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Abstract 

The development and optimisation of automated fabric preforming processes is critical for 

the adoption of composite materials for low cost, high volume applications. This thesis 

presents the development of a numerical material model to simulate the forming of 2D fabric 

plies into complex 3D shapes. The material model has been used to evaluate the feasibility of 

using matched-tool forming and double diaphragm forming, to manufacture low cost fabric 

preforms suitable for liquid moulding processes. The research has focused on two main 

aspects: (I) fabric characterisation and modelling and (II) process simulation and optimisation. 

The forming behaviour of woven fabrics and non-crimp fabrics (NCF) has been investigated to 

understand the deformation mechanisms and the cause of defects, in order to seek feasible 

solutions for defect reduction. A non-orthogonal constitutive relation has been developed to 

capture the nonlinear material behaviour, which was implemented in an explicit finite 

element model and used to refine the forming process. 

Results from the material model indicate that pillar stitched NCFs are not as compliant as 

woven fabrics of the same areal mass. The likelihood of defects is therefore higher for the 

NCF and the shear behaviour is axisymmetric due to the influence of the stitch yarn. The NCF 

material exhibits two types of wrinkling during matched tool forming; out-of-plane wrinkling 

at the ply level (macro-scale wrinkling) induced by excessive shear, and in-plane wrinkling at 

the bundle level (meso-scale wrinkling) caused by fibre compression. Stitch rupture can also 

occur at high shear angles, which can lead to further localised wrinkling. Fabric bridging is the 

dominant defect in large curvature regions when using double diaphragm forming (DDF), and 

wrinkling was found to be generally lower than in matched-tool forming. The model has been 

used to successfully identify the cause of all of these defects in NCF preforms manufactured 

by DDF, and has been used to optimise preform geometry and process parameters to mitigate 

these problems. Darts were added to preforms to alleviate fabric bridging and improve 

surface conformity, using the tensile stress in the yarns to identify suitable positions and 

orientations, minimising the effect on the mechanical performance of the component. 

An optimisation methodology has been developed for placing local inter-ply stitches on multi-

ply preforms, by coupling the FE analysis with a genetic algorithm. The stitches enable 
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multiple plies to be joined together to aid robotic handling and the optimisation routine 

ensures that the placement of the stitches does not adversely affect the formability of the 

preform. Results indicate that whilst the inter-ply stitches affect the shear distribution at a 

global level, the formability of a multi-ply preform can be improved compared to the 

unstitched counterpart by optimising the pattern of through-thickness stitches. 

A two-step optimisation method was also developed to optimise the boundary conditions for 

a matched tool forming scenario. Spring-loaded clamps were used to provide in-plane tension 

in the fabric plies during forming, rather than using a blank holder to induce tension through 

friction, providing an opportunity to reduce preform size and therefore waste. The 

optimisation algorithm was used to determine the location and size of the clamps around the 

blank perimeter and the stiffness of the attached springs. It was shown that this method can 

effectively homogenise the global shear angle distribution, reducing the peak shear angle 

compared to using a segmented blank holder. 
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Chapter 1 Introduction 

1.1 Background  

Historically, structural applications for carbon fibre composites have been limited to high-end 

sports cars and certain niche applications, where the limiting factor has been the high cost of 

raw materials and manufacturing [1-4]. Currently the use of high performance carbon-epoxy 

composites is well-established in racing and road cars such as the McLaren MP12-4C [5]. 

Mainstream OEM applications are generally limited to secondary components such as roof 

panels (e.g. BMW M3 [6]), closures (e.g. Ford Focus [7]) and cosmetic panels and fitments 

such as door mirrors. However, the recent introduction of the BMW i3 electric vehicle has 

seen the first carbon fibre intensive vehicle produced and sold for less than £30,000 [8]. This 

has been achieved by creating a composite upper structure manufactured from relatively 

simple resin transfer moulded (RTM) panels. 

The launch of the BMW i3 has started a revolution in the way vehicles are designed and 

manufactured from composite materials. BMW have since adopted carbon fibre for structural 

components on the new 2016 7-series, including the B-pillar, cant rails, sills and header rail 

[2], which has an annual production volume in excess of 70,000ppa. This increase in 

composites consumption is being driven predominantly by fuel efficiency and low carbon 

emissions regulations, requiring lightweight composite parts to replace metal components. It 

is reported that the North American automotive composite materials market will reach 

US$7.2 billion by 2019, growing at more than 4% CAGR. Research efforts in this area will open 

up the market to wider applications by reducing the cost point at which advanced composite 

materials become viable. A conservative estimate would is that by 2020, 50,000 vehicles per 

year could contain up to 500 Euros of structural composite material each (Jaguar Land Rover 

predict 300,000 conventional vehicles per year in the near future) at a value of 12 million 

