection capability

Modern flat knitting machine offers the individual needle selection ca-

pabilities, in which a wide range of designs and colour-combinations are

possible. Along with the needles some additional selectors are mounted on

the needle beds, which allow carriage to guide them in versatile ways in
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knitting. Moreover, the electro-magnetic selecting device in carriage can

operate any single needle according to the knit pattern [31,48,49].

2.2.4 Fully-fashioning or shape-knitting

The fully-fashioning process allows the separate creation of shaped body

parts of garments by increasing and decreasing the number of loops and

this eliminates the additional cutting operating leading to the reduction

of wastage. To achieve fully-fashioned knitting, loop transfer is necessary

in which stitches moves from the needles on which they were made to

other needles [31, 45,48,49].

2.2.5 Seamless knitting (knit and wear)

Seamless knitting creates a complete garment by several feeders with no

cutting and sewing processes. For example, three different tubes (one body

part and two sleeves) could be knitted separately on the needle beds and

could be joined by knitting to create a complete garment. Thus, seamless

knitting has the capability of cost saving with reduced production time

by removing post-knit processes such as the linking or sewing and cutting

operation [31,45,48–50].

2.2.6 Stitch pressing-down devices

The objective of presser foot and other similar devices (such as knock-

over bits and holding down sinkers) of modern flat knitting machine is

to keep the old loops (fabric) low down on the needle stems. They are

thus prevented from rising and staying on the latch spoons as the needles

rise for clearing or yarn feeding. This ensures a “clean” knitting action,
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irrespective of the variable tensions within the knitted structure or the

lack of take-down tension operating onto the fabric from below [31].

2.2.7 Multi-gauge technique

Multi-gauge technique allows knitting of both zones having coarse and

fine gauge stitches. This involves a combination of techniques, including

half-gauging, using different numbers of yarn ends, intarsia zoning, and

blocks of different gauges of needles each working with its corresponding

count of yarn and yarn carrier [31,45,48,49].

2.2.8 Advanced take-down system

Modern machines have computer-programmed, positively-driven take-

down system whose operation is synchronised with that of the require-

ments of the knitting programme and provides pre-determined fabric ten-

sion as required [31].

2.2.9 Needle bed racking

Needle bed racking is very common for modern flat knitting and it is being

practiced in order to transfer the loops in fully fashion and seamless knit-

ting. In addition, racking is also used to make the knit design fashionable.

A maximum racking distance of 2 inches in both directions, in some cases

on both beds, is available [31].

This chapter has provided an overview of the fundamentals, structures

of flat knitting as well as the modern features of automatic power flat

knitting. The discussion on the epic features of modern flat knitting tech-

nology forwards a clear view point on the high potentiality of innovative
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textile structures by flat knitting with the highest level of flexibility. Vari-

ous 2D/3D innovative engineering textile structures could be developed by

modern flat knitting, where the usage of hybridized as well as functional

materials would be the best solution to create function-integrated multi-

material design. Nevertheless, even having very promising development

scopes, the flat knitting technology has not been practiced yet enough in

the field of technical textiles. Therefore, the intention of present research

is to explore the flat knitting by developing new technologies as well as

manufacturing processes for innovative 3D spacer fabrics applicable as

load-adapted textile preforms in high performance composites. However,

the next chapter digs deeper into the manufacturing of textile reinforced

composites, significance of thermoplastic composites, manufacturing and

application of spacer fabrics and panel structures in lightweight applica-

tion, through in-depth analysis of the contemporary literature.
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Chapter 3

State of the Art of 3D Spacer Fabric

for Composite

3.1 Textile reinforced composites

Textile reinforced composites are fiber-reinforced composites whose unit

reinforcement structures are characterized by the fiber orientation. Unlike

the conventionally used isotropic materials, textile reinforced composites

can be specifically customised in terms of their material properties for

particular loading situations by modifying the fiber architecture and ma-

terial combinations. Textiles generally produced by braiding, weaving and

other uni-directional techniques from high performance fibers are primar-

ily used as textile preforms in high performance composites, especially

for aerospace and automotive industries [12,13]. However, fibers, because

of their small cross-sectional dimensions, are not directly usable in engi-

neering applications. They are, therefore, embedded in matrix materials

to form fibrous composites. The matrix materials, which are generally

thermoset and thermoplastic polymers, serves to bind the fibers together,

transfer loads to the fibers, and protect them from against environmental

attack and damage due to handling.
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Nevertheless, textile reinforced composites have become the most impor-

tant class of composite materials, because they are capable of achieving

high mechanical performances at very low weights. Consequently, textile

reinforced composites pose a great potential as a competitive alterna-

tive to conventional isotropic metallic structures in lightweight applica-

tions [51–53].

Subsequently, the textile reinforced composite materials are part of a sig-

nificantly expanding market, where the global rate of increase has been

achieved about 10% per year and forecasted about 15% per year in the fol-

lowing years. As of 2009, the 42 billion $US composite industry consisted

of over 3000 companies. The major dynamic market segments of high per-

formance textile reinforced composites are automotive, aerospace, wind

energy, ship building industries, etc. The exemplarily cost comparison of

different materials based on weight and strength has been shown in Figure

3.1 [54, 55].

Figure 3.1: Cost comparison of different materials based on weight and strength [54,55]
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3.1.1 Manufacturing of textile composites

Fabrication of textile composites depends on the chemical nature of the

matrix materials, which are generally classified into two groups, for in-

stance, thermoset and thermoplastic polymers. The both composite fabri-

cation methods are described in brief in the following subsections [51–53].

3.1.1.1 Thermoset composite manufacturing

For a thermoset polymeric matrix material, the moulding event is a curing

reaction that is initiated by the application of additional heat or chemical

reactivity such as organic peroxide. There are two families of process-

ing routes for thermoset composite manufacturing: pre-preg and liquid

moulding. Pre-preg is a term for pre-impregnated composite fibers. These

usually take the form of a weave or are unidirectional. They already con-

tain an amount of the matrix material used to bond them together and

to other components during manufacturing. The pre-preg is mostly stored

in cooled areas since activation is most commonly done by heat. Hence,

composite structures built of pre-pregs will mostly require an oven or auto-

clave to cure out. However, the cost, both in terms of the initial cost of the

material and its storage and cure requirements (time consuming: several

hours), is much higher in pre-impregnated composites manufacturing [51].

On the other hand, liquid moulding is arguably the most flexible, combin-

ing the small batch flexibility with low emissions and higher quality levels

of pre-preg, without the on-costs associated with those materials. Ther-

moset matrix materials generally come in liquid form, and when mixed

with a catalyst, a chemical reaction occurs forming a solid. And these liq-

uid matrixes are injected to the textiles before curing following different

injection methods, for instance, resin transfer moulding (RTM), vacuum
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infusion (VI), structural reaction injection moulding (SRIM), etc. Ther-

moset molecules crosslink with each other during curing, thus once cured,

they cannot change. That is why thermoset composites are not recyclable.

Besides, thermoset composite manufacturing technique is considered only

for small to medium series of production because of prolonged process-

cycle [51, 52].

3.1.1.2 Thermoplastic composite manufacturing

Thermoplastic composites are composites that use thermoplastic poly-

mers as matrix materials. The processing steps for the manufacture of

thermoplastic composites are much simpler than for thermoset. The ther-

moplastic component has to be intimately mixed with the fibres, melted

and formed into the final shape. No chemical reactions, as with ther-

moset materials, are involved [51]. However, the development of ther-

moplastic composites has been restricted due to the greater difficulty of

this fibre impregnation with thermoplastic melts when compared to ther-

moset resins. This is due to the higher viscosities of thermoplastic melts

which are between 10-100 Pa.s. as compared to 0.2-2 Pa.s. for thermoset

resins [55]. Conventional thermoplastic composite manufacturing routes

are two stage processes. Firstly, a precursor material is formed using high

performance fibers and thermoplastic polymers. For example, commin-

gled fibers, prepregs, powder impregnated tows, fiber impregnated ther-

moplastic, short and long fiber reinforced polymer pellets, etc., whereas

commingling process is more suitable for the homogeneous mixing of the

components, versatility of manufacturing process, cost-effective process

and the manufacturing of soft, flexible and drape-able yarns [56–59]. The

secondary process is forming the component into the final product apply-

ing high pressure and high temperature. In this process, temperature is
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increased above the melting temperature, so that thermoplastic matrix

polymers become melted during the final conversion process. The appli-

cation of pressure is to give intimate contact and hence heal adjacent

yarns and plies, reducing void content, completes consolidation followed

by cooling, under pressure, to solidify and crystallise the matrix to finish

the cycle (Figure 3.2) [51–53,55].

Figure 3.2: Thermal cycle for thermoplastic composite processing [52]

3.1.2 Advantages of thermoplastic composites

Thermoplastic composites show distinct advantages over thermoset com-

posites. Though thermoplastic polymers tend to have higher melt viscosi-

ties necessitating higher pressures, however, thermoplastic moulding can

be carried out non-isothermally, i.e. a hot melt into a cold mould, in order

to achieve fast cycle times, for example, within few minutes whereas it

is several hours in most cases for thermoset process. Moreover, thermo-
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plastic composites offer increased recyclability and can be post-formed or

reprocessed by the application of heat and pressure. Furthermore, ther-

moplastic composites are renowned for their superior impact and damage

resistance properties. In addition, thermoplastic composite manufactur-

ing is considered as more environmental friendly process than thermoset

manufacturing, since approximately 65% used thermoset matrix materi-

als are unsaturated polyesters. Also, thermoplastic composites are more

advantageous in terms of the resistance to medias and corrosion. Besides,

over 90% of polymers used in composites are thermosets and there is

still a niche market for thermoplastic composites, especially in cost sensi-

tive premium market, for instance, automotive, air- and aerospace indus-

tries [51–53,55,56].

Therefore, it can be inferred from the above discussion, the thermoplastic

composites are being considered as more advantageous than thermoset

composites. Thermoplastic composites could be a very good choice for

lightweight industries, where the thermoset composites are still ques-

tionable in different issues, such as, recyclability, cost-effectiveness, con-

solidating in complex-shaped, complexity of consolidation process, eco-

friendliness, etc.

Nevertheless, keeping in view the potentiality of thermoplastic compos-

ites, it seems worthwhile to discuss on the hybrid yarns for thermoplastic

composites, since the construction of hybrid yarn is considered to be the

most effective method for homogenous mixing of the reinforcing and ma-

trix components. The next section, therefore, underlines the hybrid yarn

for textile reinforced thermoplastic composite.
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3.2 Hybrid yarn for textile reinforced thermoplastic

composite

Hybrid yarns are the blended yarns which are made of at least two dif-

ferent components in the form of filaments and/ or fibers. It is advan-

tageous for fiber-reinforcement materials if the mixing of reinforcement

and matrix components is already effected in the yarn structure. Hybrid

yarns consisting of high performance fibers and thermoplastic matrix ma-

terials could be manufactured by various methods of yarn manufactur-

ing technology [57–59]. A brief overview on the high performance fibers,

thermoplastic matrix materials and the various methods of hybrid yarns

manufacturing have been presented in the following subsections.

3.2.1 High performance fibers

A great majority of materials are stronger and stiffer in the fibrous form

than as a bulk material. A high fiber aspect ratio (length-diameter ratio)

permits very effective transfer of load via matrix materials to the fibers,

thus taking advantage of their excellent properties. Therefore, fibers are

very effective and attractive reinforcement materials. Glass, carbon and

aramid fibers, which are the most common high performance fibers used

as reinforcing materials for composites, are discussed in this section [52].

3.2.1.1 Glass fiber (GF)

Glass fibers are the most common of all the reinforcing fibers for polymer

matrix composites. The principal advantages of glass fibers are the low

cost and high strength. Glass fibers are developed amorphously where the

atoms create 3d-network with strong covalent bonds. However, glass fibers
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have poor abrasion resistance, which reduces their usable strength. They

also exhibit poor adhesion to some polymer matrix resins, particularly in

the presence of moisture. To improve adhesion, the glass fiber surface is

often treated with chemicals called coupling agents (mostly silanes). There

are different types of glass fibers (Type- E, -R, -S, -T, etc.). As Glass

fiber type-E is very economical, it is mainly used to reinforce the plastic

materials. But for higher mechanical and thermal properties, glass fiber

type-R, -S and -T are used to reinforce the composite materials [18, 52].

3.2.1.2 Carbon fiber (CF)

A naturally abundant non-metallic element that occurs in many inorganic

and in all organic compounds, exists freely as graphite and diamond and as

a constituent of coal, limestone, and petroleum, and is capable of chemical

self-bonding to form an enormous number of chemically, biologically, and

commercially important molecules. Carbon fibers are particularly suitable

for applications in lightweight construction for its higher mechanical prop-

erties. However, currently available carbon fibers are made using one of

the three precursor materials: polyacrylonitrile (PAN), pitch and rayon.

The PAN based carbon fibers are lower in cost with good properties. They

are the dominant class of structural carbon fibers and are used widely in

high performance lightweight applications. Pitch-based carbon fibers gen-

erally have higher stiffness and thermal conductivities, which make them

useful in satellite structures and thermal-management applications, such

as space radiators and electronic enclosures. Rayon-based carbon fibers,

due to their low thermal conductivity, are useful for insulating and abla-

tive applications such as rocket nozzles, missile reentry vehicle nosecones

and heat shields [18,52].
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3.2.1.3 Aramid fiber (AF)

The name “Aramid” is a shortened form of “aromatic polyamide”. They

are fibers in which the chain molecules are highly oriented along the fiber

axis, so the strength of the chemical bond can be exploited. The aramid

fibers possess unique properties. Tensile strength and modulus are sub-

stantially higher and fiber elongation is significantly lower for aramid fibers

than those of other organic fibers. However, they are poor in character-

istics in compression. Aramid fibers are used in aerospace and military

applications, for ballistic rated body armour fabric, in bicycle tires, and

as an asbestos substitute. The important mechanical properties of com-

mon high performance fibers are represented in Table 3.1 [52].

E-Glass S-Glass Carbon

(PAN)

Aramid

(Kevlar 29)

Tensile strength (MPa) 3448 4585 1925-6200 2760

E Modulus (GPa) 72.4 85.5 230-595 62

Elongation at break (%) 4.5 3.8 0.4-1.2 3.4

Density (g/cm3) 2.6 2.53 1.77-1.96 1.44

Diameter (µm) 3-20 8-13 5-8 12

Table 3.1: Mechanical properties of high performance fibers [52]

3.2.2 Thermoplastic matrix materials

Reinforced fibers are embedded with a matrix material to produce re-

inforced composite materials, since fibers acting alone cannot transmit

loads from one to another due to their small cross-sectional dimensions.

The roles of the matrix materials in the reinforced composite materials

are to fix the reinforced fibers in a defined order, to carry the applied

forces on the reinforced fibers, to ensure a good adhesion between fibers

and matrix material, to support the reinforced fibers during compression
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stresses, to protect the reinforced fibers from medias (e.g. chemical media)

and during shaping of the product. There are two types of matrix mate-

rials, thermosetting and thermoplastic matrix materials. However, matrix

polymers those soften or melt on heating called thermoplastic matrix ma-

terials. Melting and solidification of these polymers are reversible, and

they can be reshaped by means of heat and pressure. The fiber-reinforced

composites with thermoplastic matrix materials show distinct advantages

over thermoset composites, for instance, high fracture toughness, easy re-

cycling, short processing time, various forming possibilities, weld-ability,

low cost and resistance to medias, better pressure-, crease-, compressive

behaviours etc. Table 3.2 presents the mechanical properties of important

thermoplastic matrix materials [51,52].

PP PEEK PET PPS

Tensile strength (MPa) 21-37 90-100 48-73 48-87

Elongation at break (%) 15-50 50 50-150 50-100

Density (g/cm3) 0.90 1.32 1.3 1.35

Processing temperature (◦C) 200-300 360-400 260-350 310-335

Glass transition temperature (◦C) -20 143 80 90

Melting temperature (◦C) 175 343 250 285

Table 3.2: Important properties of thermoplastic matrix materials [51,52]

3.2.3 Manufacturing of hybrid yarn

Hybrid yarns consisting of reinforcing and thermoplastic matrix materi-

als as filaments are suitable in consolidation process in order to reduce

the problems associated with high melt viscosity of thermoplastic matrix

during impregnation. Hybrid yarns compatible for textile manufacturing

process offer high potential for textile based thermoplastic composites,

especially in high performance lightweight applications. These yarns can
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be produced following different manufacturing techniques, such as, plying,

twisting, covered-core spinning, friction spinning, commingling and melt

spinning [18, 57–59]. The Figure 3.3 represents the important properties

and yarn structures of those hybrid yarn manufacturing processes.

Figure 3.3: Different manufacturing of hybrid yarns

However, in commingled hybrid yarn manufacturing, the reinforcing and

matrix materials are intimately mixed in a nozzle by means of compressed

air. This process is versatile and gives soft, flexible and drapeable yarn.

A wide range of yarn finenesses along with various material combina-

tions are possible by this commingling process. These features have made

commingling technology suitable for hybrid yarn manufacturing, which is

compatible for both textile preforming as well as thermoplastic consolida-

tion processes. Consequently, such commingling technology puts forward

tremendous potential in the production of cost-effective textile reinforced
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thermoplastic composites, especially for lightweight industries [58]. The

method of commingled hybrid yarn spinning has been shown in Figure

3.4.

Figure 3.4: Commingled hybrid yarn spinning

3.3 Spacer fabrics

Spacer fabrics are complex 3D constructions made of two separate fabric

layers connected vertically with pile yarns or fabric layers keeping hol-

low space between adjacent connecting yarns or layers. The conventional

spacer fabrics, which are consisted of two surface layers bound with pile

yarns, generally belong to the only existed category of spacer fabrics. The

schematic of spacer fabrics are shown in Figure 3.5. Spacer fabrics are man-

ufactured usually by different methods, for examples, by weaving, braid-

ing, stitching, warp knitting and weft knitting [12, 13, 15–18, 22, 26–30].

Further discussion on the different manufacturing of spacer fabrics are

presented in the following subsections.
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Figure 3.5: Schematic of spacer fabrics

3.3.1 Woven spacer fabrics

Weaving is well-known for flat and multi-layered fabrics, which can be

woven using almost any type of yarn. The proportion of the yarns in the

x-, y- and z-direction can be controlled to tailor the properties of end

products. However, among all the distinguished woven structures, only

the double-wall woven fabrics could be categorized as the woven spacer

fabrics, since in double-wall weaving two surface fabrics are connected with

pile yarns creating a hollow space between them. To produce double-wall

fabric, two layers of fabrics are woven together with yarns binding them.

These binding yarns could be cut to separate the layers resulting in a fluffy

surface on one side of each fabric. The product features can be varied by

means of four separate factors: the material, the fabric construction, the

thread-linking system and the finish. The woven spacer fabrics, 3D fabrics

and composites have been presented in Figure 3.6 [60–65].
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Figure 3.6: Example of 3D woven preforms and composites [60,61,63,64]

Some development of woven spacer fabrics consisted with two surface fab-

rics and separate connecting fabrics disposed between them were docu-

mented recently in the collaborative research program “Textile-reinforced

composite components for function-integrating multi-material design in

complex lightweight applications” funded by the German Research Foun-

dation (SFB 639) at the Technical University of Dresden [26]. The de-

veloped innovative woven spacer fabric structures comprise only the U-

and V-shaped spacer fabrics. Nevertheless, the pressing drawbacks of wo-

ven spacer and 3D fabrics include the reproducibility, cost-effectiveness,

flexibility in design changing, integration of functional-component, fiber

damages by the interlacing of high performance yarns, realization of dif-

ferent geometries including variable and shaped surface fabrics, variable

connecting lengths, variable forms, etc. [26,60,61].

3.3.2 Braided spacer fabrics

In braiding, three or more threads interlace with one another in a diagonal

formation, producing flat, tubular or solid constructions. The major de-
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velopments in 3D braiding over recent years have been driven by the supe-

rior manufacturing and mechanical properties of braided composites over

traditional laminates. Braided fabrics can often be used directly as net-

shape preforms with intricate geometries for composites. Consequently,

3D braiding is considered to be more promising for composite industries.

However, one major limitation is that, most 3D braiding machines are

only capable of producing narrow preforms and almost all 3D braiding

machines are still under development. Moreover, 3D braiding machines

have long set-up times and it is a slow and costly process. Furthermore,

most of the braided axial tows are off-axis from the loading direction and

are heavily crimped, which lead to the damages of high performance yarns.

Beyond these technological limitations, which could be overcome by fur-

ther researches, 3D braiding technology based on the recent developments

possess great potential for the manufacturing of 3D complex shaped tex-

tile preforms to be used in high performance composite applications. Some

of the examples of 3D braided textiles and composites have been shown

in Figure 3.7 [26,60–62,66].

Figure 3.7: 3D braided textiles and composites [60,61,66]
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3.3.3 Stitched spacer fabrics

Stitching is a process in which stitching threads are used to join fabric lay-

ers. Stitching is occasionally used in textile composites mainly to create 3D

textiles by joining the multiple reinforcement fabric layers together and to

improve the impact performance of composites. However, some latest tech-

nological advancement allow the manufacturing of complex shaped spacer

fabrics [26], consisting of surface fabrics and connecting fabrics, by stitch-

ing technique which are produced using almost entirely flat textiles. Nev-

ertheless, the distinguished disadvantages make the stitching technique

not feasible for the preform manufacturing for composites. For example,

the used sewing threads lead to in-homogeneity in the structure, which

makes the composite structure weedy. Moreover, the multifaceted struc-

tures require complex robotically controlled multi-needle machines which

are largely in the development stage and are expected to be very expensive

for composite industries. Besides, the additional production stages raise

the manufacturing cost of composites limiting suitable applications. An-

other predicament with current machineries is their difficulty in stitching

large and thick structures [22,26,60–62].

3.3.4 Warp knitted spacer fabrics

Warp knitting is a family of knitting methods in which the yarns zigzag

along the length of the fabric and follow the adjacent columns (wales) of

knitting, rather than a single row (course). Warp knitting has inherited

the ability to form stable fabric and since each needle has to be supplied

with at least one yarn, a large number of yarn ends are required on a warp

knitting machine. Currently, two types of 3D textiles could be produced by

warp knitting, for example, non-crimp and sandwich 3D textiles. 3D warp
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knitted non-crimp preforms are produced following a combination of fiber

tow placement and warp knitting, where the layers of unidirectional tows

(non-crimp fabrics) are stacked in the required directions and then they

are bound together with binder yarns inserted in the through-thickness

direction by needles. On the other hand, sandwich 3D textiles, which

are the conventional spacer fabrics, are produced on double-bed Raschel

machines by knitting the top and bottom skins simultaneously on each

needle beds. During the knitting process, yarns are intermittently swapped

between two sets of needles to create a core of through-thickness yarns,

called pile, which are interconnected to the skins. Figure 3.8 represents

the warp knitted conventional spacer fabrics and the schematic of non-

crimp 3D warp knitting. These conventional spacer fabrics are suitable for

Figure 3.8: Warp knitted 3D preforms [61,67,68]

higher energy absorption and decorative purposes. But, the lower flexural

stiffness, inferior specific compression strength, limited distance between

the surface fabrics, lack of geometrical diversity along with inadequate

reinforcement possibilities restraint the applications of this conventional

spacer fabrics as 3D textile preforms in high performance composites [22,

30,60–62,67,68].
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3.3.5 Weft knitted spacer fabrics

3.3.5.1 Spacer fabrics by circular and flat knitting

Spacer fabrics consisting of two separate fabric layers connected vertically

with pile yarns could be produced by weft knitting technique. On a double

jersey circular knitting machine two surface layers could be knitted sepa-

rately on both dial- and cylinder needle beds. Then the using of pile yarns

could connect both surface layers by means of the tuck stitches alterna-

tively on both needle beds to form conventional spacer fabrics. However,

the inadequate distance between the surface fabrics along with the usage

of relatively finer yarn constraint the application of such circular-knitted

spacer fabrics. On the other hand, spacer fabrics with two surface layers

connected with pile yarns could also be produced on V-bed flat knitting

machine. Here it is again, both surface layers are knitted separately on

both needle beds and then could be connected by the pile yarns as inclined

or perpendicular. However, this technique puts forward a great variety of

structures, combination of different yarn materials and even integration

of reinforcing and functional components on both surface fabrics and as

pile yarns. But, this technique is extremely limited due to the fixed nee-

dle beds of knitting machine, which causes the insufficient distance be-

tween the two surface layers produced on front and rear needle beds [30].

Moreover, elasticity and deformability due to applied forces, limited in-

jections and lamination properties, worse flexural stiffness, lesser specific

compression strength, lack of geometrical diversity along with inadequate

reinforcement possibilities (e.g. in z-direction) limit the applications of

these conventional spacer fabrics as 3D textile preforms in lightweight ap-

plications. The flat knitted conventional spacer fabrics are illustrated in

Figure 3.9.
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Figure 3.9: Flat knitted conventional spacer fabrics

3.3.5.2 Current research on the development of weft knitted spacer fabrics

The inventions of conventional spacer fabrics were documented by

US patent no. 5735145 [69], 5284031 [70], 5422153 [71], 5395684 [72],

7611999B2 [73], to Pernick, Stoll et al., Miyamoto, Robinson et al., and

McMurray respectively. These inventions claim the development of weft

knitted spacer fabrics comprising of two parallel surface fabrics joined by

pile yarns with combination of different yarn materials, diverse connect-

ing techniques, various surface designs and the assorted end uses. It is

also known by DE 4008057A1 [74] to produce two separate knitted webs

on knitting machines simultaneously parallel to each other by means of

two needle beds. A three-dimensional knitted structure can be made by

interconnecting in different places of both knitted webs. The knitted webs

can also be connected by a third knitted web without any reinforcement

inlay threads according to DE 4008057A1. The invention of a multilayer

knit especially for seat cover is known by DE 19855541A1 [75], in which

the layers are knitted by knit loops and tuck stitches in different courses/

wales using variable yarn finenesses. A novel inlaid double needle bed fab-
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ric is documented by GB 2233989A [76]. Only the course directional inlay

thread is interlaced into the fabric by transferring stitches from the active

needles of one needle bed to the needles of other needle bed. According

to DE 3643357A1 [77], the connection is made at least one knitted-in or

inwrought, comparatively thin, separate intermediate thread or a knitted

structure. With this kind of connection of two halves of knitted struc-

ture, the coherence is established by the formation of loops. The binding

thread itself forms stitches or loops. DE-PS 458906 [78] reports a multi-

layer knitted structure comprising two plain knitted webs, in which their

fabric-backs facing each other are being introduced by a third thread sys-

tem consists of a bundle of standing threads by which the coherence of

the outer knitted webs is ensured. The third thread system is intended

to stuff the knitted structure better and to provide strength in the lon-

gitudinal direction. By DE 4419985C2 [79] and US 6244077B1 [80] the

invention of multilayer knitted structures includes at least two knitted

webs which are interconnected by a third thread system is known. The

construction of such multilayer knitted structure is done by using the nee-

dles of both needle beds. However, the most of the reported spacer fabrics,

documented by US patent no. 5735145 [69], 5284031 [70], 5422153 [71],

5395684 [72] and 7611999B2 [73], comprising with multi-layered surface

layers are connected with pile yarns produced by knitting technology

which are elastic in nature and dimensionally not stable under applied

forces, whereas the fabric structures are not suitable to carry the applied

forces in 3D directions. Additionally, the limited distance between the

surface layers is also a drawback of such spacer fabrics. Moreover, the

spacer fabrics documented by DE 4008057A1 [74], DE 19855541A1 [75],

GB 2233989A [76], DE 3643357A1 [77], DE-PS 458906 [78] are not ac-

tually the 3D spacer structures, and these 3D geometries allow less pos-

sibilities to carry loads in 3D directions in high performance composite
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applications. By DE 4419985C2 [79] and US 6244077B1 [80] the inven-

tion of multi-layered knitted structures with semi-finished structures as

well as with increased thickness by additional warp and weft threads is

documented (Figure 3.10). However, the realization of a 3D spacer fabric

structure is not possible by such invention.

Figure 3.10: Innovative multi-layer knitting for semi-finished structures [79,80]

On the other hand, few research works have been reported on the devel-

opment of 3D spacer fabrics consisting of surface fabrics connected with

fabric layers between the planes. Hong et al. [27] presented the basic pro-

duction principles of some selected flat knitted spacer fabrics without any

reinforcement (using only the mesh structures). Ciobanu [28] reported the

theoretical presentation of knitted sandwich spacer fabrics including the



40 3. State of the Art of 3D Spacer Fabric for Composite

current state of the knitted sandwich fabrics and the possible ways of de-

velopment of complex shape structures. Conversely, these spacer fabrics

do not meet the structural requirements for the application as reinforce-

ment textile preforms in high performance composite applications. On the

other hand, Araujo et al. [29] carried out the research in order to exploit

the potentialities of electronic flat knitting machines in the production

of weft knitted novel structures and they reported the analysis of spacer

fabrics on the basis of surface and connecting layers.

3.3.6 Application of conventional spacer fabrics

The principal advantages of pile yarns connected conventional spacer fab-

rics are the breathability, energy absorption, compression strength, insu-

lation, pressure redistribution, good dispersion of moisture, recyclability,

etc. These advantages make the conventional spacer fabrics very suitable

in diverse applications, such as, in the areas of automotive and other

transportation media, medical, hygiene and healthcare, geotextiles, civil

engineering, building and construction, sports and leisure, environmental

protection, filtration, cleaning, safety and protection, decorative purposes,

etc. In automotive industries, the conventional spacer fabrics are mostly

used in seat cushions, head liners, luggage compartment covers, seat pack-

ets and dash boards, etc. [30,67,81]. Due to heat and moisture absorbing

and transporting properties the conventional spacer fabrics are idle for

use in medical textiles and being widely used as bandages for oedema

treatment in case of chronic venous insufficiency and chronic lymphatic

insufficiency, orthopaedic knee braces, as pressure sore prevention on beds

in the operating theatre and for wheelchair patients, for prevention ulcers

with diabetic foot syndrome, incontinence bed pads, etc. [82]. On the other

hand, these spacer fabrics are being widely used in sports wears, where
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the moisture and temperature controls phenomenon along with the en-

ergy absorption concepts make the conventional spacer fabrics forerunner

to do so. Again, such pile yarns connected spacer fabrics are showing rising

demands in the area of civil engineering applications, such as, in erosion

control, soil reinforcement, concrete reinforcement, separation, filtration,

drainage, etc. However, conventional spacer fabrics are very common in the

field of safety and protection, for instance, to protect against extreme heat

and fire, harmful chemicals and gases, mechanical and electrical hazards,

contamination, radiation, vacuum and pressure fluctuations, ballistic haz-

ards, etc. [30]. Further promising application of these spacer fabrics using

favourable materials include the protective textiles as “Active Protection

System (APS)” [83]. Nevertheless, because of the extreme elasticity and

deformability due to applied forces along with limited reinforcing possibil-

ities, these pile yarns connected conventional spacer fabrics are not con-

sidered as load-adapted 3D spacer textile preforms for high performance

lightweight composites applications.

3.4 Panel-structures in lightweight application

3.4.1 Conventional panel-structures

Panels are the rigid sandwich components which are widely used in

lightweight applications. This sandwich construction provides a very

lightweight structural configuration for complex load conditions. Con-

ventional panels are mainly the metallic/ fiber-reinforced plastic surfaces

bonded by adhesives with metallic/ polymeric honeycomb or foam cores.

Many advantages of these panels include the greater specific stiffness, high

strength to weight ratio, sound-deadening, vibration absorption, thermal

insulation, impact absorption, buoyancy, etc. The face sheets take the
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membrane and bending loads while the core resists the shear loads. Such

panel structures are being used in lightweight industries, especially in air-

craft, aerospace vehicles, transport vehicles, marine vehicles, marine in-

frastructures, lift cabins, etc. For the fabrication of strong and stiff faces,

the fiber reinforced composites or the thin metal sheets of Aluminium or

conventional steels are used in industrial scales. Conversely, Aluminium

honeycomb is widely used as the core in panel design to add bending stiff-

ness with very little mass penalty. Alternatively, metallic and polymeric

foams are also attractive structural materials as the core in panel con-

struction. Some conventional panels of lightweight industries have been

documented in Figure 3.11 [84–95].

Figure 3.11: Example of conventional panels used in lightweight industries [96,97]

With regardless of the mass-penalty, aluminium honeycomb sandwich

panels are well-known for their high mechanical performances, especially

for the ultimate strength in axial tension & compression as well as for the

bending stiffness & rigidity. However, in order to realize these mechanical

performances more elaborately, the theoretical strength characteristics of

aluminium honeycomb sandwich panels are discussed in the next subsec-

tion.
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3.4.2 Strength characteristics of aluminium honeycomb sand-

wich panels

Since the aluminium honeycomb (sandwich) panels are recognized as very

promising structural design systems for lightweight applications, the theo-

retical and practical investigations on the strength characteristics of such

panels have been followed by many researchers [98–103]. Before theoretical

discussion on the strength characteristics, the basic structural properties

of aluminium honeycomb panels should be defined first. Figure 3.12 (a)

shows the schematic of common aluminium honeycomb-cored sandwich

panel.

Figure 3.12: Honeycomb-cored sandwich panel (a) and a honeycomb-core unit (b) [100]

For the simplicity, the facings are assumed to have equal thickness tf ,

and the core height is denoted hc . Figure 3.12 (b) shows one unit of the
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honeycomb core. In Figure 3.12, the L and W directions are taken in the

directions parallel and normal to corrugation, respectively [100].

The facing skins of a sandwich panel can be regarded as the flanges of

an I-beam, since they carry the bending stresses to which the panel is

subjected with one facing skin in compression, and the other in tension.

Similarly, the core corresponds to the web of the I-beam. It is assumed

that the core carries no longitudinal stress and resists the shear forces. The

core holds the facing skins apart such that the stiffness of the structure is

increased. A core to skin joint rigidly joins the sandwich components and

allows them to act as one unit with high torsional and bending rigidity.

The moment of inertia of the facing skins for a honeycomb sandwich panel

can be calculated by [100]:

If =

(
h3 − h3

c

)
12

· b (3.1)

Where, If is the moment of inertia of facing skins of honeycomb sandwich

panel, h is the height of sandwich panel including both facing skins, hc

is the height of honeycomb core, b is the breadth of the sandwich panel

or beam. The virtual area of a unit honeycomb core at the cross section

parallel to the facing skin plane is given by [100]:

A = L · W (3.2)

Where, A is the virtual area of a unit honeycomb core at the cross section

parallel to the facing skin plane, L and W are the length and width of sin-

gle honeycomb-core unit respectively. One major reason why aluminium

honeycomb sandwich panels are of interest is due to their lightweight char-

acteristics. Therefore, it is of crucial importance to accurately predict the

weight of aluminium honeycomb sandwich panels so that performance
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measures for sandwich construction, e.g., strength to weight ratio, can

be correctly computed. The mass of the aluminium honeycomb sandwich

panel can be estimated from [100]:

m = mf + mc (3.3)

Where, m is the total mass of the honeycomb sandwich panel, mf and

mc are the mass of facing materials and honeycomb core accordingly.

By neglecting the contribution of materials used for joining honeycomb

core cells, such as adhesives, to the total weight of honeycomb cores, the

average density of honeycomb cores can be obtained from [100]:

ρca =
8 · d · tc
A

· ρc
∼=

8

3
√

3
· tc
d
· ρc (3.4)

Where, ρca is the average density of honeycomb cores over an entire sand-

wich panel, d is the breadth of one edge of honeycomb core cell, tc is the

wall thickness of honeycomb core cell, ρc is the density of honeycomb core

material (aluminium alloys). Equation (3.4) indicates that the average

core density is expressed in terms of wall thickness and edge breadth of

honeycomb core as well as the material density itself. Thus, ρca can be

used as a useful parameter in representing the strength properties of a

honeycomb core.

3.4.2.1 Ultimate compressive strength of alumunium honeycomb panels

In order to calculate the ultimate strength for honeycomb sandwich panels

under axial compression an equivalent single plate approach, in which the

honeycomb sandwich panel is replaced by an equivalent single skin panel
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in the strength calculation, is employed. Figure 3.13 represents a schematic

concept of the equivalent single skin approach [100].

Figure 3.13: A schematic of the equivalent single skin approach [100]

To replace the honeycomb sandwich panel by the equivalent single skin

plate, two methods, namely the equivalent rigidity method and the equiva-

lent weight method, may be considered. In the equivalent rigidity method,

plate thickness and elastic modulus are defined such that the rigidity of

the sandwich panel is equivalent to that of the single skin panel. In the

equivalent weight method, dimensions of the equivalent single skin panel

are defined so that the structural weight is equal. The equivalent mate-

rial properties of the single skin panel with the equivalent rigidity can

be estimated from the following equations [100, 101]. The rigidity of the

panel with equal facing skin thickness is considered separately for in-plane

tension, bending and shear:

In tension:

2 · tf · Ef = teq · Eeq (3.5)

In bending:
1

12
[(hc + 2tf)3 − h3

c]Ef =
1

12
· t3eq · Eeq (3.6)

In shear:

2 · tf ·Gf = teq ·Geq (3.7)

Where, tf is the thickness of facing skin (assuming that both skins are of
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same each other), teq is the equivalent thickness, Ef is the elastic modulus

of the facing material, Eeq is the equivalent elastic modulus, Gf is the

shear modulus of facing skin, Geq is the equivalent shear modulus. The

values teq , Eeq and Geq could be calculated as follows [100,101]:

teq =
√

(3 · h2
c + 6 · hc · tf + 4 · t2f) (3.8)

Eeq =
2 · tf · Ef

teq
(3.9)

Geq =
2 · tf ·Gf

teq
(3.10)

On the other hand, the equivalent plate thickness teq of the single skin

plate based on equal weight may be calculated from [100,101]:

L ·W · teq · ρf = L ·W · 2 · tf · ρf + L ·W · hc · ρca (3.11)

resulting in

teq =
2 · tf · ρf + hc · ρca

ρf
(3.12)

Where, ρf is the density of facing material (aluminium alloys). The elastic

and shear modulus of the equivalent single skin panel are assumed to equal

those of facing skin materials [100,101], namely

Eeq = Ef , Geq = Gf (3.13)

In this study, a form of the Frankland equation is used to predict the

ultimate strength of the aluminium sandwich panel under uni-axial com-
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pression together with the apparent thickness and modulus as obtained

above. Thus it could be formulated [100,101]:

If β is equal or smaller than 1, then

σu

σfo
=
a1

β
− a2

2

β2 (3.14)

Again, if β is greater than 1, then

σu

σfo
= 1.0 (3.15)

The value of β could be calculated by

β =
b

teq

√√√√σfo

Eeq
(3.16)

Where, σu is the ultimate strength of the sandwich panel in axial compres-

sion, σfo is the yield stress of facing material. a1 and a2 are the constants

depending on the plate boundary conditions. Faulkner [102] proposes a1

= 2.0, a2 = 1.0 for simply supported plates and a1 = 2.25, a2 = 1.25 for

clamped plates.

3.4.2.2 Flexural behaviours of alumunium honeycomb panels

The aluminium honeycomb-panels are renowned for their improved flexu-

ral behaviours. The flexural properties of sandwich structures are usually

affected by facing and core materials, where the properties of core ma-

terials effect mostly on deformation and strength of panel with different

dimension. In order to determine the panel bending stiffness and rigidity,

core shear stress and modulus, facing bending stress the following equa-

tions are applied based on short beam and long beam loading method as
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Figure 3.14: Long and short beam loading (flexural) of panels [103,104]

illustrated in Figure 3.14, which is used in the standard method ASTM

C-393 [103,104].

τc =
P1

(d+ c) · b
(3.17)

σf =
P2 · L2

4t · (d+ c) · b
(3.18)

∆1 =
P1 · L3

1

48D
+
P1 · L1

4U
(3.19)

∆2 =
11 · P2 · L3

2

768D
+
P2 · L2

8U
(3.20)

D =
P1 · L3

1[1− (11 · L2
2/8L

2
1)]

48 ·∆1[1− (2 · P1 · L1 ·∆2/P2 · L2 ·∆1)]
(3.21)

G =
P1 · L1 · c[8 · L2

1/11L2
2 − 1]

∆1 · b(d+ c)2[(16 · P1 · L3
1 ·∆2/11 · P2 · L3

2 ·∆1)− 1]
(3.22)

D =
Ef · b(d3 − c3)

2
(3.23)
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U =
G(d+ c)2 · b

4c
(3.24)

Where, τc is the core shear stress (MPa), P1 is the short beam load (N), P2

is the long beam load (N), d is the sandwich thickness (mm), c is the core

thickness (mm), b is the sandwich width (mm), σf is the facing bending

stress (MPa), t is the facing thickness (mm), L1 is the short beam span

length (mm), L2 is the long beam span length (mm), U is the panel shear

rigidity (N), Ef is the facing modulus (Mpa), D is the panel bending

stiffness (N −mm2), G is the core shear modulus (MPa) and ∆1 & ∆2

are the total beam midspan deflections (mm).