Euros, and 5 million vehicles with 100 Euros of composite by the year 2030, a total in excess 

of 500 million euros. This would be consistent with the Automotive Council UK's lightweight 

vehicle and powertrain roadmap which predicts carbon composite materials in bodies-in-

white ramping up from 2017 to 2030 [9]. 
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Currently, wider application of composite materials in the automotive industry is limited by 

the long manufacturing cycle times required to produce finished components. Research into 

carbon fibre production has reduced the cost of raw materials by reducing the amount of 

energy consumption [10, 11] and by using lower cost precursors [12]. The development of 

άǎƴŀǇ-ŎǳǊƛƴƎέ ƭƛǉǳƛŘ ŜǇƻȄƛŜǎ Ƙŀǎ ŀƭǎƻ ŦŀŎƛƭƛǘŀǘŜŘ ǊŀǇƛŘ ƳƻǳƭŘƛƴƎ ŎȅŎƭŜs, using high pressure 

resin transfer moulding [13]. However, the main production bottle-neck remains to be the 

preforming cycle, which is required to convert flat 2D fibre fabrics into complex 3D shapes. 

Whilst highly automated fibre deposition processes for preform production exist, these are 

generally only suitable for large, simple curvature components typically found in the 

aerospace industry [14, 15], rather than the more geometrically complex, intricate 

components found in the automotive sector. This project aims to understand the challenges 

faced when trying to form composite parts for medium volume applications (30,000ppa). The 

outcomes from this project will also enable cost reductions through reduced material wastage 

and increased structural optimisation through efficient material utilisation. 

1.2 Theme definition  

The aim of this project is to simulate and optimise advanced preforming technologies for 

producing high-quality 3D preforms using automated processes. Numerical simulation is 

employed to assist in the understanding of fabric material behaviour during forming, in order 

to predict the onset of defects, such as wrinkles. This information will be used to drive process 

developments in an attempt to produce a net-shape 3D preform, with zero wastage and no 

touch labour. 

The primary objectives of this project focus on two aspects: 

I. Material characterisation and modelling: Characterise the drapeability of different fabric 

types (including woven fabric and non-crimp fabric (NCF)) and develop corresponding 

constitutive relations to take account of either symmetric or asymmetric behaviours. 

II. Process simulation and optimisation: Design processing scenarios and optimise forming 

parameters to either improve forming quality, or facilitate automated fabric handling, 

for different types of fibre architecture. 
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1.3 Outline of thesis  

This project was implemented to develop an effective and efficient methodology for 

predicting the forming behaviour of different fabric architectures and to refine the 

preforming manufacturing process. 

A literature review (in Chapter 2) is conducted to summarise the milestones on fabric forming 

research. A range of typical fabrics are investigated to understand the dominant forming 

mechanisms and the cause of defects. In addition, state-of-the-art preforming processes are 

compared to understand their different capabilities and limitations on fabric preforming. A 

series of key factors and parameters are identified for automated manufacturing, in order to 

control forming quality and improve robot handling. This chapter provides an overview of the 

gaps in the current knowledge and an outline of the approach to be taken in this thesis to 

meet the aims and objectives. 

Chapter 3 presents and validates a constitutive model for describing the deformation 

behaviour of a pillar-stitched NCF, accounting for the rotation of the carbon fibre yarns and 

the direction-dependent contribution of the intra-ply stitches. Its implementation in explicit 

Finite Element (FE) simulations enables the prediction of meso-scale defect formation during 

preforming based on macro-scale observations. The model is first validated using data from 

the literature for a plain weave commingled glass/PP material to verify that the constitutive 

relation is correct for bi-axial fabrics. 

Chapter 4 seeks to understand the opportunities offered by locally stitching multiple fabric 

plies together to create a single preform blank, which can be formed into a complex 3D shape. 

This aims to reduce preform assembly time in the tool and aid automated deposition of the 

ply stack. A genetic algorithm is implemented to determine the optimum position of local 

stitches, in order to improve preform quality for multiple-plies with different orientations. 

Chapter 5 aims to optimise the draw-in of the blank during forming, using spring-loaded 

clamps around the perimeter to control in-plane tension. This arrangement enables the blank 

to be heated more easily prior to forming and offers more flexibility in terms of controlling 

material draw-in, as the spring-loading for each clamp can be controlled independently. It 

also provides an opportunity to reduce preform size and therefore waste. The optimisation 
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procedure seeks to determine the optimum location and size of each clamp and the stiffness 

of each spring to minimise the global in-plane shear angle of the fabric. 

A novel double diaphragm forming process is introduced in Chapter 6 to form dry fabrics. This 

creates an opportunity to form parts quickly (about 5 minutes) using low cost tooling and at 

low pressures. The diaphragms create tension in the fabric, therefore mechanical blank 

holders can be avoided and net-shaped parts can be created with no wastage. Numerical 

simulation is employed to understand and optimise the diaphragm forming process, using 

experimental data to validate the model and confirm defect observations.  