The aluminum honeycomb sandwich panels, because of their superior me-

chanical and structural properties, are very renowned as conventional pan-

els for structural designs in lightweight applications. Nevertheless, such

structures are to be blamed for various inconveniences in applications.

One major disadvantage of these honeycomb sandwich panels is their ex-

cessive weight due to solid-metal structures. One innovative solution is to

design textile reinforced composite panels along with the hollow spaces

within the structures leading to reduced weight including the possibilities

of diverse-usage of hollow space. Nonetheless, the major disadvantages of

conventional panels are discussed in the following sections.

3.4.3 Disadvantages of conventional panel-structures

While metal-based conventional sandwich panels are widely used in

lightweight industries, however, remarkable drawbacks are also claimed

for these panel structures in applications. First of all, the excessive weight

of the metal-based panel causes to higher fuel consumption for the trans-

port vehicles. In addition, the adhesive bonded panels are less efficient
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while experienced with loads, especially in transverse direction of the

binding. Moreover, laminated stiffened panels are non-homogeneous and

anisotropic in nature. Metal steel structures are prone to suffer various

types of defects such as corrosion, cracks, and dents. Also, it is difficult to

utilize other than flat structures. Besides, the manufacturing of such sand-

wich panels is extremely slow process and executed mostly through hand-

worked methods. Consequently, the cost of the panels is considered to be

excessive for transport industries. On the other hand, foam core-based

panels are not suitable as high performance components for their inferior

mechanical properties (especially in z-direction), since there is little room

for improving mechanical properties in foaming process (metallic and poly-

meric) by adding alloying elements or dispersing strengthening particles

because of their narrow foaming and solidification conditions. Likewise,

the large pore size and an inhomogeneous pore distribution often decrease

the mechanical properties. Furthermore, the polymeric core-foams release

toxic fumes when they are processed. Besides, the realization of complex-

shaped structures with flexible structural diversities is not feasible by the

conventional panel manufacturing techniques [84–103].

3.4.4 Comparison of textile technologies for the manufacturing

of 3D textile preforms for panel-structures

The discussion on the spacer fabrics by different textile technologies stated

in section 3.3 provides the present technological advancements for the

manufacturing of 3D textile preforms for composites. Principally, most of

the textile technologies could be used to manufacture universal 2D textiles.

Semi-finished 2D textile preforms developed for high performance com-

posites, which are produced with multi-layered reinforcements in x- and

y-directions, can also be reinforced in the z-direction along with the vari-
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able geometries (including hollow shapes) by the recent developments of

textile technologies. Again, innovative multi-layered 3D textiles, for exam-

ple, 3D spacer fabrics could be potentially used as textile preforms in the

manufacturing of lightweight structures, for instance, for panel-structures,

if such novel spacer fabrics could be manufactured cost-effectively using

high performance yarns. However, most of the textile technologies of 3D

preforming are not considered to be feasible in industrial applications. The

major drawbacks are the lack of technological advancements, inadequate

processe-flexibilities, difficulties in the usage of high performance materi-

als, damages of reinforcement yarns by manufacturing processes, higher

investment costs, limitations on medium to large scale productions, etc.

Nevertheless, a short comparison of main textile technologies for 3D textile

preforms is presented in Tables 3.3, 3.4 and 3.5.

Technology Advantage Limitation Investment

cost

Flat weaving flexible for different

materials, high pro-

ductivity

Only 2D textiles, interlacement

of warp and weft yarns

High

3D weaving:

conventional

spacer fabric

Planes connected

with pile yarns,

flexible for different

materials

Less rigidity, limited distance

between the planes, not suit-

able for composites

Very high

3D weaving:

innovative

spacer fabric

Planes connected

with fabric layers,

suitable for 3D

composites

Not flexible system, damages

of fibers by interlacement, com-

plex set-up

Machine in

development

Table 3.3: Comparison of textile technologies for 3D textile preforms [22,26,60–63]
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Technology Advantage Limitation Investment

cost

3D weaving:

Shape 3

3D reinforced struc-

tures

Reinforcements are only in x-

und y- directions, dummy take

off necessary, no undercuts re-

alizable, fiber-damages by in-

terlacement

Machine in

development

3D weaving:

3tex

3D reinforced struc-

tures

Only profiles with constant

cross section, fiber-damages by

interlacement, less productivity

Machine in

development

Braiding 3D reinforced struc-

tures, various geome-

tries, fibers orienta-

tion from 30◦ to 60◦

Less flexibility, less productiv-

ity, fiber-damages by interlace-

ment

Very high

Warp knit-

ting: con-

ventional

spacer fabric

Planes connected

with pile yarns,

flexible for different

materials

Less rigidity, limited distance

between the planes, not suit-

able for composites

Very high

Warp knit-

ting: 3D

non-crimp

textiles

Non-crimp yarns ar-

ranged in multiple

layers in multiple di-

rections (in xy-plane)

Not 3D hollow structures, not

flexible in form-ability, no rein-

forcement in z-direction

Very high

Stitching Non-crimped yarns

in multiple layers in

multiple directions

Limited drapability, asymmet-

ric layers, filament damage, less

flexibility, no reinforcement in

z-direction, not homogeneous

structure

Very high

Non-woven Starting from discon-

tinuous fibers to fab-

ric, quick process

No non-crimp arrangement of

fibers, poor mechanical proper-

ties, lack of mechanical cohe-

sion, less rigidity

Very high

Table 3.4: Comparison of textile technologies for 3D textile preforms [22,26,30,60–68]
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Technology Advantage Limitation Investment

cost

Circular knit-

ting (weft):

conventional

spacer fabric

Planes connected with

pile yarns, flexible for dif-

ferent materials

Less rigidity, limited dis-

tance between the planes,

not suitable for compos-

ites, limited yarn fineness

High

Flat knitting

(weft): conven-

tional spacer

fabric

Planes connected with

pile yarns, flexible for dif-

ferent materials

Less rigidity, limited dis-

tance between the planes,

not suitable for compos-

ites

High

Flat knitting

(weft): 3D

fabric

Very good drapability,

multi-layered non-crimp

yarns in 0◦ & 90◦ di-

rections, near net shap-

ing, flexible process, cost-

effective, less wastage,

high potentiality of fur-

ther developments (e.g.

innovative 3D spacer fab-

rics), less investment cost

Only in research scale re-

alised, no reinforcement

in z-direction, only weft

and warp inlays

Machine in

development

Table 3.5: Comparison of textile technologies for 3D textile preforms [22,26,30,60–62]

According to the comparison of textile technologies presented in Tables

3.3, 3.4 and 3.5, the flat knitting is considered to be most competitive so-

lution for the development of innovative near to net shaped 3D textile pre-

forms for high performance composites. Because of the ground-breaking

innovative technological features, the modern flat knitting machines show

strong potential for the development and manufacturing of novel 3D tex-

tile preforms for lightweight panel-structures leading to the advantages like

the cost effective flexible manufacturing, usage of the high performance

fibers, non-crimped multi-layered arrangement of yarns, less wastage, im-

proved mechanical properties for the composites (high loading, stiffness,

energy absorption), flexibility in the diversifications of 3D geometries, etc.
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3.4.5 Potential panel-structures on the basis of textile compos-

ites using innovative 3D spacer fabrics

High performance fiber-reinforced composites are the lightest weight-

material systems due to their excellent specific stiffness. In comparison

to the conventional metal designs, fiber reinforced composites have the

advantages like substantially lower weight, arrangement of fibers to the

load directions, extremely small co-efficient of thermal expansion, bet-

ter fire resistance, low manufacturing cost, better weapon/ ballistic pro-

tections, high fracture toughness, easy recycling, short processing time,

various forming possibilities, weld-ability, resistance to medias and corro-

sion, etc. [12, 13, 26, 84–95]. Therefore, a sandwich panel employing fibre-

reinforced composite materials as plane layers connected with the same

brings together the excellence of both the structural configuration and

materials systems. Consequently, the innovative multi-layer reinforced 3D

spacer fabrics produced in single stage manufacturing-process show great

potential as textile preforms for high performance composites to substitute

the conventional metal based panel structures in lightweight applications.

Additional opportunities are the usage of the channels as fuel or Hydro-

gen/ Oxygen tank or for the sound damping materials. The bag chambers

could also be used to accommodate the functional devices or various equip-

ments [12,13,26]. The Figure 3.15 shows the possible promising application

areas of composite panel-structures based on 3D spacer fabrics.
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Figure 3.15: Potential application areas of 3D spacer fabrics as composite panels [105–

110]



Chapter 4

Objective of the Research

The description of the function of the automatic power flat knitting ma-

chine discussed in the chapter 2 reveals that such flat knitting technology,

because of its modern features and flexible manufacturing process, can

be used also for the development and manufacturing of innovative techni-

cal textiles, especially complex “near to net” shaped textile preforms for

composites. The state of the art discussed in the chapter 3 divulges that

innovative multi-layer reinforced 3D spacer fabrics, which are consisted

of plane layers connected with individual fabric layers, show great poten-

tial as textile preforms for high performance composites, if they could be

produced cost-effectively through single stage manufacturing using high

performance yarns. However, the conventional manufacturing techniques

for 3D textile preforms (e.g. weaving, braiding, warp knitting, stitching),

because of their technological limitation and lack of flexible-manufacturing

processes, are not considered to be feasible for the development of innova-

tive 3D spacer fabrics with multi-layer reinforcements. Nevertheless, the

automatic power flat knitting machine could be a competitive alternative

to develop these innovative multi-layer reinforced 3D spacer fabrics leading

to niche applications in lightweight composite structures. Moreover, the

development of thermoplastic composites from these flat knitted innova-
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tive 3D spacer fabrics using hybrid yarns, which are consisting of high per-

formance and thermoplastic matrix materials, would be the breakthrough

advancement for the composite manufacturers leading to surmount the

diverse inconveniences caused by thermoset composites. These complex

shaped thermoplastic composites could be the competitive solution to

replace the conventional metal based panel structures in lightweight ap-

plications. However, for the engineering construction of flat knitted 3D

spacer fabrics suitable for proper multi-directional reinforcement effects

(“form follows force”) for lightweight composites, it is indispensable to

examine the compatibility of the usage of high performance yarns in knit-

ting, the diversification of the geometries of 3D spacer fabrics, the methods

of integration of reinforcement and functional yarns into 3D spacer fab-

ric structures and the ultimate mechanical performances of thermoplastic

composites on the basis of developed 3D spacer fabrics. In this backdrop,

the main objectives of this research are:

� Development of flat knitting technology and manufacturing process

for innovative 3D spacer fabrics consisting of individual surface and

connecting layers

� Efficient usage of high performance yarns in flat knitting

� Innovative design of 3D spacer fabrics for high structural perfor-

mances (“form follows force”)

� Integration of reinforcement yarns into multiple layers in 3D spacer

fabric structures for high mechanical performance

� Multi-layer construction of 3D spacer fabrics

� Creation of “sensor-network” (integration of functional yarn) into 3D

spacer fabrics for structural health monitoring



59

� Fully-automated single-stage manufacturing of flat knitted 3D spacer

fabrics including all integrated functions

� Analysis, calculation and modeling of the mechanical performances

of yarns, fabrics and composites
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Chapter 5

Development of flat knitting

technology for 3D spacer fabrics

5.1 Selection of flat knitting machines

5.1.1 Required technical features

For the development of complex shaped 3D spacer fabrics eligible for

proper reinforcement effects in high performance composites, the integra-

tion of reinforcement warp and weft yarns as multiple layers along with

the engineering construction of 3D spacer fabrics are inevitable. However,

in order to develop such spacer fabrics by flat knitting, following technical

features of flat knitting machines should be considered first:

� Individual needle selection capability

� Loop transfer

� Fully-fashion technique

� Flexible and variable takedown system

� Adequate yarn feeders for weft and loop yarns
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� Intermediate controlling system

� The usage of intarsia yarn feeders (for example, for the integration

of sensor-network)

� Open carriage for integrating of at least two warp sets from above

� Spaces at the knitting zone for at least two warp and two weft systems

along with two loop systems (for multi-layer reinforcements in order

to increase the fabric specific weight)

� Modern patterning possibilities (e.g. CAD)

5.1.2 Technology-comparison of flat knitting machines

In order to categorize the flat knitting machines suitable for the devel-

opment of 3D spacer fabrics, the main technical features of all available

flat knitting machines at Institute of Textile Machinery and High Per-

formance Material Technology (ITM) of Technical University of Dresden

(TU Dresden) have been documented in Table 5.1. Hence, considering the

available technical features presented in Table 5.1, the flat knitting ma-

chine CMS 320TC of company H. Stoll GmbH & Co. KG, Reutlingen of

Germany [48] is selected for the development of spacer fabrics with differ-

ent geometrical forms including course directional reinforcements. On the

other hand, the flat knitting machines Aries.3 (1st version: conventional

& 2nd version: advanced) of company Steiger SA of Switzerland [111] are

selected for the development of multi-layer reinforced (as warp and weft

inlays) 3D spacer fabrics. Figure 5.1 represents both flat knitting machines

before any modification. However, the technical details and present status

of these machines are presented briefly in the following sections.
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Technical features Stoll Steiger Aries.3

CMT

211

CMS

320TC

Conventional Advanced

Individual needle selec-

tion

- X X X

Loop transfer X X X X

Holding down sinkers - X - -

Fully-fashion technique - X X X

Open carriage Xa Xa X X

Intermediate take-down X X X X

Main take-down X X X X

Take-down comb for

start of fabric

- X - -

Distance between needle

beds

Xb Xc Xc Xb

Yarn feeder selectors

mounted on the carriage

(not flexible system)

- X - -

Special yarn feeder for

weft yarn

- - X X

Possibility of weft inte-

gration

Xd Xd X X

Possibility of warp inte-

gration

Xe Xf X X

Warp integration from

above

Xg Xg X X

Space for warp and weft

yarn guides or feeders

Xh Xi Xj Xk

CAD-Pattern system - X X X

Table 5.1: Technology-comparision of flat knitting machines at ITM, TU Dresden

In Table 5.1, a: modified at ITM; b: 10 mm; c: 5 mm; d: using normal yarn

feeder; e: up to 4 warp sets, f: only 1 warp set; g: throw modified carriage;

h: maximum 4 warp and 5 weft systems; i: maximum 1 warp and 1 weft

systems; j: possibility of up to 2 warp and 2 weft systems; k: possibility
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of up to 5 warp and 6 weft systems.

Figure 5.1: Flat knitting machine: Stoll CMS 320TC [48] & Steiger Aries.3 [111]

5.1.3 Flat knitting machine: Stoll CMS 320TC

The CMS 320TC flat knitting machine is equipped with modern fully-

fashioning technique. This machine is renowned for manufacturing of 2D

or 3D “near to net” shape knitted structures. The CAD-patterning, loop

transfer, individual needle selection capability, the usage of intarsia yarn

feeders together with the presence of holding down sinkers are the epic

features of this machine, which make it very effective for the development

of innovative 3D spacer fabrics. However, this flat knitting machine has

already been modified previously in some research projects at ITM, TU

Dresden, especially for the development of biaxial reinforced textile pre-

forms for composites [43]. The major modifications are, for example, the

partition of carriage for integrating of single set warp yarns to the front

needle bed, warp guides, advance creeling system of warp-spools, modified

yarn feeders for weft and loop yarns. Nevertheless, the major technologies

of this flat knitting machine are discussed briefly in the following subsec-

tions.
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Figure 5.2: Example of knit pattern and simulated knit structure by M1plus CAD-system

5.1.3.1 CAD-patterning software: SIRIX & M1plus

Stoll CMS 320TC flat knitting machine supports the modern CAD-

patterning software SIRIX, M1 and M1plus. However, M1plus is the lat-

est version of CAD-patterning software of company Stoll and offers the

knitting process in following main areas: design software, connectivity,

machine management tools, machine operating system, etc. Moreover,

M1plus offers colour arrangements and module arrangements windows

with which it is possible to specify the knitting cycles graphically in a

flexible way. For easy drawing of the pattern, without the influence of

knitting technique aspects, it has the design mode. However, 3D spacer

fabrics with and without course directional reinforcements including dif-

ferent geometries are developed in this research using both SIRIX and

M1plus softwares. The Figure 5.2 shows an example of single jersey and

1x1 rib structures displayed by M1plus CAD-system.
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5.1.3.2 Carriage

Carriage is the main operating system to perform the required function for

generating of knitted fabrics. Carriage has three major parts: two different

cam-box systems placed on both needle beds and yarn feeder selection

unit above the yarn feeder rail. The yarn feeder selection unit is joined

with both cam-box systems with bows and make the assembly into one

rigid unit, which is driven by the motor-operated belts to traverse over the

needle beds and yarn feeder rail. This carriage has previously been divided

especially at yarn feeder selection unit to integrate single set of warp yarns

to the front needle bed for multi-layer knitting [43]. However, each com-

Figure 5.3: Carriage of Stoll CMS 320TC flat knitting machine

box unit has two sets of complete knitting system, whereas each knitting

system is consisted of different cam systems (e.g. knit, tuck, miss, transfer)

and selection sensors. These selection elements could select up to single

needle in any stroke of the carriage based on CAD-pattern. Due to such
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diverse needle selection capabilities, complex shaped knit structures are

possible to manufacture on this flat knitting machine. Again, yarn carrier

selectors are electronically controlled and allow activating or deactivating

the yarn feeders to traverse with carriage following CAD-pattern. In this

way, various yarns feeders are used to supply the necessary yarns (base

loop, weft or functional) to the knitting zone. The Figure 5.3 shows the

carriage of Stoll CMS 320TC flat knitting machine.

5.1.3.3 Needle bed

The both needle beds, which are arranged in V-shaped keeping a distance

5 mm from each other at the top, are 1270 mm in width. The machine

gauge is 5 needles per inch and is remained unchanged for the spacer

fabric manufacturing. The needle beds also contain the needles, holding-

down sinkers, knock-over sinkers and selection sinkers. However, only the

rear needle bed is adjustable (racking) up to 5 needles in both directions

comparing to the front needle bed position. Figure 5.4 (a) shows the needle

beds of Stoll flat knitting machine.

Figure 5.4: Needle bed (a) and yarn feeders (b) of Stoll CMS 320TC flat knitting machine
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5.1.3.4 Yarn feeder

Different types of yarn feeders, for instance, regular, platted and intarsia

yarn feeders can be used on Stoll flat knitting machine. However, only the

regular and intarsia yarn feeders are used to develop 3D spacer fabrics.

The regular yarn feeders are used to carry the finer loop yarns (138 tex)

and coarser reinforcement yarns (up to 1230 tex). Conversely, the intarsia

yarn feeder is used to integrate the functional yarns for “sensor-network”

into the course directional reinforced 3D spacer fabric structure. The yarn

feeders are placed usually on the rails above the needle beds (below the

yarn feeder selection unit of carriage). There are maximum 8 yarn feeders

could be traversed on 4 rails (2 yarn feeders on each rail). Nevertheless, due

to the previous modification at carriage, 3 rails are now available on this

flat knitting machine allowing maximum 6 yarn feeders to be employed.

The figure 5.4 (b) shows the used yarn feeders of this experiment.

5.1.3.5 Knitting zone and knitting elements

The knitting zone is composed of the carriage, needle beds, needles, yarn

feeders, holding down sinkers and the knock-over sinkers. The knitting

zone of Stoll CMS 320TC flat knitting machine is shown in Figure 5.5.

The needle beds could be arranged in interlock or rib gating depending on

the knit patterns. The knock-over sinkers and the holding down sinkers

are placed at the top between the adjacent needles. However, the latch

needle along with patent sinker, pattern sinker and selector are positioned

in the groove of the needle bed. These knitting elements are guided by

the knitting cams and electro-magnetic selectors based on CAD-pattern.

For example, patent and pattern sinkers are responsible to activate or

deactivate the needle in knitting, where the different stitch formation is
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done by guiding the needle butt and selector.

Figure 5.5: Knitting zone and knitting elements

5.1.3.6 Take-down system

The fabric take-down system is comprised with three different take-down

units, which are the main take-down unit, upper take-down unit (addi-

tional take-down system) and the holding down sinkers. The main take-

down unit consisting of two rubber-coated rollers pressing each other is

arranged at the bottom of the machine and provides the take-down mo-

tion over the knitted fabrics. Between the two rollers, front roller is the

segments of rollers connected with individual spring systems. On the other

hand, the upper take-down system, which is placed under the needle beds,

is consisted of two small aluminium-profile rollers. This take-down sys-

tem provides additional take-down forces on the knitted fabrics. The level

of take-down forces of both main and additional take-down units is pro-
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grammable by CAD system. Conversely, holding down sinkers are attached

at the front edges of both needle beds and guided by the special cams of

carriage. The fabric held by the needles is thus trapped under these sinkers

and prevented from further moving. Regardless of the operation mode of

the take-down mechanism, the fabric is prevented from riding up with

the ascending needles, which are able to clear their old loops and knit

new loops. This is especially true when some of the loops should be held

while others knit repeatedly. Another important advantages of this sys-

tem is that in a case of a press-off, the fabric can be easily “pressed-on”

again simply by threading the carrier and resuming the knitting operation.

However, for the development of spacer fabrics with diverse geometries,

Figure 5.6: Take-down systems of Stoll CMS 320TC flat knitting machine

the holding down sinkers play a major role, especially in the construction

of variable connecting fabrics. In spacer fabric knitting, the main take-

down system is kept inactive while knitting the connecting fabrics. The
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connecting fabrics are then pressed downwards by holding down sinkers

into the gap between needle beds providing adequate fabric take-down

force for effortless knitting. The main and additional take-down systems

are presented in Figure 5.6.

5.1.4 Flat knitting machine: Steiger Aries.3

The Aries.3 flat knitting machines also belong to the modern fully-

fashioning flat knitting group and they are prominent for an assort-

ment of 2D/3D knitting with fully-fashioned and shaped edges along

with jacquard, plated and intarsia patterns with individual needle selec-

tion capability. Aries.3 flat knitting machine is different than Stoll CMS

320TC flat knitting machine in various viewpoints, for example, in car-

riage construction, number of knitting head existing, presence of inter-

mediate sinkers, type of yarns feeders, type of needle and other knitting

elements. However, two different Aries.3 flat knitting machines (conven-

tional & advanced) are selected for the development of multi-layer rein-

forced 3D spacer fabrics. These machines differ each other only regarding

the available distances between the needle beds (e.g. 5 mm & 10 mm)

and number of yarn feeders in hand. Conversely, these flat knitting ma-

chines have already been modified at ITM, TU Dresden, especially in the

take-down system for multi-layer knitting [26]. Nonetheless, the major

technologies of these flat knitting machines are discussed briefly in the

following subsections.

5.1.4.1 CAD-patterning software: Model

Aries.3 flat knitting machines are compatible with the Model CAD-

patterning software. The simplicity in creation and the usage of its logic
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symbols make the user independent in designing of effortless knitting pro-

gram. The program offers a very important base library that is being

constantly updated and enlarged and that can be freely customized by

the user. Moreover, the program analyses the pattern feasibility and dis-

Figure 5.7: Example of 2D knit pattern (single jersey with loop transfer) and simulated

knitting process by Model CAD-system

plays a simulation of the knitting process, thus really helping the user to

understand the formation of stitch structures. With a few instructions,

this Model version allows from a BMP format graphic design to automat-

ically create the whole program while optimizing the production time.

However, complex shaped 3D spacer fabrics with multi-layer reinforce-

ments are designed successfully using the latest version (Version 7 & 8)

of Model CAD-patterning software. The Figure 5.7 shows the example of

knit pattern and knitting process by Model CAD-system.
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5.1.4.2 Carriage

The innovative construction of open carriage resulted in the elimination

of the bow of the cam-carriage so that the front and rear units of the

carriage are able to work independently. The complete synchronization of

the carriage-units is ensured by using a single motor for driving them. The

Figure 5.8: Carriages of Aries.3 flat knitting machines

open carriage design offers the yarn feeding directly from above including

the reduced yarn friction. Moreover, the open carriage combined with

the individual motorization of the yarn-carriers has made it possible to

separate the control of yarn-carrier movements completely from that of the

cam-carriage. Consequently, it is possible to integrate the reinforcement

warp yarns through the open carriage for multi-layer reinforcements in

the development of 3D spacer fabric. However, three com-box systems

(consisting of different knitting cams) are equipped to the backside of

each carriage-unit so that they could drive the needle butts and other
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selecting elements while the carriage is traversed over the needle beds.

The Figure 5.8 shows the carriages of Aries.3 flat knitting machines.

5.1.4.3 Needle bed

The both Aries.3 machines are common in terms of needle beds arrange-

ment (in V-shaped), machine gauge (7 needles per inch), machine width

(1300 mm), arrangements of knitting elements in the needle groove, rack-

ing (only front needle bed in both sides up to 60 mm), etc. However,

the distances between the needle beds of both conventional & advanced

Aries.3 flat knitting machines are 5 mm and 10 mm respectively. The ar-

rangement of needle beds of Aries.3 (advanced) flat knitting machine is

shown in Figure 5.9 (a).

Figure 5.9: Arrangement of needle beds and yarn feeders of Aries.3 flat knitting machine

5.1.4.4 Yarn feeder

The yarn feeders are no longer driven by plungers on the upper part of the

carriage bow, but by individual motors placed at the end of the yarn feeder
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bars. The movement and the position of the motorized yarn feeders are

followed by the CAD-pattern system, which is compatible with the func-

tions and independent from the direction of the cam-carriage movements.

Such motorization of the yarn feeder offers more scopes in creativity and

even in reproducibility of most complex designs combined with maximum

productivity. The Aries.3 machine can be equipped with up to 32 yarn

feeders. However, the conventional Aries.3 flat knitting machine has been

designed with 24 yarn feeders allowing more spaces at the knitting zones,

especially to accommodate coarser yarns in multiple layers for the devel-

opment of multi-layered knit preforms. The yarn feeders of Aries.3 are

shown in Figure 5.9 (b).

5.1.4.5 Knitting zone and knitting elements

Knitting zone and knitting elements of Aries.3 flat knitting machine are

shown in Figure 5.10. The latch needles and selectors are placed in the

Figure 5.10: Knitting zone and knitting elements of Aries.3 flat knitting machine

needle grooves of needle beds. The knock-over sinkers are fixed at the top

of the needle beds in adjacent positions of the needles. The driving of

knitting elements with activation of respective cams in the carriage, the
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selection, usage and positioning of selected yarn feeders in every stroke of

the carriage are pre-designed and simulated by the CAD-pattern system.

5.1.4.6 Take-down system

The Aries.3 flat knitting machines (both conventional & advanced) are

equipped with unique upper take-down devices. The system operates at

a distance of 20 mm below the loop-formation area. It consists of two

rubber sleeves, which operate at slow speed in an opposite direction to

each other. This ensures a rotating take-down grip on the fabric which

guarantees a regular friction take-down. The system offers many advan-

tages, for example, the elimination of pressure jacks, take-down combs,

“Banana” formation of stitches. Nevertheless, for the effortless taking-

Figure 5.11: Additional take-down systems of Aries.3 flat knitting machines [26]

down of multi-layered textile preforms from relatively coarser yarns an

additional take-down system has already been integrated in both Aries.3

flat knitting machines [26]. This take-down system, which is equipped at

the bottom of the machine, is consisted of four take-down rollers (rubber-

coated) driven by servo-motors. The Figure 5.11 presents the additional

take-down systems of Aries.3 flat knitting machines.
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5.2 Materials

The innovative flat knitting technology for 3D spacer fabrics offers the full

flexibility of the usage of wide-spectrum of materials, for instance, from

conventional fibers to high performance materials (GF, AF, CF, Metallic,

etc.). With the aim of manufacturing the composites through thermoplas-

tic consolidation, hybrid yarns consisting of E-glass (volume: 52%) and

polypropylene filaments (volume: 48%) are used for the development of

3D spacer fabrics. These hybrid yarns are developed as well as manufac-

tured at ITM, TU Dresden (Germany) in the framework of the research

program SFB639 “Textile-reinforced composite components for function-

integrating multi-material design in complex lightweight applications” of

the German Research Foundation [26]. The modified polypropylene fil-

aments “Prolen H” by the Chemosvit Fibrochem a.s. Company of Slo-

vakia [112] and the special coated glass filaments by the P-D Glasseiden

GmbH Oschatz Company of Germany [113] are used for the manufactur-

ing of hybrid yarns. The yarn fineness is selected 138 tex as the knitting

yarn for base fabric (base loop yarn) and 410 tex as the reinforcement

yarn. However, reinforcement yarns with different finenesses are used in

various perspectives, for example, as 410 tex, 820 tex and 1230 tex, which

are simply multiplying the 410 tex yarn with required numbers. Moreover,

a list of functional materials, for example, carbon filament, copper wire

are integrated into the spacer fabric structures in oder to create “sensor-

networks”.
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5.3 Development and manufacturing of 3D spacer

fabrics

5.3.1 Structural variation of 3D spacer fabrics

The demand of spacer shaped multi-layer reinforced textile preforms with

intricate geometries is immense, especially for lightweight composite appli-

cations, for example, for the multifaceted automobile body parts, namely,

floors; decks; doors; bonnets; containers for motors, gear-boxes, batteries,

oil pan module; crash elements; ballistic shields; body armour. Conse-

quently, different geometrical diversification of 3D spacer fabrics is in-

evitable in order to develop compatible textile preforms for such complex

shaped composite-components. The efficient designing of 3D spacer fab-

rics along with multi-directional reinforcements are indispensable in order

to manufacture spacer shaped 3D composites suitable for high mechanical

performances. However, innovative 3D spacer fabrics with diverse geome-

Figure 5.12: Schematic of 3D spacer fabrics (example of structural variations)

tries could be manufactured on modern flat knitting machines by further

developing of knitting technologies as well as of manufacturing processes.

These spacer fabrics could be categorized on the basis of number of sur-
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face layers, the curvature of the plane layers and the length and angle of

connecting fabrics between the planes. The schematic structures of the

designed 3D spacer fabrics are presented in Figure 5.12. These innovative

3D spacer fabrics are expected to show very improved mechanical prop-

erties. For example, the spacer fabric type (V) in Figure 5.12 is expected

to be suitable against compression, tension and flexural stresses as well

as for energy absorption in impact, whereas the spacer fabric type (Vi)

would be very effective against shear and flexural stresses in addition to

energy absorption in impact. Since the spacer fabric type (Vii) is the com-

bination of spacer fabrics (V) and (Vi), reasonably, such spacer fabric is

expected to be very promising in carrying of compression, tension, shear

and flexural forces along with for impact properties.

5.3.2 Development and manufacturing of 3D spacer fabrics

without any reinforcements

Considering the high complexity of the development of 3D spacer fab-

rics consisting of multi-layer reinforced surface and connecting layers, 3D

spacer fabrics are considered to develop at first without any reinforcement

(by only knit loops using finer yarns) by means of the innovative knitting

technique. Once the innovative spacer fabrics are realized successfully, the

necessary reinforcements (in course & wales directions) of the surface and

connecting layers could be achieved by the further developments of flat

knitting technology (by innovative integration concepts). However, spacer

fabrics are developed by creating individual plane and connecting layers

made of single jersey structures. The fineness (gauge) of needles for fab-

ric layers is determined considering the number of individual fabric layers

(plane & connecting) to be knitted for the designed spacer fabric. To knit

individual fabric layers of spacer fabrics, needles of both needle beds are
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first grouped accordingly. For example, for knitting of spacer fabric type

(V) of Figure 5.12, which is consisted of two plane layers connected ver-

tically with individual fabric layers, the needles of each needle bed are

divided into two sets: odd and even needles (Figure 5.13). Then, two in-

dependent plane layers (a, c) are knitted separately to a predetermined

length (equal to both needle beds) on the odd needles of both needle beds

respectively (knitting sequence 1 of Figure 5.13). Then, keeping both plane

Figure 5.13: Binding technique (example) of 3D spacer fabric (type-V) without any

reinforcement

layers idle, a connecting course is knitted on all needles of front needle

bed (knitting sequence 2 of Figure 5.13). On the very next, knitting is

followed consecutively only on the other alternate needles (even) of front

needle bed to form the connecting length (b) with a predetermined length

(knitting sequence 3 of Figure 5.13). At the end, connecting layer (b) is

shifted to the odd needles of rear needle bed using loop transfer tech-
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nique to have a perpendicular connection between the planes (knitting

sequence 4-6 of Figure 5.13). The aforementioned knitting sequences (1 to

6 of Figure 5.13) together are a repeat of manufacturing 3D spacer fabric

type (V). On the other hand, the alignment of needles of each needle bed

are in three different sets for the spacer fabric type (Viii) of Figure 5.12,

which is consisted of two plane layers (a, c) and two connecting layers (b,

d). Two needle sets of each needle bed are used to construct the relevant

plane and connecting layers respectively. For instance, plane layer a and

connecting layer b are on front needle bed, whereas plane layer c and

connecting layer d are on rear needle bed. The remaining needle set of

each needle bed is used to accommodate the other connecting layer of the

opposite needle bed for the effortless knitting of the opposite plane layer.

However, the spacer fabrics from type (i) to type (Xii) shown in Figure

Figure 5.14: Schematic knitting phases in manufacturing of 3D spacer fabrics

5.12 are knitted on the Stoll CMS 320TC flat knitting machine without

any integration of reinforcement yarns into fabric structures. Finer loop

yarn is used to construct these 3D spacer fabrics following single jersey
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knit patterns. The different knitting phases (directions) in manufacturing

of such spacer fabrics are shown in Figure 5.14. For the construction of

spacer fabric type (i), two plane layers (a, c) are knitted separately on the

selected needles of both front and rear needle beds. The connecting layer

(b) is then knitted on the selected needles of front needle bed keeping

the planes idle and finally shifted to rear needle bed to form a perpen-

dicular connection. Later on, both planes are knitted to a predetermined

length, joined together following an interlock or rib course and, finally,

knitted again separately to construct both independent plane layers. The

construction of spacer fabric type (ii) is quite similar to the spacer fabric

type (i). In this case, both plane layers are joined vertically with con-

necting layers (b, d) of two variable lengths arranged alternatively. The

spacer fabric type (iii) is the combination of spacer fabric types (i) and

(V), in which both planes (a, c) are connected vertically with three indi-

vidual and alike fabric layers (f, b, d) in three different phases keeping the

same distance between two neighbouring connections. On the very next,

both planes (a, c) are knitted to a predetermined length, joined together

following an interlock or rib course and knitted again separately to con-

struct the independent planes. On the other hand, the spacer fabric type

(iV) is knitted following the construction of two independent planes (a, c)

connected vertically with two separate fabric layers (with a predetermined

length between two neighbouring connections), in which every two consec-

utive connecting layers (b, g and d, f) are knitted in dissimilar lengths by

turns. For spacer fabric type (V), two individual surface layers (a, c) are

knitted on front and rear needle beds, and then joined with a connecting

layer (b) vertically. Among the three knitted layers created on both needle

beds for spacer fabric type (V), middle connecting layer (b) is joined with

both surface layers (a, c) by turns keeping a constant length to get spacer

fabric type (Vi). Type (Vii) is the combination of spacer fabric types (V)
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and (Vi). For spacer fabric type (Viii), four individual layers (a, b, c, d)

are knitted on front and rear needle beds (for instance, layers a and b

on front needle bed and layers c and d on rear needle bed), and finally

the middle connecting layers (b, d) are joined together and then with

the plane layers (a, c) respectively by turns keeping a constant length.

In order to construct spacer fabrics (iX) and (X), three surface layers (a,

c, e) are knitted first on both needle beds. The first and middle surface

layers (a, c), and the third and middle surface layers (e, c) are joined ver-

tically with two connecting layers (b, d) respectively to get spacer fabric

type (iX). For spacer fabric type (X), the three surface layers (a, c, e)

are knitted individually for a definite length after joining vertically only

the first and middle surface layers (a, c) with a connecting layer (b). The

third and middle surface layers (e, c) are then joined vertically with a

new connecting layer (d). The construction of spacer fabric type (Xi) is

very much complex, where three surface layers (a, c, e) are joined with

four individual connecting layers (b, d, f, g) in different phases of knitting

cycle. For spacer fabric type (Xii), four individual layers (a, b, d, e) are

knitted on front and rear needle beds (for instance, layers a and b on front

needle bed and layers d and e on rear needle bed). The middle connecting

layers (b, d) are then joined together to form the middle plane layer (c)

and, on the very next, all three plane layers (a, c, e) are knitted to a pre-

determined length. Finally, the middle plane layer (c) is then divided into

middle connecting layers (b, d), knitted to a fixed length and joined with

the surface layers (a, e) respectively. The developed innovative 3D spacer

fabrics without any reinforcement into fabric structures are presented in

Figure 5.15.
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Figure 5.15: Flat knitted innovative 3D spacer fabrics using 138 tex GF-PP hybrid yarns

(without any reinforcement)

3D spacer fabrics with diverse geometries are developed successfully using

the innovative flat knitting technologies and manufacturing techniques.

Such innovations permit the fully realization of complex shaped 3D spacer

fabric structures from only single stage-manufacturing process, whereas

the multifaceted designing of fabric structures would offer various struc-

tural benefits (form follows force), for instance, rigidity, energy absorption,

tensile strength (in tension and compression). Conversely, the above men-

tioned 3D spacer fabric structures, which are expected to be compatible

for proper structural superiorities based on the end uses of the compos-

ites, could be selected, reinforced further and utilized as textile preforms

in composite-moulding process.
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5.3.3 Concepts for the integration of reinforcement yarns into

knit structures

In order to apply in high-load conditions, 3D spacer fabrics must have to

be reinforced enough by integrating the reinforcement yarns into the fabric

structures. With the intention of reinforcing the spacer fabric structures,

various concepts for the integration of reinforcement yarns into knit struc-

tures are developed. One of the aims of such innovation is to check the

possibility of integration of reinforcement yarns by flat knitting. However,

reinforcement yarns are integrated successfully into 2D knit structures

following five different integration techniques, for example, as knit loop,

tuck stitch, weft yarn (weft inlay), warp yarn (warp inlay) and as weft

& warp yarns (as biaxial inlays). These integration methods have been

documented in Figure 5.16. Flat knitting machine CMS 320TC is used to

integrate the reinforcement yarn as knit loop, tuck stitch and weft yarn,

whereas the flat knitting machine Aries.3 (conventional) is used to in-

tegrate as warp yarn and as multiple layers (biaxial inlays). In case of

knit loops, the reinforcement yarns are used to construct the knit loops

directly following single jersey knit pattern. But, the reinforcement yarns

are integrated as tuck stitches and as weft yarns into the single jersey

knit fabrics using finer yarns. In the method of tuck stitch shaped inte-

gration, every alternate needle (for example, odd needles of front needle

bed) is used first to construct knit loops using finer yarn. On the very

next, the remaining needles (even needles of front needle bed) are driven

to construct tuck stitches using the coarser reinforcement yarn. However,

a repeat of such tuck stitch shaped integration is completed when the con-

struction of knit loops and tuck stitches are followed by the replacement

of their respective needles (knit loops and tuck stitches on even and odd

needles respectively). In case of the integration of reinforcement yarns as
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Figure 5.16: Different integration methods of reinforcement yarns by flat knitting

weft yarns, all needles of front and rear needle beds are used to construct

knit loops and tuck stitches respectively using the same finer yarn. Later

on, the reinforcement yarn is supplied by the yarn feeder, placed between



5.3 Development and manufacturing of 3D spacer fabrics 87

needle beds and, finally, the tuck stitches are transferred to the needles of

front needle bed so that the already placed reinforcement yarn becomes

trapped as floating yarn (as non-crimp weft yarn) into knit structure. On

the other hand, the warp yarns, which are delivered from above through

the open carriage of Aries.3 flat knitting machine, are integrated as warp

yarns in a single jersey knit-pattern using also finer loop yarn. In order

to integrate the reinforcement yarns only as warp yarns, the finer base

fabric yarn is delivered from the back side of the warp yarns (if it is

counted from the respective needle bed), whereas the knitting is carried

out only on the needles of any single needle bed. However, the warp yarns

are trapped into knit structure (by the finer loop yarns) when the rack-

ing of the needle bed is followed about single needle position in both left

and right directions alternatively. Conversely, the multi-layer reinforced

biaxial knit fabric is produced on Aries.3 flat knitting machine using the

coarser weft and warp yarns along with finer base fabric yarn. Weft and

finer yarns are supplied by the yarn feeders from the front and rear sides

of warp yarns respectively, if they are counted from the respective needle

bed. In knitting, weft yarn is placed first between the needle bed and the

warp yarns. On the very next, needles are raised up keeping the already

placed weft yarns down and received the finer yarn from the back side of

the warp yarns. This finer yarn is used to construct the single jersey knit

structure. However, the weft yarns along with warp yarns are connected

as multiple layers (as biaxial inlays) into single jersey knit structure, when

the above mentioned knitting stages are cycled.

Knit structures with different arrangement of reinforcement yarns based

on the above discussed innovative integration concepts are expected to

show dissimilar mechanical performances both in the formation of fabrics

and composites. For example, the looped shaped arrangements (as knit

loops, tuck stitches) of reinforcement yarns would be suitable for high en-
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ergy absorption in impact, whereas the non-crimp alignments (weft and

warp inlays) would be suitable for carrying the applied forces. Such diver-

gence of mechanical behaviours could be the results of the different orien-

tations of fibers as well as the variable breakages of reinforcing component

(GF) caused by the unlike integration of reinforcement yarns. Neverthe-

less, the integration of reinforcement yarns as weft and warp inlays, which

are actually the non-crimp inlays into fabric structure, is considered to

be the best solution for high mechanical performances in both wales and

course directions.

5.3.4 Development and manufacturing of 3D spacer fabrics

with course directional reinforcements

In order to develop biaxial reinforced (multi-layered) 3D spacer fabrics,

the integration of reinforcement yarns into course direction is considered

first. For achieving the reinforcing effect in course direction, the reinforce-

ment yarns could be integrated into spacer fabric structure as knit loops,

tuck stitches or as weft inlays (weft yarns). However, the integration of

reinforcement yarns as weft inlays is expected to be the most effective

arrangement of fibers due to their non-crimp alignments in course direc-

tion. Nevertheless, the spacer fabric types (V), (Vi), (Viii), (iX), (X) and

(Xii) of Figure 5.12 are knitted successfully including the reinforcement

yarns (410 tex) as weft inlays into all plane and connecting layers on

the flat knitting machine Stoll CMS 320TC. These 3D spacer fabrics are

shown in Figure 5.17. The remaining spacer fabrics of Figure 5.15 could

also be knitted including weft inlays by applying additional yarn feeders

on the flat knitting machine. The knitting phases (knitting directions) of

manufacturing of these 3D spacer fabrics are also as same as they are

in manufacturing without any reinforcement yarns (presented in Figure
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Figure 5.17: Example of 3D spacer fabrics with reinforcement yarns (410 tex) integrated

as weft inlays

5.14). But, the grouping of needles of each needle bed is done taking into

account not only the number of fabric layers to be knitted at a time, but

also the integration technique of weft inlays (through loop transfer) into

all plane and connecting layers. For instance, the binding technique of

manufacturing of 3D spacer fabric (type-V) with reinforcement yarns in-

tegrated as weft inlays (through loop transfer technique) into all plane and

connecting layers is documented in Figure 5.18. In knitting of this spacer

fabric, the needles of each needle bed are divided into two sets: odd and

even needles. Then, two independent plane layers (a, c) are knitted sepa-

rately to a predetermined length (equal to both needle beds) on the odd

needles of both needle beds respectively (knitting sequences 1 to 9 of Fig-

ure 5.18). The reinforcement yarns are integrated into each plane layer as

weft yarns following the loop transfer technique. Then, keeping both plane

layers idle, a connecting course is knitted on all needles of front needle bed

(knitting sequences 10 of Figure 5.18), and on the very next, the knitting

of connecting layer (b) including the reinforcement yarns integrated as

weft yarns by loop transferring is followed on the even needles of front

needle bed (knitting sequences 11 to 15 of Figure 5.18). Finally, the con-

necting layer (b) is shifted to the odd needles of rear needle bed using loop

transfer technique to have a perpendicular connection between the planes



90 5. Development of flat knitting technology for 3D spacer fabrics

Figure 5.18: Example of binding technique of 3D spacer fabric (type-V) with integrated

reinforcement weft yarns into plane and connecting layers

(knitting sequences 16 to 17 of Figure 5.18). The aforementioned knitting

sequences (1 to 17 of Figure 5.18) together are a repeat of manufactur-

ing 3D spacer fabric type (V), which is comprised with weft reinforced

plane layers connected vertically with weft reinforced connecting layers.

Again, this spacer fabric (type-V) is manufactured separately with inte-

grated reinforcement weft yarn using relatively coarser yarns (1230 tex).

Moreover, such coarser yarns are also integrated as knit loops and tuck

stitches seperately within this spacer fabric structure. These 3D spacer

fabrics are presented in Figure 5.19.
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Figure 5.19: Example of flat knitted 3D spacer fabrics (type-V) with different course

directional reinforcements (as knit loops, tuck stitches & weft yarns)

5.3.5 Development and manufacturing of various 3D tubular

structures

Tubular structures are the 3D structures, which are comprised with two

surface layers connected together at the edges by continuous fabric strands

or yarns. The application potential of these tubular fabric structures is

immense, especially in lightweight structures, textile reinforced concretes,

industrial textiles, protective textiles, etc. Conversely, in order to use as

high performance textile preforms, the development of such 3D tubular

structures using favourable materials, for example, using high performance

yarns, is foreseen. Conventional tubular structures are produced by weav-
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ing, braiding and knitting techniques. Weaving and braiding technologies

are not considered to be feasible for high mechanical performances be-

cause of the so-called fiber-interlacements in processing and the very high

investment costs. On the other hand, knitting is renowned only for the

mesh structured tubes mostly for the conventional usage.

Within the frame work of the development of multi-layered 3D spacer fab-

rics, seven different 3D tubular structures are manufactured successfully

using the novel flat knitting technologies. These new 3D tubes are man-

ufactured individually with the integration of reinforcement yarns into

knit structures as knit loops (T-K), tuck stitches (T-T), weft yarns (T-

W), warp yarns (T-WA), warp yarns & tuck stitches (T-WAT), warp

yarns & weft yarns as well as tuck stitches (T-WWAT), and as warp &

weft yarns (T-WWA). The schematic construction techniques (innovative

flat knitting), 2D knit architectures and 2D knitted structures and the

already knitted 3D tubes are shown in Figures 5.20 and 5.21. The tubu-

lar structures T-K, T-T and T-W are manufactured on the Stoll CMS

320TC flat knitting machine, whereas the tubular structures T-WA, T-

WAT, T-WWAT and T-WWA are produced on the Aries.3 (conventional)

flat knitting machine. The integration of reinforcement yarns is followed

combining the integration techniques already described in section 5.3.3.

The tube T-K is knitted creating two single jersey structures on both

front and rear needle beds by turns using the same reinforcement yarn.

On the other hand, two yarn feeders are used (for finer and reinforcement

yarns) to construct the tubes T-T and T-W. The finer yarn is first used to

construct two single jersey structures on both needle beds separately by

turns. The reinforcement yarn is then integrated as tuck stitches in both

single jersey structures gradually to form the tube T-T, whereas the rein-

forcement yarn is integrated as weft yarns through loop transfer technique

to form the tubular structure T-W. The usage of the same yarn feeders
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Figure 5.20: 3D tubes with integrated reinforcement yarns as knit loops (T-K), tuck

stitches (T-T), weft yarns (T-W) and warp yarns (T-WA)
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Figure 5.21: 3D tubes with integrated reinforcement yarns as warp yarns & tuck stitches

(T-WAT), warp yarns & weft yarns as well as tuck stitches (T-WWAT), warp & weft

yarns (T-WWA)

for the manufacturing of two fabric layers on both needle beds ensures the

joining of all edges of both tubular-structures. In case of tube T-WA, the

supplied warp yarns (through open carriage) are integrated in two single

jersey knit structures on both needle beds separately using the same finer

yarn. The tube T-WAT is knitted following the combined manufacturing

techniques of tube T-T and T-WA. The construction of tube T-WWAT is
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the combination of manufacturing of tubes T-T, T-W and T-WA. In this

case, finer and reinforcement weft and warp yarns are used separately for

both needle beds. The weft and finar yarns are joined with the respective

warp yarns to form two biaxial fabric layers individually on both needle

beds. However, one common reinforcement yarn feeder is used in this case

to construct the tuck stitches on both needle beds by turns. The consec-

utive construction of tuck stitch shaped layers on both needle beds using

the same reinforcement yarn makes both fabric edges connected to form

tubular structure T-WWAT. Conversely, for the manufacturing of tube T-

WWA, two biaxial reinforced plane layers are knitted first on both needle

beds. Each biaxial plane layer is knitted on respective needle bed using

independent reinforcement (weft & warp) and finer yarns. Finally, these

two biaxial reinforced plane layers are joined at the edges following rib

gatings only on the edge needles of both needle beds using the finer yarn.

Thus, a biaxial reinforced 3D tube structure T-WWA is made.

The latest flat knitting technologies for 3D tubes documented above are

considered to be the competitive solution and break-through advance-

ments for the manufacturing of 3D tubular structures with flexible fiber-

orientation, particularly in the load-directions. The efficient arrangement

of high performance yarns in a different way into the knit structures would

permit various mechanical performances, likely, high tensile strength, en-

ergy absorption, rigidity, etc. Consequently, these high performance 3D

tubular structures by means of innovative flat knitting technologies are

expected to be promising in high-tech applications.
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5.3.6 Development and manufacturing of multi-layered 3D

spacer fabrics

Reinforcement of 3D spacer fabrics in multiple layers is essential for high

mechanical performances of textile reinforced composites in lightweight

applications. At least from 1 to 3 mm wall-thickness of composite, which

could be achieved by increasing the fabric specific weights by means of

integrating the reinforcement yarns into the fabric structures, is required

for the satisfactory reinforcement effects in application. Therefore, inno-

vative flat knitting technologies are developed for the manufacturing of

such multi-layered 3D spacer fabrics. These inventive flat knitting tech-

nologies for multi-layered 3D spacer fabrics are developed differently for

both Aries.3 flat knitting machines considering their available dissimilar

spaces between the needle beds (5 mm & 10 mm). Because of the limited

distance (5 mm) between the needle beds of conventional Aries.3 machine,

maximum two warp sets could be guided through the gap of the needle

beds to the knitting zone along with two weft and two loop yarn systems.

Consequently, by means of the new technology suitable for the flat knit-

ting machine having limited space between the needle beds (for example,

5 mm), 3D spacer fabrics consisting of multi-layer reinforced plane layers

(single weft & single warp inlays) and tuck stitch shaped connecting lay-

ers are developed on the conventional Aries.3 flat knitting machine. The

developments of these spacer fabrics are carried out on the basis of the in-

novative knitting technique for consecutive construction of multi-layer as

well as tuck stitch shaped structures documented in Figure 5.22. Accord-

ing to this innovative solution, the warp yarns (C) delivered from above

and guided by the speciall warp guides [26, 114] to the knitting zone are

joined with the weft yarns (B) using the base loop yarn (A) following the

single jersey knit pattern. The weft and base loop yarns are guided by
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Figure 5.22: Innovative knitting technique for consecutive construction of perpendicularly

connected multi-layer and tuck stitch shaped structures

the yarn feeders supplied laterally from the sides of the knitting machine.

However, the weft and base loop yarns are positioned at the front and rear

side of the warp yarns respectively, if they are counted from the respec-

tive needle bed. The warp and weft yarns are arranged as non-crimp yarns

in the biaxial directions of the knit pattern (P of Phase-1). Conversely,

two independently knitted biaxial reinforced multi-layer structures could

be produced at the same time on both needle beds of the flat knitting

machine following the aforementioned sequences seperately on both nee-

dle beds. By implementing the knitting technique documented in Phase-2,

consecutive knit structure (G of Phase-2) independent from the respective

warp yarns (C) is able to be produced using the reinforcement and base
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loop yarns. In this case, the reinforcement yarn supplied (laterally) from

the rear side of the respective warp yarns using yarn feeder is integrated

only as tuck stitches into the knit structure. Finally, if the warp yarns

are drawn back to their free length (Phase-4 & Phase-5), the multi-layer

reinforced fabric layer including vertically connected tuck stitch shaped

fabric layer (J of Phase-4) would be produced.

5.3.6.1 Multi-layered 3D spacer fabric

For the implementation of new manufacturing technique for multi-layer

reinforced 3D spacer fabrics, the Aries.3 (conventional) flat knitting ma-

chine is modified (control & construction) at ITM, TU Dresden within

the framework of the research program SFB639,A2 of the German Re-

search Foundation [26]. The constructive features are, for instance, the

Figure 5.23: Constructive-arrangements of flat knitting machine Aries.3 (conventional)

for manufacturing of multi-layered 3D spacer fabrics

new warp delivery system, innovative warp guides, take-down system. The

constructive-arrangements of this flat knitting machine are shown in Fig-
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ure 5.23. The manufacturing principal of multi-layered 3D spacer fabric

Figure 5.24: Innovative manufacturing technique (schematic) of multi-layered 3D spacer

fabric with curvature angle of 0◦

with perpendicular connecting layers (spacer fabric type-V or spacer fab-

ric with curvature angle of 0◦ in the warp direction) is illustrated in Figure

5.24. According to this manufacturing technique, two sets of warp yarns

(C1, C2) are delivered individually through the open carriage of the flat

knitting machine and guided separately to both needle beds using spe-

cially designed warp guides [26,114]. Two individual weft yarns (B1, B2)

are supplied laterally by yarn feeders. These two weft yarns (B1, B2) are

joined individually with two warp sets (C1, C2) using two respective base

loop yarns (A1, A2) following the knitting technique documented in Figure
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5.22 (Phase-1) in order to construct two separate biaxial reinforced plane

layers (a, c). Both multi-layer reinforced surface layers are knitted in this

case until a pre-designed length of 45 mm is reached. Subsequently, two

tuck stitch shaped layers (G1, G2) are knitted individually on both needle

beds using the knitting technique documented in Figure 5.22 (Phase-2).

Both tuck stitch shaped layers (G1, G2) are knitted to the half length of

the pre-designated connecting layer between the plane layers, and then

joined together with the base loop yarns (Phases 2-4 of Figure 5.24) and,

finally, knitted to the completion. When the warp yarns are drawn back

Figure 5.25: Flat knitted multi-layered 3D spacer fabric with curvature of 0◦ (spacer

fabric type-V)

to the length of the pre-designated connecting layer (Phase 5 of Figure

5.24), the combined tuck stitch shaped layers J1 & J2 together as the

fabric layer b could perpendicularly connect both biaxial reinforced plane

layers. The above mentioned manufacturing sequences are repeated to de-
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velop a 3D spacer fabric consisting of multi-layer reinforced plane layers

and tuck stitch shaped connecting layers. The successfully manufactured

multi-layered 3D spacer fabric is presented in Figure 5.25.

5.3.6.2 Multi-layer reinforced curvilinear 3D spacer fabrics

Curvilinear shaped 3D spacer fabrics are well-suited as textile preforms for

curved-shaped composite-structures in lightweight applications leading to

high application potential. The manufacturing of curvilinear shaped tex-

tile preforms directly by the knitting process would eliminate the discon-

tinuous intermediate processes of conventional textile preforming. More-

over, by this innovative solution, the reinforcement yarns are arranged

in the same way to the curving-direction offering high structural benefits

especially in high load conditions.

3D spacer fabrics consisting of multi-layer reinforced (as biaxial inlays)

plane layers and tuck stitch shaped connecting layers are produced with

different curvatures in the warp direction using the innovative manufac-

turing technique shown in Figure 5.26. Such curvatures are achieved by

knitting the variable length of plane layers, while simultaneously knit-

ting the connecting layers on both needle beds. For instance, see knitting

Phases 2 to 4 in Figure 5.26, where the tuck stitch shaped layer G1 is

longer than G2. These spacer fabrics are shaped curving in the warp di-

rection. This is accomplished by drawing the warp yarns back to their

free lengths, which are different for both needle beds. Such curves could

be achieved in opposite angles if the tuck stitch shaped layer G2 is knit-

ted longer than G1 in the knitting Phases 2 to 4. Multi-layered 3D spacer

fabrics are produced curved in three different pre-designated angles in the

warp direction, which are 90◦, ±90◦ and 360◦. The spacer fabric with the

curvature angle of ±90◦ is achieved by knitting first of a 90◦ curvature in
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Figure 5.26: Innovative manufacturing technique (schematic) of multi-layer reinfoced

curvilinear 3D spacer fabrics (type-Xiii, XiV & XV)

the warp direction, and then curving back to the 0◦ angle on the very next.

Spacer fabrics with 90◦ and ±90◦ curvatures are produced by combining

both of the manufacturing techniques diagrammed in Figure 5.24 and Fig-

ure 5.26, whereas spacer fabric with a 360◦ curvature is produced using

only the manufacturing technique documented in Figure 5.26. The suc-

cessfully manufactured multi-layer reinforced curvilinear 3D spacer fabrics

are presented in Figure 5.27.
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Figure 5.27: Flat knitted multi-layer reinforced curvilinear 3D spacer fabrics (type-Xiii,

XiV & XV)

5.3.7 Development and manufacturing of 3D spacer fabrics

with 4 reinforcement layers

Multi-layer reinforced 3D spacer fabrics consisting of 4 reinforcement lay-

ers into the structures could be produced using the most advanced flat

knitting technology developed in this research. In this case, spacious ad-

justment of needle beds (at least 10 mm) is prerequisite in order to imple-

ment such innovative technology, where four warp sets along with four weft

and two loop yarn systems are employed together. Such ground-breaking

flat knitting technology enables the effortless construction of both plane

and connecting fabrics each being made of 4 reinforcement layers (two
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weft & two warp inlays) leading to increased fabric specific weights (re-

sulting in higher wall thickness of composite). The technological basis

of manufacturing such innovative 3D spacer fabrics is illustrated in Fig-

ure 5.28. According to this innovative knitting technique, two consecutive

Figure 5.28: Innovative knitting technique for consecutive construction of perpendicularly

connected multiple layers (each being made of 4 reinforcement layers)

multi-layer reinforced knit structures, which are produced using the same

yarns and comprised individually with 4 reinforcement layers, could be
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connected perpendicularly and the intermediate layer would hang inde-

pendently. As it is seen in Figure 5.28, two warp sets (C1 & C2) delivered

from above and guided by the specially designed warp guides [26, 114] to

the knitting zone are joined with two weft sets (B1 & B2) using the base

loop yarn (A) following the single jersey knit pattern. The weft and base

loop yarns are guided by the yarn feeders supplied laterally from the sides

of the knitting machine. The warp and weft yarns are arranged as non-

crimp yarns in the biaxial directions of the knit pattern (P1 of Phase-1).

By implementing the knitting technique documented in Phase-2, consec-

utive multi-layered knit structure (P2 of Phase-2) made of reinforcement

warp and weft yarns (B2 & C2) is able to be produced using the same

loop yarn (A). In this case, reinforcement weft yarn B1 remains unem-

ployed. Consequently, warp yarn set C1 is not joined within the multi-

layered structure P2. Finally, if the warp yarn set C1 is drawn back to

its free length (Phase-4 & Phase-5), two consecutive multi-layered struc-

tures, which are connected vertically and the intermediate layer is hanged

independently, would be shaped.

5.3.7.1 3D spacer fabric with 4 reinforcement layers

The Aries.3 (adavanced) flat knitting machine is used to implement the in-

novative knitting technique (already documented in Figure 5.28) for man-

ufacturing of 3D spacer fabrics with 4 reinforcement layers. The spacious

setting of the needle beds (10 mm distance between both needle beds)

allows the knitting with four warp sets along with four weft systems using

two base loop yarn systems. However, this machine has also been modified

at ITM, TU Dresden [26], for instance, in control and construction, for

the manufacturing of innovative 3D spacer fabrics. The Figure 5.29 shows

some constructive arrangements of this machine. The manufacturing tech-
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Figure 5.29: Constructive-arrangements of flat knitting machine Aries.3 (advanced) for

manufacturing of multi-layer (4) reinforced 3D spacer fabrics

nique of multi-layered 3D spacer fabric with the curvature angle of 0◦ in

the warp direction is documented in Figure 5.30. The manufacturing of

this spacer fabric is accomplished as it is described bellow:

� Supply of four different warp sets (C1, C2, C3 & C4 of Figure 5.30)

from above to the knitting zone through the open carriage.

� Supply of individual warp sets to the knitting zone by special warp

guides [26, 114], whereas two warp sets to each needle bed. For ex-

ample, warp sets C1 & C2 to the front needle bed and warp sets C3

& C4 to the rear needle bed.

� Four weft yarns (B1, B2, B3 & B4) are supplied laterally by yarn

feeders and laid beside the warp sets individually. The weft yarns are

positioned before the warp sets if they are counted from the respective

needle beds.

� Individual base loop yarns (A1 & A2) are also supplied laterally
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Figure 5.30: Innovative manufacturing technique (schematic) of 3D spacer fabric type-V

(curvature angle of 0◦) with 4 reinforcement layers

using yarn feeders and are employed to construct two single jersey

structures independently on both needle beds. The positions of these

loop yarn feeders are set behind all of warp and weft yarns if they

are counted from the respective needle beds.

� Warp sets C1 & C2 and weft yarns B1 & B2 are integrated into

single jersey structure by the base loop yarn A1 on front needle bed

to produce the multi-layered plane fabric a. Similarly, warp sets C3
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& C4 and weft yarns B3 & B4 are joined by the loop yarn A2 into the

single jersey structure on rear needle bed to create the multi-layered

plane fabric c independently (Phase-1).

� At the beginning of constructing the connecting layer b, both plane

layers a & c are knitted further switching off the weft yarns B1 and

B4. Consequently, the warp sets C1 & C4 are remained unemployed

within the multi-layered structures on front and rear needle beds re-

spectively. Therefore, two independently knitted multi-layered struc-

tures are formed on both needle beds, for example, the structure P2

on front needle bed using warp set C2 along with weft yarn B2 and

the structure P3 on rear needle bed using warp set C3 along with

weft yarn B3 (Phase-2).

� After knitting the half length of the connecting layer b, both multi-

layered structures P2 & P3 are joined together by base loop yarn

(Phase-3). Again, both multi-layered structures are knitted individ-

ually to the half length of the connecting layer b (Phase-4).

� Finally, when the warp sets C1 & C4 are drawn back to the length

of the pre-designated connecting layer b (Phase 5), the multi-layered

structures Q1 & Q2 together as the fabric layer b (with 4 reinforce-

ment layers in together) connect both multi-layered reinforced plane

layers (a & c) perpendicularly.

� The above mentioned manufacturing sequences are repeated to de-

velop 3D spacer fabric (curvature angle of 0◦ in the warp direction)

consisting of individual fabric layers (plane and connecting layers)

each being made of 4 reinforcement layers. The manufactured multi-

layered 3D spacer fabric by means of the above mentioned innovative

flat knitting technology is documented in Figure 5.31.
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Figure 5.31: Flat knitted 3D spacer fabric (type-V) with 4 reinforcement layers

5.3.7.2 Curvilinear 3D spacer fabrics with 4 reinforcement layers

The innovative flat knitting technique for 3D spacer fabrics with four

reinforcement layers also permits the manufacturing of 3D spacer fabrics

in curvilinear shapes. The manufacturing technique for curvilinear 3D

spacer fabrics with 4 reinforcement layers is presented in Figure 5.32. The

basis of manufacturing two plane layers as well as consecutive connecting

layers at a time independently on both needle beds are as same as they

are for the manufacturing of 3D spacer fabric with curvature angle of 0◦

documented in Figure 5.30. However, the curvilinear shapes (in the warp

direction) are achieved by knitting the variable lengths of plane layers

while simultaneously knitting the connecting layers on both needle beds

(Phase 2 to 4 in Figure 5.32). For example, the multi-layered structure

P2 is knitted longer then the structure P3 in order to get the curvature

in the clockwise direction. Again, the curvature in the opposite angle
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Figure 5.32: Innovative manufacturing technique (schematic) of curvilinear 3D spacer

fabrics with 4 reinforcement layers

(anti-clockwise direction) could be achieved if the multi-layered structure

P3 is knitted longer than P2. The multi-layered 3D spacer fabrics are

accomplished into curvilinear-shapes by drawing the surface warp yarns

C1 & C4 (Phase-4) back to their free lengths, which are unlike for both

plane layers. However, multi-layered 3D spacer fabrics are produced as

curved in two different pre-designated angles (90◦ and 360◦) in the warp

direction. The successfully knitted curvilinear 3D spacer fabrics with 4

reinforcement layers are presented in Figure 5.33.
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Figure 5.33: Flat knitted curvilinear 3D spacer fabrics (type-Xiii & XV) with 4 reinforce-

ment layers

5.3.8 Integration of “sensor-network” (functional yarn) for

structural health monitoring

“Sensor-networks” created within the textile preforms using various func-

tional/ conductive-materials could be used to monitor the structural-

health of end products. The effortless integration and creation of such

“sensor-networks” within the fabric structures at the same time while

manufacturing the multi-layered 3D spacer fabrics is considered to be

the break-through advancement in fully-automated manufacturing of

function-integrated textile preforms. This new technology would minimize

the additional intermediate processes leading to low manufacturing cost.

However, functional yarns are integrated successfully as weft yarns into

multi-layered knit structures using the developed integration method il-

lustrated in Figure 5.34. This technique is implemented on the Aries.3 (ad-

vanced) flat knitting machine. In this method, functional yarn is guided

by an additional yarn feeder along with the other yarn feeders for rein-
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Figure 5.34: Schematic knitting technique and knitting zone for the creation of “sensor-

network” in multi-layered knit structure

forcement and finer base fabric yarns, whereas the warp yarns are supplied

by the warp guides. Both reinforcement and functional yarns are supplied

from the front side of the warp yarns, if they are counted from their re-

spective needle bed. These reinforcement and functional yarns are placed

between the respective warp set and needle bed, when these yarn feeders

are driven together to the knitting zone in knitting process. On the very

next, the needles are raised over the functional and reinforcement yarns

and passed through the warps to receive the finer base fabric yarn from

the back side of the warp set. This finer yarn is used to construct the

single jersey knit structure. Consequently, both functional, reinforcement

and warp yarns are placed in multi-layers (biaxial-orientation) within the

single jersey knit structure. The functional yarn could be integrated into

knit structure using both conventional and intarsia yarn feeders. In this

experiment, the functional yarns are integrated using only the conven-

tional yarn feeders. The schematic paths of yarn feeders (conventional)
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Figure 5.35: Example of schematic paths of yarn feeders (conventional) in integration of

“sensor-network” into multi-layered knit structure

in the integration of “sensor-network” into multi-layered knit structure

are illustrated as an example in Figure 5.35. The developed solution of-

fers the possibility of integration various functional materials in different

forms, for instance, carbon filaments, metallic-wires (copper, steel, etc.),

optical fibres, core-wrapped yarns from different material-combinations.

Moreover, this technology-system is considered to be the most flexible in

designing of “sensor-networks” within knit-structures. On the other hand,

sensor-yarn could be easily integrated as warp yarn within multi-layered

knit structure, just combining a functional yarn together with the rein-

forcement warp yarn. The “sensor-networks” are created successfully into

2D knit structures as well as multi-layered reinforced (4 reinforcement

layers) 3D spacer fabrics through single-step manufacturing process us-

ing the developed technology-system described above. These fabrics are

presented in Figures 5.36 and 5.37.
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Figure 5.36: Multi-layer reinforced 2D knit fabrics with integrated “sensor-networks” for

structural health monitoring

Figure 5.37: Multi-layer reinforced (4 layers) 3D spacer fabrics with integrated “sensor-

networks” for structural health monitoring

5.3.9 Thermoplastic consolidation of 3D spacer fabrics into

composites

To fabricate 3D composite, the laboratory hot-pressing machine (COLLIN

P300 PV, Dr. Collin GmbH, Germany) at ITM, TU Dresden is used to

process the flat knitted 3D spacer fabric (size: 18 cm x 23 cm). Specially

designed mechanical tools [26,115] developed at Institute of Solid Mechan-
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ics (IFKM) of TU Dresden, which are developed only for the consolidation

of spacer fabric type-V (with 0◦ curvature in the wales direction), are used

for the thermoplastic moulding process. A big-seized weft reinforced 3D

spacer fabric (size: 90 cm x 90 cm) is also consolidated at the Institute

of Lightweight Engineering and Plastic Technology (ILK) of TU Dresden.

High temperature and high pressure are used to consolidate 3D spacer

fabrics into 3D composites. At first, spacer fabric is put into the press

Figure 5.38: Thermoplastic consolidation of 3D spacer fabric into composite at laboratory

hot-pressing machine (ITM, TU Dresden)

at room temperature and an initial pressure of 6 bars is applied. The

temperature is then raised at the rate of 10◦C per minute until 221◦C is

reached for the melting of the polypropylene. After 25 minutes at 221◦C a

pressure of 51 bars is applied (suddenly increased) and this temperature

is kept for 10 minutes. Finally, the temperature is dropped down (ap-

proximately at the rate of 8◦C per minute) to room temperature keeping
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the pressure constant. Temperature and pressure flowcharts, along with

the used mechanical tools for 3D moulding have been shown in Figure

5.38. The consolidated thermoplastic composites using flat knitted weft

reinforced 3D spacer fabrics are shown in Figure 5.39.

Figure 5.39: Rigid panel-structures (composites) using flat knitted weft reinforced 3D

spacer fabrics

Thermoplastic consolidation of 3D spacer fabric is carried out by single

processing stage applying high temperature and pressure. The homoge-

neous mixing of thermoplastic matrix component (PP) together with the

reinforcing component (GF) in the formation of hybrid yarn enables the

effortless thermoplastic consolidation from fabric to composite. This con-

solidation process would be integrated into the fully automatic process-

chain from preforms to the finished composites in the Collaborative Re-

search Project SFB639 [26]. The further aim of the research project is to

limit the total consolidation process within only few minutes, which would

be in together the ground-breaking advancement for composite industries

for manufacturing of the complex shaped high performance composites

economically in industrial scales.



Chapter 6

Analysis of mechanical properties of

spacer fabrics

Innovative 3D spacer fabrics are developed successfully including the re-

inforcement hybrid yarns integrated as weft and warp inlays (as multiple

layers) for high mechanical performances, especially for the application

as 3D complex shaped textile preforms in high performance composites.

However, the reinforcement hybrid yarns could also be integrated into the

knit structures separately as knit loops, tuck stitches, weft yarns and warp

yarns or combinations of them using the innovative knitting techniques

(integration concepts) already discussed in the section 5.3.3. These inte-

gration techniques are developed in order not only to check the possibility

of integration of reinforcement yarns by flat knitting, but also to investi-

gate the effect of fiber orientations on the mechanical properties of yarns,

fabrics and composites. Since the mechanical properties of 2D knit fabrics

are considered to be the reflectors of the mechanical properties of indi-

vidual fabric layers of 3D spacer fabrics (if both the fabrics produced are

same), further investigations are carried out on the 2D knit fabrics. The

aim of such investigations is to study the effect of different integration

(arrangement) of reinforcement yarns on the tensile properties of GF-PP
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hybrid yarns, 2D knit fabrics and on the mechanical properties of 2D knit

composites. These investigations are presented in following subsections.

6.1 Effect of different integration techniques of re-

inforcement yarns on the tensile properties of

GF-PP hybrid yarns and 2D knit fabrics

2D knit fabrics are produced individually with the reinforcement yarns

(1230 tex GF-PP hybrid yarns) integrated in the fabric structures as knit

loops (K), tuck stitches (T), weft yarns (W), warp yarns (WA) and as

weft and warp yarns (WWA) in order to analyse the effect of different

integration techniques (different arrangement of reinforcement yarns) on

the tensile properties of GF-PP hybrid yarns and 2D knit fabrics. The

integration techniques are followed as they are discussed in the section

5.3.3. Moreover, the manufacturing and fabric details of these 2D knit

fabrics are illustrated in Figures 6.1 & 6.2 and in Table 6.1.

6.1.1 Tensile testing of reinforcement yarns and 2D knit fabrics

The tensile strengths of 1230 tex GF-PP hybrid yarns and 2D knit fabrics

are measured on the Zwick Z100 testing machine (Zwick GmbH & Co.

KG, Germany) at ITM, TU Dresden. The method used for assessing the

degradation of tensile strength of reinforcement GF-PP hybrid yarns is

based on measuring the strength before (Tbk ) and after knitting (Tak ),

and calculating their strength loss (∆k ) as a percentage according to the

following formula:
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Figure 6.1: Knitting technique, knit architecture, knit fabric and composite of different

integration techniques of reinforcement yarns (e.g. knit loops, tuck stitches, weft yarns,

warp yarns)

∆k% =
(Tbk − Tak)

Tbk
× 100 (6.1)

The measurement of the yarn breaking force after knitting could be mea-

sured after carefully unravelling the yarns from the knit fabrics. The ten-

sile strengths of the yarns are measured following test standard DIN EN

ISO 2062, where a mesuring length is 50 cm. On the other hand, 2D knit
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Figure 6.2: Knitting technique, knit architecture, knit fabric and composite of different

integration techniques of reinforcement yarns (e.g. warp yarns & tuck stitches; weft yarns

& warp yarns; weft & warp yarns and tuck stitches)

fabrics are used to measure the tensile properties according to the test

standard DIN EN ISO 13934-1 (size of test specimen: 20 cm in length and

5 cm in width).
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Type Fabric specifications Composite

thickness

(mm)

Volume

of GF

in com-

posite

(%)

Wales/

cm

Course/

cm

Loop

length

(cm)

Weight

(kg/m2)

Fabric

thick-

ness

(mm)

K 1.90 2.50 1.30 1.20 1.80 0.75 52.50

T 1.00 4.10 1.90 1.30 2.00 0.81 45.20

W 1.00 3.80 1.80 0.90 1.50 0.62 44.33

WA 2.60 3.60 1.27 0.60 0.90 0.41 40.05

WAT 2.20 2.50 1.65 0.80 1.20 0.50 44.46

WWA 2.80 2.70 1.32 0.80 1.20 0.50 46.08

WWAT 2.10 2.80 1.22 0.70 1.10 0.45 44.31

Table 6.1: Details of 2D knit fabrics and 2D knit composites

6.1.2 Tensile properties of reinforcement yarns and 2D knit

fabrics

Different techniques for the integration of reinforcement yarns into 2D knit

structures have a clear effect on the tensile properties of the hybrid yarns.

The tensile strength of 1230 tex reinforcement GF-PP hybrid yarn (orig-

inal) is measured to be 307.6 N per mm2 (9.76 cN/tex). The stress-strain

curves of reinforcement yarns are presented in Figure 6.3 (a), whereas

Figure 6.3 (b) illustrates the degradation of tensile strengths of reinforce-

ment yarns due to their different arrangements in the knitted structures.

The maximum loss of yarn strength is recorded about 70 % for knit loops

and about 45 % for that of tuck stitches, but no more than 5-10 % for

biaxial inlays (warp and weft yarns). Consequently, knit fabric with rein-

forcement yarns as biaxial inlays shows improved tensile properties with

equally reduced elongation in both course and wales directions. However,
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Figure 6.3: Influence of yarn arrangements on the tensile strengths of GF-PP reinforce-

ment yarns (a & b) and 2D knit fabrics (c & d)

these properties are at their maximum in the course direction for weft

yarns (c & d of Figure 6.3). Conversely, knit fabric with reinforcement

yarns integrated only as warp yarns shows in the course direction the

same tendency of tensile properties of the knit fabrics with biaxial inlays

(warp and weft inlays). Nevertheless, the unlike number of course/cm and

wales/cm of reinforcement yarns causes to the dissimilar levels of tensile

properties in the respective reinforcement directions of the knit fabrics

with reinforcement yarns as weft yarns, warp yarns and as biaxial inlays.

On the other hand, knit fabrics with tuck stitches also have improved

tensile strength in the course direction similar to biaxial inlays. However

such tensile strength is recorded after a considerable amount of elongation

before breaking. In the case of reinforcement hybrid yarns, about 45 %
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less tensile strength is recorded when they are used as tuck stitches rather

than as biaxial inlays. Even though the reinforcement yarns are orientated

as tuck stitches (curved) into the fabric, the tensile strength of the knit

fabric in the wales direction is found to be very inferior, approxiamately

10 % that of the course direction. It can be inferred, that glass filaments

of reinforcing yarns, which are brittle upon bending, are damaged mostly

when used for knit looping. On the other hand, such damage of glass fil-

ament is moderate with tuck stitching, where the curvilinear shaping of

reinforcement yarns are not so high. However, warp and weft yarns as

biaxial inlays (multiple layers) are not involved in the loop forming oper-

ation and are only placed as floated yarns into the knit structures. This

result is also supported by the effect of the maximum orientation of rein-

forcing yarns in course and wales directions as biaxial inlays (non-crimp

yarns).

6.2 Effect of dissimilar integration of reinforcement

yarns on the mechanical properties of 2D knit

composites

In order to investigate the effect of different arrangement of reinforcement

yarns (by dissimilar integration methods) on the mechanical properties

of 2D knit composites, seven knit structures with different arrangement

of reinforcement yarns into the structures are knitted seperately. These

knit structures are: 2D knit structures with the reinforcement yarns in-

tegrated as as knit loops (K), tuck stitches (T), weft yarns (W), Warp

yarns (WA),warp yarns and tuck stitches (WAT), warp and weft yarns

(WWA) and warp & weft yarns along with tuck stitches (WWAT). The

1230 tex GF-PP hybrid yarns are used to reinforce all knitted structures.
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However, the knit structures K, W and T are produced on the flat knit-

ting machine Stoll CMS 320 TC, whereas the knit structures WA, WAT,

WWA and WWAT are manufactured on Aries.3 (modified: first version)

flat knitting machine. The reinforcement yarns are integrated into the fab-

ric structures K, T, W, WA and WWA using the innovative integration

concepts described in section 5.3.3. Additionally, fabric structures WAT

and WWAT are knitted combining the reinforcement-integration concept

“tuck stitches” with the concepts “warp yarns” and “warp and weft yarns”

individually. The manufacturing and fabric details of these 2D knit fabrics

are already illustrated in Figures 6.1 & 6.2 and in Table 6.1.

6.2.1 Measuring the mechanical properties of 2D knit compos-

ites

Composites are produced from knit fabrics on the laboratory hot-pressing

machine (COLLIN P300 PV, Dr. Collin GmbH, Germany) at ITM, TU

Dresden. Temperature and pressure flowcharts, along with the used me-

chanical tools for 2D moulding are shown in Figure 6.4. At first, knit

fabrics are put into the press at room temperature and the pressure is

applied to 9 bars. The temperature is then raised at the rate of 10◦C per

minute until 221◦C is reached for the melting of the polypropylene. After

6 minutes at 221◦C a pressure of 52 bars is applied (suddenly increased)

and these temperature and pressure are kept for 10 minutes. Finally, the

temperature is dropped down to room temperature keeping the pressure

constant. Tensile and flexural testing is performed on Zwick Z100 strength

testing machine at ITM, TU Dresden. A four point loading method is used

on the machine for testing the flexural strengths of the specimens. The

testing is performed according to test standards DIN EN ISO 527-4 for

tensile and DIN EN ISO 14125 for flexural strength. The impact tests are
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Figure 6.4: Thermoplastic consolidation of 2D knit preforms

carried out with the aid of a pendulum arm type impact tester, which

functions based on the principle of Charpy Impact Test technique. Test-

ing is carried out at the Institute of Lightweight Engineering and Plastic

Technology (ILK) of TU Dresden. Standard methods of sampling and

testing are applied as stated in DIN EN ISO 179-2. However, the volume

of glass filaments in all composites is measured by buring test and it is

already documented in Table 6.1.

6.2.2 Tensile properties of 2D knit composites

The tensile properties of composites produced from different knit fabrics

have been presented in Figure 6.5 (a, b, c, d). The tensile properties in both

directions improve from composites with knit loops (K) to tuck stitches
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(T), whereas these properties are maximum only in course direction for

weft yarns (W). But, these tensile properties are recorded very improved

in both wales and course directions (in 0◦ & 90◦) for knit fabric with rein-

forcement yarns integrated as weft and warp inlays (WWA). However, ten-

sile properties are found very improved in level especially in wales direction

for knit fabrics type WA, WAT and WWAT in which the reinforcement

yarns are integrated as warp inlays with different course directional rein-

forcements. The variation of tensile properties in wales direction among

the above mentioned fabric types could be well explained by the dissimilar

values of wales per centimetre caused to different levels of course direc-

tional forces to be carried by respective knit structures. However, among

Figure 6.5: Influence of yarn arrangments on the tensile properties of 2D knit composites

them only the knit structure WWAT shows few improvements in tensile

testing especially in course direction because of the presence of weft in-



6.2 Effect of dissimilar integration of reinforcement yarns on the mechanical
properties of 2D knit composites 127

lays along with tuck stitch shaped course directional reinforcement yarns.

On the other hand, this effect is not found enhanced than that of tuck

stitches (T) due to the lower number of courses per centimetre (Table

6.1). Along with the reduction in glass filament breakage when knitted,

the fully orientation of reinforcement yarns as weft and warp inlays (non-

crimp yarns) are the cause for such superior tensile properties in wales

and course directions of composites with reinforcement yarns as weft and

warp inlays (WWA). For composites with tuck stitches (T) and knit loops

(K), the effect of inferior tensile properties can be assumed as the product

of the so-called curvilinear shapes of reinforcement yarns which seem to

cause damage to the reinforcing glass filaments and a lack of proper fiber

orientation.

6.2.3 Flexural properties of 2D knit composites

Keeping in view the analysis of flexural properties from Figure 6.6 (a, b,

c, d), the overall comparison of the knit structures can be ranked as most

advantageous only in the wales direction for composites with reinforce-

ment warp yarns (WA), with warp yarns along with tick stitches (WAT),

as most advantageous only in the course direction for composites with

reinforcement weft yarns (W) and in both directions for composites with

reinforcement warp and weft yarns (WWA) respectively. Knit structures

can also be ordered as modestly advantageous in the both direction for

composites with tuck stitches (T) and with biaxial inlays along with tuck

stitches (WWAT). On the other hand, very inferior flexural properties

are recorded in both directions for composites with reinforcement yarns

as knit loops (K), in wales direction for weft yarns (W), in course direc-

tion for composites with warp yarns (WA) and for warp yarns together

with tuck stitches (WAT). These effects are endorsed by the already men-
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Figure 6.6: Influence of yarn arrangments on the flexural properties of 2D knit composites

tioned combined effect of orientation and damage of reinforcement glass

filaments.

6.2.4 Impact properties of 2D knit composites

The results pertaining to the impact testing do not exhibit the same trends

as they are recorded in case of tensile and flexural testing. The Figure

6.7 (a, b, c, d) elaborates the measured trends. The maximum impact

strength and energy absorption are recorded for weft yarns (W) and warp

yarns (WA) in fiber orientated course and wales directions respectively as

usual, whereas tuck stitches (T) in course direction report better impact

properties nearly equal to the weft yarns. For the composites with biax-

ial inlays (WWA) these properties are not as significant as they are in
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tensile and flexural testing. Conversely, integration of reinforcement yarns

as knit loops (K) show also good resistance against impact in both wales

and course directions and these results are nearby equal to the results of

biaxial inlays (WWA). But, knit structures WAT and WWAT reveal the

same tendency of results as they are in tensile and flexural testing. From

the above results a view point could be forwarded, with the impact of im-

pactor, the specimens experience slow displacements and contact forces

reach their maximum levels due to good toughness in course direction

of composites with reinforcement yarns as weft yarns (W), tucks stitches

(T) and in wales direction of warp yarns (WA) respectively. Generally,

Figure 6.7: Influence of yarn arrangments on the impact properties of 2D knit composites

composites absorb energy during fracture mechanisms like delamination,

shear cracking and filaments breakage. The presence of reinforcement fila-

ments resists the deformation of the specimens leading to improved impact
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strength and energy absorption in filaments direction. Moreover, it is as-

sumed that along with the damages of the reinforcement glass filaments

by knitting the orientation of reinforcement filaments contribute to the

performance of a knit structure against impact. Consequently, improved

impact properties are recorded in case of the fabric structures with the

integration of reinforcement yarns as curvilinear knit loops (K) and tuck

stitches (T), whereas the higher courses per centimetre and higher wales

per centimetre along with fully orientation of filaments cause the superior

impact properties in course and wales directions for the knit structures

with weft yarns (W) and warp yarns (WA) respectively.

Considering the analysis of the mechanical properties of 2D composites

illustrated in Figures 6.5 to 6.7 and in Table 6.2, the integration of re-

inforcement yarns as multi-layered biaxial inlays (WWA) into knit fabric

could be ranked as the most effective method, especially for very im-

proved tensile and flexural properties as well as moderately improved

impact properties in both wales and course directions. In addition, im-

pact properties could be improved by introducing the tuck stitch shaped

knit fabric (T) together with the biaxial reinforced knit fabric (WWA)

as multiple layers in consolidation process. However, knit fabrics with the

reinforcement yarns integrated as only weft yarns (W) and only warp

yarns (WA) are in fact the uni-directional reinforced knit structures and

offer superior mechanical properties only in the respective reinforcement

directions (in course direction for knit structure W and in wales direction

for knit structure WA). These uni-directional reinforced knit fabrics could

replace the conventional yarn-winding technique for the manufacturing of

uni-directional reinforced composites. Furthermore, these uni-directional

reinforced knit fabrics could be assembled in different directions as multi-

ple layers in consolidation process to produce multi-directional reinforced

2D composites. On the other hand, the integration of reinforcement yarns
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Type Test

spec-

imen

in

Tensile

properties

Flexural

properties

Impact

properties

Strength

(MPa)

E

Mod-

ulus

(GPa)

Strength

(MPa)

E

Mod-

ulus

(GPa)

Strength

(KJ/m2)

Energy

absorp-

tion

(J)

K 0◦ 69 9 110 6.5 112 4.2

K 90◦ 52 7.4 106 5.5 124 4.6

T 0◦ 68 7.1 105 5.2 96 3.4

T 90◦ 109 10.2 175 8.5 227 7.8

W 0◦ 49 5.5 77 4.4 35 1.3

W 90◦ 374 22.1 323 21 241 8.1

WA 0◦ 246 30 194 13.5 179 7

WA 90◦ 32 5.3 42 2.3 26 1.1

WAT 0◦ 224 27.8 171 11.3 111 4.1

WAT 90◦ 42 8.3 57 3.3 51 2

WWA 0◦ 325 18 228 13.5 106 3.2

WWA 90◦ 310 17.3 268 15.6 131 4

WWAT 0◦ 152 22.6 134 9 100 3.4

WWAT 90◦ 92 12.1 94 6.5 83 2.6

Table 6.2: Mechanical properties of 2D knit composites

as tuck stitches may be the substitute method for the medium level of

mechanical properties if the multi-layered biaxial reinforcements are not

possible. Again, the knit structures WAT and WWAT are significant only

in the wales direction.

According to the above analysis of mechanical properties of 2D knit

composites, the 3D thermoplastic composites consolidated from multi-

layer reinforced (as weft and warp inlays) complex shaped innovative 3D

spacer fabrics are predicted to show superior mechanical performances in

lightweight applications.
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Chapter 7

Mathematical analysis of tensile

properties

Unlike the conventionally used isotropic materials, textile reinforced com-

posites can be specifically customised in terms of their material properties

for particular loading situations by modifying the fiber architecture, fiber

orientation and material combinations. In this research, the flat knitting

technology is developed further to manufacture innovative complex shaped

multi-layer reinforced 3D spacer fabrics for high performance composite

applications. Conversely, these 3D spacer fabrics are manufactured using

commingled GF-PP hybrid yarns for thermoplastic consolidation. More-

over, in order to tailor the mechanical performances, the reinforcement

yarns can be arranged differently in the fabric structures using the inno-

vative knitting techniques. The analysis of the mechanical properties of

2D knit fabrics with different arrangements of reinforcement yarns pre-

sented in Chapter 6 shows that the mechanical performances of textile

reinforced thermoplastic composites are customized greatly by the type of

component materials as well as the arrangement of fibers into the struc-

tures. Besides, it is assumed that the integrated manufacturing processes

from hybrid yarn manufacturing to thermoplastic consolidation of textile
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preforms play also a significant role on the state of mechanical properties

of component materials comparing to the properties of composites. There-

fore, it is indispensable to investigate the effect of manufacturing processes

on the mechanical properties of composites, especially comparing to the

theoretical (calculated mathematically) and experimental properties. If

such investigation could be done on the 2D knit fabrics (individual fab-

ric layers) of knitted multi-layer reinforced 3D spacer fabrics, it would be

effortless to predict the mechanical performances of 3D composites made

from 3D spacer fabrics. However, in this present research work, the simple

mathematical calculations are carried out to predict the tensile properties

of GF-PP hybrid yarns, multi-layer reinforced 2D knitted fabrics and 2D

knit composites. These prediction systems along with the comparison of

predicted and experimented results are presented into following subsec-

tions.

7.1 Calculation and comparison of tensile strengths

of commingled hybrid yarns

Hybrid yarns consisting of reinforcing and thermoplastic matrix materi-

als as filaments are suitable for consolidation process in order to reduce

the problems associated with high melt viscosity of thermoplastic matrix.

Among all methods of hybrid yarn manufacturing, commingling process

is considered to be the most flexible method allowing soft and drapeable

yarn with high level of distribution homogeneity of the component mate-

rials. Consequently, this commingling process is preferred for the devel-

opment and manufacturing of GF-PP hybrid yarns (both finer loop yarn

and coarser reinforcement yarns) in the frame work of the research project

SFB 639 [26] at ITM, TU Dresden. These yarns are used to develop the
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complex shaped textile preforms for lightweight applications. In commin-

gled GF-PP hybrid yarn manufacturing process, the glass filaments (GF)

as reinforcing material and polypropylene filaments (PP) as matrix ma-

terial are scattered among one another at the filament level (intimate

mixing) in a nozzle by means of compressed air. But, the glass filaments,

which have very poor bending properties and show extremely brittleness

as end effect, are subjected to be damaged considerably by the commin-

gling process, especially with the perpendicular or nearly perpendicular

flow of compressed air to the filament direction. Since these glass filaments

are the only one reinforcing component of GF-PP hybrid yarn and such

hybrid yarn is used to reinforce the textile preforms for high performance

composite applications, it is noteworthy to estimate as well as to compare

the amount of ultimate tensile strength of GF-PP hybrid yarn considering

the tensile strengths of their component materials. Such comparison of the

predicted and the experimented tensile properties of commingled GF-PP

hybrid yarns would allow finding out the level of degradation of tensile

properties of yarns by the commingling process. The tensile properties

could be calculated theoretically based on the equation for the specific

hybrid yarn fineness consisting of different component materials by com-

mingling process. The equation for manufacturing of specific hybrid yarn

fineness from different component materials is given below:

Fh = nr · Fr · fr + nm · Fm · fm (7.1)

Where, Fh is the fineness (in tex) of manufactured hybrid yarn, nr is

the number of reinforcing filament-roving, Fr is the fineness (in tex) of

reinforcement filament-roving, fr is the level of feeding of reinforcement

filament, nm is the number of matrix filament-roving, Fm is the fineness

(in tex) of matrix filament-roving, fm is the level of feeding of matrix
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filament. Consequently, the percentage of mass as well as volume of com-

ponent materials in the manufactured hybrid yarn could be calculated

theoretically (on the basis of equation 7.1) by the following formulas:

Gr% =
nr · Fr · fr

( nr · Fr · fr + nm · Fm · fm )
× 100 (7.2)

Gm% =
nm · Fm · fm

( nr · Fr · fr + nm · Fm · fm )
× 100 (7.3)

Vr% =
Gr

ρr
× 100 (7.4)

Vm% =
Gm

ρm
× 100 (7.5)

Where, Gr and Gm are the mass of the reinforcing and matrix components

respectively, Vr and Vm are the volume of the reinforcing and matrix

components accordingly, ρr and ρm are the density (in g/cm3) of the

reinforcing and matrix components in that order. Also, the tensile strength

of manufactured commingled hybrid yarn could be calculated theoretically

using the following formula:

Tht = ( nr · fr · Tr + nm · fm · Tm ) · (1−∆h) (7.6)

Where, Tht is the tensile strength of manufactured hybrid yarn calcu-

lated theoretically, Tr is the tensile strength of the reinforcement filament-

roving, Tm is the tensile strength of the matrix filament-roving, ∆h is the

loss of tensile strength (in %) of component materials by commingling

hybrid yarn manufacturing process. The degradation of tensile strength

of component materials by commingling process could be calculated using
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the calculated tensile strength (assuming ∆h = 0 in equation 7.6) as well

as the experimented tensile strength (The) of hybrid yarns in the following

formula:

∆h% =
(Tht − The)

Tht
× 100 (7.7)

Conversely, in order to investigate the effect of commingling process on

the tensile strengths of hybrid yarns, the GF-PP hybrid yarns of three

different finenesses, which are developed in the frame work of SFB 639 [26]

at ITM, TU Dresden, are considered. The details of component materials

and parameters for the manufacturing of these GF-PP hybrid yarns by

commingling process are documented in Table 7.1.

Hybrid

yarn

fineness

Reinforcement

material (E-

Glass): GF

Matrix

material:

PP

Parameters of

commingling

process

Volume

of com-

ponents

in hybrid

yarn

Fh (tex) Fr

(tex)

Tr

(N)

Fm

(tex)

Tm

(N)

nr fr

(%)

nm fm

(%)

GF

(%)

PP

(%)

138 68 39 32 9.4 1 101.9 2 104.9 52 48

410 300 103 32 9.4 1 101.9 3 104.6 52 48

1110 410 150 32 9.4 2 102 8 103.5 52 48

Table 7.1: Details of component materials and parameters of commingling process for

manufacturing of GF-PP hybrid yarns [26]

The manufactured hybrid yarns are used to investigate the tensile prop-

erties on the Zwick Z100 testing machine (Zwick GmbH & Co. KG, Ger-

many) at ITM, TU Dresden and the measured results are compared with

their respective tensile strengths calculated theoretically (using the equa-

tion 7.6). The theoretical calculation of tensile strength is followed as-

suming that the commingling process has no influence on the state of
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tensile strengths of component materials (assuming ∆h = 0 in equation

7.6). The intention is to find out the actual degradation of tensile strength

comparing to the theoretical (ideal) and experimental results. Moreover,

two predictions of actual tensile strength are calculated taking into consid-

eration of possible minimum and maximum level of degradation of tensile

strength by commingling process about 60% and 70% respectively. The

Figure 7.1 presents all theoretical and experimental tensile strengths of

GF-PP hybrid yarns.

Figure 7.1: Tensile strength of commingled GF-PP hybrid yarn

The comparison of theoretical (ideal) and experimental tensile strengths

shows a clear trend that the component materials, especially the rein-

forcing component glass filaments are damaged to a great extent by the

commingling process while manufacturing the GF-PP hybrid yarns. The

level of actual degradation of tensile strengths (by equation 7.7) of GF-

PP hybrid yarns in a volume combination of 52% and 48% respectively is

found about 65% (mean value). The cause of such degradation of tensile
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strength is the already mentioned fact that, the very brittle glass fila-

ments are damaged mostly in the nozzle due to the force of compressed

air, where the filaments are opened individually from the roving-strand

and mixed homogenously with the matrix filaments. Despite that, the ten-

sile properties are considered to be improved especially in the formation

of composites because of the enhanced matrix-filament interfacial bond-

ing developed by the thermoplastic consolidation process. Moreover, the

epic features of commingling process for hybrid yarn manufacturing, for

instance, suitability in homogeneous mixing of the components, versatility

of manufacturing process, cost-effectiveness, compatibility for both textile

preforming as well as thermoplastic consolidation processes, realizing of

soft, flexible and drapeable yarns have made this technology extremely

promising for the hybrid yarn manufacturing, especially for thermoplastic

composite industries.

7.2 Calculation and comparison of tensile strength

of multi-layer reinforced 2D knitted fabric

The mechanical performance, especially the strength of knitted fabric is a

concern in composite application due to the looped, curved architecture

of the fibers. The complex nature of the knitted structures generally does

not exhibit distinct directions where the strength is at maximum, but

the knit preform properties are greatly influenced by the fiber strength,

modulus, type of yarn, knitted structure, stitch density, number of knit

fabrics ply, pre-stretch parameters, inlays and other knitting parameters.

Consequently, the mechanical performances of a composite material re-

inforced by a knitted fabric mostly dependent on the fabric properties.

For this reason, knowledge on the tensile properties of the knitted fabrics
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is required in order to predict the corresponding properties of the com-

posites. Various authors have investigated the tensile properties of plain

weft knits [116–123] and most of these investigations are based on the

micromechanics of knitted fabrics. The unit cell, often a single loop, is

used for these complex analyses, and the tensile properties of knitted fab-

rics are directly derived from the loop configuration and yarn properties.

Conversely, the simplified model proposed by Aart et al. [124] reports the

calculation of tensile strength of knitted fabric on the basis of stitch geom-

etry. They estimated the tensile strength of interlock knitted fabric with

weft inlays by dividing the interlock structure into two single jersey knit

structures as well as modeling the curved loops as straight fiber sections.

According to the discussion (Chapter 6) on mechanical properties of 2D

composites reinforced by different knitted structures, it is documented

that the multi-layer reinforced knitted fabric (knitted structure WWA of

Figure 6.2) is the most effective knitted structure for improved mechanical

properties in both wales and course directions. Therefore, it is preferred to

model as well as to investigate the tensile properties of this multi-layered

knitted structure. Since the selected multi-layer reinforced knitted fabric

is consisted of single jersey knit structure (using only finer loop yarns) and

reinforcement inlay yarns (coarser yarns for structural reinforcement), the

tensile strength of such multi-layered knitted preform could be calculated

theoretically by further modifying the above mentioned simplified model

[124]. In order to calculate the tensile strength, the multi-layered knitted

fabric is first divided into their base fabric structures, which are the single

jersey knit structure (sub-structure-1 of Figure 7.2) knitted using finer

loop yarn and the multi-layered arrangements of reinforcement yarns (sub-

structure-2 of Figure 7.2). The ultimate tensile strength of this multi-

layer reinforced knitted fabric is the combined tensile effect of both sub-

structures derived from the main fabric structure. Therefore, the further
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calculation of tensile strength is done separately on both sub-structures.

Figure 7.2: Sketch of multi-layered knitted fabric, sub-structures and simple model ge-

ometry with straight fiber segments

By assuming the curved loops of single jersey knitted structure as straight

fiber sections as shown in the Figure 7.2 (modeling of sub-structure-1 by

straight fiber sections), the following equations could be formulated:

Tyl0◦ = Thel · nyl0◦ · W · (1−∆kl) (7.8)

Tyl90◦ = Thel · nyl90◦ · C · (1−∆kl) (7.9)

Lyl = W · C · Ll · 100 (7.10)
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Gyl =
Lyl · tl
1000

(7.11)

Where, Tyl0◦ and Tyl90◦ are the tensile strengths in wales (in 0◦) and course

(in 90◦) directions of curved loop structure (sub-structure-1) per 1 cm2

respectively, Thel is the measured tensile strength of finer loop yarn (be-

fore knitting), nyl0◦ and nyl90◦ are the number of straight fiber sections in

the wales and course directions correspondingly for unit knit-loop struc-

ture (normaly 2 in the wales direction and 1 in the course direction), W

and C is the number of wales/cm and courses/cm in that order, ∆kl is

the degradation of tensile strength of finer yarn curved as knit loops by

knitting process, Lyl is the total length of finer loop yarns (m/m2), Ll

is the length of single loop (in cm), Gyl is the fabric weight (g/m2), tl

is the yarn fineness (tex) of finer loop yarn (yarn weight in g/km). On

the other hand, the tensile strength of reinforcement inlay yarns arranged

as multi-layered in the sub-structure-2 of Figure 7.2 could be calculated

using the fabric specifications (for example, wales/cm and courses/cm) as

well as the measured tensile strength of reinforcement yarn before knit-

ting. Consequently, the following equations could be derived based on the

sub-structure-2 of Figure 7.2:

Tyr0◦ = Ther · W · (1−∆kr0◦) (7.12)

Tyr90◦ = Ther · C · (1−∆kr90◦) (7.13)

Lyr0◦ = W · 100 (7.14)
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Lyr90◦ = C · 100 (7.15)

Gyr0◦ =
Lyr0◦ · tr0◦

1000
(7.16)

Gyr90◦ =
Lyr90◦ · tr90◦

1000
(7.17)

Gyr = Gyr0◦ +Gyr90◦ (7.18)

Where, Tyr0◦ and Tyr90◦ are the tensile strengths in wales (in 0◦) and

course (in 90◦) directions of multi-layer reinforced structure per 1 cm2

respectively (sub-structure-2 of Figure 7.2), Ther is the measured tensile

strength of reinforcement yarn (before knitting), ∆kr0◦ and ∆kr90◦ are the

degradation of tensile strengths of reinforcement yarns due to their inte-

gration as warp and weft inlays by knitting process correspondingly, Lyr0◦

and Lyr90◦ are the total lengths (m/m2) of reinforcement warp and weft in-

lays in that order, Gyr0◦ and Gyr90◦ are the weight of warp and weft inlays

respectively (g/m2), Gyr is the total weight of multi-layer reinforced struc-

ture (g/m2), tr0◦ and tr90◦ are the yarn fineness (in tex) of reinforcement

warp and weft inlays correspondingly. Also, the ultimate tensile strength

and the specific weight of multi-layer reinforced knitted fabric (combined

structure of sub-structure-1 and sub-structure-2 in Figure 7.2) could be

calculated theoretically using the following equations:

Tf0◦ = Tyl0◦ + Tyr0◦ (7.19)

Tf0◦ = W · w90◦ · { Thel · nyl0◦ · (1−∆kl) + Ther · (1−∆kr0◦)} (7.20)
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Tf90◦ = Tyl90◦ + Tyr90◦ (7.21)

Tf90◦ = W · w0◦ · { Thel · nyl90◦ · (1−∆kl)+ Ther · (1−∆kr90◦)} (7.22)

Gf = Gyl +Gyr (7.23)

Gf =
( W · C · Ll · tl + W · tr0◦ + C · tr90◦)

10
(7.24)

Where, Tf0◦ and Tf90◦ are the tensile strengths in wales (in 0◦) and course

(in 90◦) directions of multi-layer reinforced knitted structure for fabric

width w (in cm) respectively, Gf is the total weight of multi-layer re-

inforced knitted structure (g/m2). Conversely, in order to compare the

predicted and experimented tensile strengths and fabric specific weights

of multi-layered knitted structure, three different multi-layered knitted

structures (with variable yarn finesses), which are developed and knitted

using GF-PP hybrid yarns in the frame work of SFB 639 [26] at ITM,

TU Dresden, are considered. The details of yarns used for multi-layered

knitted fabrics and the fabric specifications of such fabrics are given in

Table 7.2 and 7.3 respectively. It is already known that tensile strengths

of commingled GF-PP hybrid yarns (in a volume combination of 52% and

48%) are degraded about 70%, 10% and 5% by knitting process for being

integrated in the knitted structure as knit loops, warp yarns and as weft

yarns respectively (according to the section 6.1.2). Also, these levels of

degradation are also considered while calculating the tensile strength of

fabric theoretically. However, in order to obtain the experimented tensile

strength, the selected multi-layered knitted fabrics are used to measure



7.2 Calculation and comparison of tensile strength of multi-layer reinforced
2D knitted fabric 145

Fineness of (GF-PP) hybrid yarn

Details of yarn 138 tex 410 tex 1230 tex 1640 tex

Volume of GF & PP in

yarn structure

52 % & 48 % 52 % & 48 % 52 % & 48 % 52 % & 48 %

Measured yarn tensile

strength before knit-

ting

24 N 47 N 120 N 165 N

Yarn integrated in

knitted structure as:

Knit loop Weft yarn Weft & warp

yarns

Weft & warp

yarns

Degradation of yarn

tensile strength by

knitting process

70 % (∆kl ) 5 % (∆kr90◦ ) 10 % (∆kr0◦ ),

5 % (∆kr90◦ )

10 % (∆kr0◦ ),

5 % (∆kr90◦ )

Table 7.2: Details of yarns used for multi-layered knitted fabrics

Fabric identification

Fabric specification V2a V2d V4

Fineness of loop yarn (tex) 138 138 138

Fineness of weft yarn (tex) 1230 1640 410

Fineness of warp yarn (tex) 1230 1640 1230

Wales/cm 2.78 2.77 2.87

Courses/cm 2.72 2.85 2.75

Loop length(cm) 1.32 1.37 1.29

Table 7.3: Fabric specifications of different multi-layered knitted fabrics

the tensile properties on the Zwick Z100 testing machine (Zwick GmbH &

Co. KG, Germany) at ITM, TU Dresden following the test standard DIN

EN ISO 13934-1. The Figure 7.3 (a & b) represents the comparison of the-

oretical (ideal) and experimental tensile strengths of multi-layered knitted

fabrics, where the Figure 7.4 illustrates fabric specific weights. In case of

tensile strengths in both course and wales directions, the mean absolute

error are calculated the same which is about 9%. On the other hand, the

mean absolute error for fabric specific weights is found less than 3%. The

results clearly show a highly significant resemblance between the experi-

mental and predicted values. Consequently, the proposed model could be
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efficiently used in order to predict the tensile strength, amount of straight

fibers in each direction (loop and inlay yarns) as well as the fabric specific

weight of multi-layer reinforced knitted fabric manufactured by hybrid

yarns.

Figure 7.3: Tensile strengths of multi-layered knitted fabrics

Figure 7.4: Specific weights of multi-layered knitted fabrics
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7.3 Calculation and comparison of tensile properties

of knit composites

Textile reinforced composites are produced through thermoplastic consol-

idation process from multi-layered knitted preforms manufactured using

commingled GF-PP hybrid yarns. Since the reinforcement and matrix

components are homogenously mixed at the yarn cross-section by com-

mingling process and the knitted preforms are manufactured integrat-

ing the reinforcement inlays (non-crimp yarns) into the fabric structures,

therefore, the simplest ways of measuring the tensile strengths and ten-

sile modulus of such fiber reinforced composites are based on the rule of

mixtures [124,125]. The equations for measuring the tensile strength and

tensile modulus based on rule of mixtures are given below:

Tc = η · σr · Vr + σm · (1− Vr) (7.25)

Ec = η · Er · Vr + Em · (1− Vr) (7.26)

Where, Tc and Ec are the tensile strength and tensile modulus of knit

composite respectively, η is the efficiency factor of Krenchel (comparison

of ply fibers in specific direction to the total ply fibers of both wales and

course directions), σr and σm are the tensile strengths of reinforcement

and matrix components accordingly, Er and Em are the tensile modulus

of reinforcement and matrix components in that order. However, the equa-

tion 7.25 and 7.26 could be modified further for the multi-layered knitted

fabrics with dissimilar finenesses as well as unlike numbers of inlay yarns

in wales and course directions. The modified equations are:
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Tc0◦ = {
(

tr0◦

tr0◦ + tr90◦

)
·
(
W

C

)
· σr · Vr + σm ·(1−Vr)}· (1−∆ct0◦) (7.27)

Ec0◦ = {
(

tr0◦

tr0◦ + tr90◦

)
·
(
W

C

)
· Er · Vr + Em ·(1−Vr)}· (1−∆ce0◦) (7.28)

Tc90◦ = {
(

tr90◦

tr0◦ + tr90◦

)
·
(
C

C

)
· σr · Vr + σm ·(1−Vr)}· (1−∆ct90◦) (7.29)

Ec90◦ = {
(

tr90◦

tr0◦ + tr90◦

)
·
(
C

C

)
· Er · Vr + Em ·(1−Vr)}· (1−∆ce90◦) (7.30)

Where, ∆ct and ∆ce are the degradation (in %) of tensile strength and

tensile modulus of composite comparing to the properties of their com-

ponent materials accordingly, 0◦ and 90◦ are in the wales and course

directions respectively. Conversely, in order to compare the predicted and

experimented results, the tensile properties of thermoplastic composites

manufactured individually from three different multi-layered knitted fab-

rics (V2a, V2d and V4) are calculated first using the above formulated

equations. In such calculation, the tensile strength and modulus of E-

glass filaments are assumed to be 2800 MPa and 72.4 GPa respectively,

whereas these properties are considered to be 30 MPa and 1.5 GPa for

polypropylene accordingly (very common tensile properties of both E-glass

and polypropylene) [52,112,113]. The volume of glass filaments of the com-

posites made from fabric structures V2a, V2d and V4 are measured by

burning test and it is found about 46.08%, 46.76% and 44.2% in that

order. While calculating the theoretical (ideal) tensile properties, it is as-

sumed that the component materials of composites do not loss any tensile
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properties by the intermediate processes from commingling to consolida-

tion (assuming ∆ct and ∆ce are equal to zero). The intention is to find

out the actual degradation of tensile properties comparing to the theoret-

ical (ideal) and experimented results. Moreover, two predictions of actual

tensile strength are calculated assuming the possible minimum and max-

imum level of degradation of tensile strength by intermediate processes

(from yarn manufacturing to thermoplastic consolidation) about 50% and

60% respectively. Later on, these theoretical results are compared with

the experimental values of the respective composites. The Figure 7.5 rep-

resents the predicted and experimented tensile properties of the different

2D knit composites.

Figure 7.5: Tensile properties of 2D knit composites
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Consistent with the comparison of tensile strengths presented in Figure

7.5 (a and b), the experimented tensile strengths in wales and course di-

rections are found about 53% and 54% less than that of theoretical (ideal)

results of different knit composites respectively. On the other hand, ac-

cording to the Figure 7.5 (c and d), such degradation is recorded about 8%

and 3% in that order in case of tensile modulus. It is already documented

in section 7.1 that the tensile strength of GF-PP hybrid yarn is degraded

about 65% by commingling process comparing to the tensile strengths of

component materials. It is also claimed in section 6.1 that the GF-PP hy-

brid yarn loses again about 5-10% and 70% of remaining tensile strength

for being integrated as inlay yarns (weft and warp yarns) and as knit loops

by knitting process. If it is assumed that the total degradation of tensile

strength of GF-PP hybrid yarn from commingling to the thermoplastic

consolidation process is about 70%, however, an improvement has taken

place in case of tensile strength, especially in the formation of compos-

ites. This improvement is reported about 25% of total tensile degradation

caused by the intermediate processes (from hybrid yarn manufacturing to

thermoplastic consolidation). It is believed that such improvements are

the result of the filament-matrix interfacial bonding enhanced in compos-

ites, which resists the acted upon deformation forces as well as allows

more force to be transferred. On the other hand, tensile modulus, which

is the relationship between the strength and strain, is remained the same

also in the formation of composite.

Comprehending all the above mentioned theoretical and experimental ob-

servations, it could be concluded that the tensile strength of commingled

hybrid yarn can be calculated directly based on the tensile strengths of

component materials as well as on their level of degradation by commin-

gling process. The tensile strength of GF-PP hybrid yarn is found greatly

influenced by the commingling process. The amount of such degradation
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of tensile strength of GF-PP hybrid yarn, which is manufactured in a vol-

ume combination of 52% (GF) and 48% (PP) respectively by commingling

process, is found about 65%. Also, the proposed model reports a highly

significant resemblance between the experimental and predicted values

of tensile strengths and specific weights of multi-layered knitted fabrics.

Therefore, such model could be applied to predict the tensile strength,

portion of straight fiber in each direction as well as the specific weight

of multi-layer reinforced knitted fabric. Besides, the tensile properties of

thermoplastic composites consolidated from multi-layer reinforced knitted

fabrics (made of commingled GF-PP hybrid yarns) can be predicted accu-

rately on the basis of the rule of mixtures and using the tensile strengths

of component materials along with the total amount of degradation of

tensile strengths by the intermediate processes (commingling to consol-

idation). However, the thermoplastic consolidation process improves the

tensile strengths considerably in the formation of composite (up to 25%

of total tensile degradation caused by the intermediate processes) and

this improvement is considered to be the result of the filament-matrix

interfacial bonding enhanced in composites.
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Chapter 8

Advantages and potential

applications of flat knitted

innovative 3D spacer fabrics

The developed solution for complex shaped innovative 3D spacer fabrics

offers the chance for a significant extension of the structural diversity of

the knitting technique. Consequently, it inaugurates the large scale appli-

cations in the field of lightweight construction and energy technology. This

creates the possibility to improve and engineer the properties of knitted

semi-finished products as well as to the development of entirely new solu-

tions. Other possible applications include energy-absorbing structures in

protective textiles and crash-relevant components in the automotive and

mechanical engineering. The spacer fabrics also have a clear potential for

the acoustic insulation. However, the advantages of 3D spacer fabrics by

innovative flat knitting techniques are:

� Flexible manufacturing of complex shaped 3D spacer fabrics in a

single process-step using high performance materials (yarns)

� 3D spacer fabrics with diverse geometries leading to various structural

benefits (form follows force)
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spacer fabrics

� Realization of complex geometries with double or multiple wall-

structures in a single process-step

� Multi-layer reinforcements (non-crimp yarns up to 4 layers) for high

mechanical performances (tensile strength, rigidity, energy absorp-

tion)

� Precise knitting of complex shaped preforms eliminating the addi-

tional processes

� No wastage due to “near to net” shaping using “Fully-fashion” tech-

nique

� Economical manufacturing due to low investment cost as well as sin-

gle processing step

� Full-flexibilities in the usage of wide-spectrum of materials (from con-

ventional to high performance)

� High potentiality to substitute the metal based panels by the spacer

fabric based 3D composites in lightweight applications

� Suitable as crash-components (composites) for high energy absorp-

tion

� Structural health-monitoring through integrated “sensor-networks”

� Very good recyclability of thermoplastic textile composites

� Very effective to use in protective textiles

� Usage of space-chanals in various perspectives

The developed method offers a high potential for practical applications

in lightweight industries. The Figure 8.1 shows some example for promis-

ing application fields of lightweight composite structures. It can be used
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Figure 8.1: Potential application-fields (example) of lightweight structures based on flat

knitted innovative 3D spacer fabrics [106,126–132]

in vehicle manufacturing for the cost-rigid sandwich panel components

(e.g. roof, door, deck, wing, under body construction) with short cycle

times (approximately 1 minute in thermoplastic consolidation process).

In addition, the empty-channels could be employed as fuel or hydrogen

tank or their embodiment with sound damping material. The main ad-
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spacer fabrics

vantage of the structure is the significant weight reduction. Consequently,

they are very promising to substitute conventional metal based structures.

Because of high mechanical performances including reduced weight, the

3D composites from innovative 3D spacer fabrics are suitable in the con-

struction of wind turbines (e.g. blades). Again, these structures could

also potentially be used in designing of solar power producing lightweight

rigid panels, for example, mounting the solar-cells (plates) on the faces,

whereas the usage of hollow-chambers as supply-channels for electrical

wires or for other devices. The resistance to pressure waves with the help

of the energy absorption could be a further application in buildings and

military vehicles for blast protection. Furthermore, the novel 3D spacer

fabrics using high performance fibers show tremendous application possi-

bilities in civil engineering (lightweight building and bridges) and in archi-

tectural design, especially as complex shaped fiber reinforced lightweight

building panel systems. The cavity chambers would be suitable as me-

dias, for instance, for maximum airflow, water-passage, drainage-systems,

power-supply. Conversely, the spacer fabric structures are expected to

show superior impact properties if the separation channels are equipped

with the energy-absorbing materials. The bag-chambers could also be used

to accommodate the appropriate equipment/ functional devices. In addi-

tion, spacer fabrics have the potential to be used as protective textiles for

applications in the personal protection of the workplace and the sports

equipment, medical applications, industrial textiles, for the protection of

personal property, interior design, etc. The ease of using wide-spectrum of

materials, fully flexibilities in structural diversifications, various reinfor-

ceing concepts along with cost-effective single stage manufacturing make

the latest flat knitting technologies developed in this research extremely

promising for the manufacturing of innovative 3D spacer fabrics for high-

tech applications, especially in lightweight structures.
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Summary and Outlook

The material properties of textile reinforced composites can be specially

customised for particular load situations by modifying the fiber architec-

ture and material combinations and are best suited for lightweight applica-

tions. Novel 3D spacer fabrics consisting of surface fabrics connected with

individual fabrics possess great potential as textile preforms in lightweight

composite applications. However, flat knitting is one of the most flexible

as well as advanced textile manufacturing processes and offers enormous

potential to develop complex shaped load-adapted 3D spacer fabrics cost-

effectively (competitive solution) for high performance composites.

In the scope of the presented research work, the flat knitting machines

CMS 320TC and Aries.3 from the company of Stoll and Steiger respec-

tively were selected as the modern flat knitting machines for the devel-

opment of novel 3D spacer fabrics using examplar GF-PP hybrid yarns

for thermoplastic composites. 3D spacer fabrics with varying the geome-

tries were developed successfully using the innovative flat knitting tech-

niques. This lead to various structural benefits (form follows force). In

order to develop load-adapted 3D spacer fabrics, different innovative con-

cepts for the integration of reinforcement yarns into knit structures were
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developed, where the multi-layer arrangement of reinforcement yarns (as

warp and weft inlays) was considered to be suitable for high mechani-

cal performances. With the aim of strengthening in the course direction,

reinforcement yarns were successfully integrated directly into 3D spacer

fabric structures separately as knit loops, tuck stitches and as weft yarns.

The knit structures with integrated knit loops and tuck stitches were con-

sidered to be effective for high energy absorption in impact, whereas the

weft yarns were expected to show high tensile strength and stiffness in

the course direction. Within the framework of the development of multi-

layered 3D spacer fabrics, different 3D tubular fabrics (with different ar-

rangement of reinforcement yarns) were developed with the innovative

flat knitting techniques and assigned high-tech applications. On the other

hand, 3D spacer fabrics consisting of multi-layer reinforced plane layers

(single weft & single warp inlays) and tuck stitch shaped connecting layers

along with single axis curvatures were manufactured using the innovative

flat knitting techniques. The intention of such multi-layer reinforcements

was to increase the wall thickness of the composites to improve mechanical

performance. Conversely, multi-layer reinforced 3D spacer fabrics consist-

ing of individual surface and connecting layers, which are separately rein-

forced by 4 reinforcement layers (two warp and two weft inlays), including

also the single axis curvatures were manufactured successfully using the

highly innovative flat knitting technologies. With the purpose of moni-

toring the structural health of end products, the flat knitting technology

was developed further for the creation of “sensor networks” by means

of inventive integration of functional yarns into 3D spacer fabric struc-

tures during the manufacturing of the multi-layered 3D spacer fabrics. 3D

thermoplastic composites were also effectively produced from flat knit-

ted innovative 3D spacer fabrics (with vertical connecting layers) using

the mechanical tools (for 3D thermoplastic moulding) developed in the
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Collaborative Research Project 639.

In order to investigate the effect of fiber orientation on the mechanical

properties of GF-PP hybrid yarns, 2D knit fabrics and 2D knit compos-

ites, reinforcement yarns were integrated into 2D knit structures individ-

ually as knit loops; tuck stitches; weft yarns; warp yarns; warp yarns and

tuck stitches; weft and warp yarns; weft and warp yarns along with tuck

stitches. The tensile strength of the reinforcement yarns after being pulled

out from the 2D knit fabrics and of the 2D knit fabrics themselves were

found to be better for warp and weft inlays, whereas these properties

were only moderately improved with the tuck stitches. The mechanical

properties of 2D composites consolidated from 2D knit fabrics were also

investigated and seemed to be greatly affected by different arrangements

of reinforcement yarns. Tensile and flexural properties were measured as

superior in the course direction for weft yarns, in the wales direction for

warp yarns and in both course and wales directions for biaxial inlays.

In contrast, greatly improved impact properties were documented in the

fiber oriented course direction for weft yarns, for tuck stitches and in the

fiber oriented wales direction for warp yarns. Hence, the integration of

reinforcement yarns as biaxial inlays into knit fabric seemed to be the

most effective method, whereas the tuck stitch shaped and uni-directional

reinforced knit structures (weft or warp inlays) can potentially be used

in various applications. Therefore, based on the investigation of mechan-

ical properties, the thermoplastic composites manufactured from the flat

knitted multi-layered innovative 3D spacer fabrics are expected to show

superior mechanical performances and considered to be more promising

in high performance composite applications.

Additionally, the tensile strength of commingled hybrid yarn can be cal-

culated directly using the model developed on the basis of the tensile
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strengths of component materials as well as the influence of the commin-

gling process on their states. Again, the proposed model derived from

the stitch geometry reported a highly significant resemblance between

the experimental and predicted values and can be applied to calculate

the tensile strength, portion of straight fiber in each direction as well as

the specific weight of multi-layer reinforced knitted fabric. The developed

mathematical model based on the rule of mixtures can be used efficiently

to predict the tensile properties of multi-layer reinforced thermoplastic

knit composites made of GF-PP hybrid yarns. However, considering the

effect of integrated manufacturing processes (commingling to consolida-

tion) on the state of tensile strengths of component materials, the thermo-

plastic consolidation process improves the tensile strength considerably in

the composite form. The level of such improvement was up to 25% of total

tensile degradation caused by the intermediate processes and it is consid-

ered to be the result of the filament-matrix interfacial bonding enhanced

in composites.

Beyond the promising application trend in the area of lightweight compos-

ite structures, the novel 3D spacer fabrics produced with innovative flat

knitting technologies can also potentially be used in different fields, for ex-

ample, in textile reinforced concretes, architectural designs, energy sectors,

protective textiles, industrial textiles and geo-textiles. Nevertheless, in or-

der to manufacture extremely complex 3D spacer fabrics, further devel-

opments of the flat knitting technology could be carried out, for instance,

for 3D spacer fabrics with multi-directional connecting fabrics (in x- and

y-directions), double axis curvatures (in x- and y-directions) and with

variable width within the respective connecting fabric (in z-direction).

Moreover, the integration of continuous warp yarns into all connecting

fabrics will improve the mechanical performances of connecting layers.

In addition, the development of flexible and innovative warp-withdrawn



161

as well as 3D take-down systems would be breakthrough advancements

in the realization of a fully-automated flat knitting machine capable of

manufacturing complex shaped innovative 3D spacer fabrics.
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