Conclusions are drawn to summarise the primary discoveries for this research and to provide 

guidelines for design, analysis and optimisation for industrial application (Chapter 7). 
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Chapter 2 Literature Review 

2.1 Introduction  

This Chapter reviews the literature for a range of common fabric architectures and forming 

methods, in order to understand the dominant forming mechanisms and the cause of critical 

defects in formed composite components. Recent forming simulation developments have 

also been reviewed to understand the challenges faced when trying to predict the forming 

behaviour of technical textiles over complex 3D geometries. A summary at the end of this 

chapter provides an overview of the gaps in the current knowledge and an outline of the 

approach to be taken to meet the aims and objectives defined in Chapter 1. 

2.2 Fabric reinforcements  

2.2.1 Fabric Architecture  

The term άfabricέ employed here describes an interlaced architecture mainly constructed by 

yarns and sometimes assembled by stitches. Fibre convertors are capable of delivering high-

quality fabrics at production rates of up to several hundred kg/hr using modern machinery 

from automated processes such as weaving and knitting [16]. Driving down cost is the primary 

driver for adopting off-the-shelf fabric products from commercial suppliers, which are 

relatively easy to handle and form into complicated geometries. Fabrics offer a good balance 

in terms of the cost of raw materials and ease of manufacture, although material wastage can 

be as high as 40%, due to poor utilisation for complex components [17, 18]. Whilst there are 

many different kinds of fabrics [19], only 2D woven fabrics and non-crimp fabrics (NCF) are of 

interest in the current work, as they are widely used in industry to produce 3D components. 

As shown in Figure 2.1, the architecture of a woven fabric is established by interlacing yarns, 

enabling necessary deformation during forming. The yarns undulate over/under each other 

creating crimp, which reduces the reinforcement efficiency of the fibres when moulded. Gaps 

can also form at fibre cross-overs, which can be the cause of stress raisers, but also provide 

possible spaces for the tows to deform during fabric shearing. The formability of a woven 

fabric is therefore affected by its weave pattern [20]. Although plain weaves (see Figure 2.1 
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(a)) produce a more stable architecture to facilitate material handling, the side effect is 

reduced formability because of the greater number of fibre-fibre interactions (see Figure 

2.1(b)) [20]. 

             

(a) Plain weaves                           (b) Twill weaves                          (c) Satin weaves 

Figure 2.1: Typical woven fabrics 

Non-crimp fabrics (NCF) are produced by assembling UD crimp-free fibre plies through 

stitching, sewing, knitting and/or chemical bonding. As shown in Figure 2.2, there is no crimp 

of the main reinforcing fibres, which offers improved in-plane stiffness compared with a 

woven fabric and mechanical properties approaching those of unidirectional materials [21]. 

In general, NCFs are not as formable as woven fabrics, but they are of particular interest for 

automated preforming processes, as they are very stable during handling [20]. NCFs are often 

constructed as multi-axial materials (i.e. 0/90/0 or 45/0/-45), as it is an efficient way of 

depositing a large areal density of fibre in the minimum number of plies. 

    

Figure 2.2: Typical non-crimp fabrics (NCFs). 

Biaxial NCFs are the main interest in this thesis. Biaxial NCF reinforcements are composed of 

two layers of fibres, typically at 0°/90° or ±45°, which are connected together by through-

thickness stitches. The intra-ply stitch pattern can be selected to improve stability, by 

preventing unwanted shear deformation during handling. The dominant forming mechanism 
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of a biaxial NCF fabric is in-plane shear deformation, similar to other bi-directional materials 

(such as woven fabrics). However, the mechanisms of shear are different, as the mesoscopic 

architecture of an NCF is established by introducing intra-ply stitches rather than interlacing 

the primary yarns. Both straining of the in-plane segments of the intra-ply stitches and 

rotation of the primary yarns contributes to the shear behaviour of the NCF at the macroscale. 

Inter-yarn friction provides some resistance to shear deformation during yarn rotation. The 

orientation of the in-plane segments of the stitches relative to the primary yarn direction can 

lead to asymmetric shear behaviour, which may be undesirable for real components, as it may 

be difficult to avoid defects during forming [22]. Positive and negative shear terms are 

commonly referred to in the literature to indicate when the in-plane segment of the stitch 

yarn is in tension or compression respectively [23], as shown in Figure 2.3. The influence of 

the intra-ply stitches on the shear stiffness can be significant (for °45̄  fabrics) under positive 

shear, as it is dominated by the tensile properties of the stitch yarn. The in-plane segments of 

the stitch are likely to fail at high strains (induced by large shear angles), causing irreversible 

damage to the fabric and a sudden reduction in the shear stiffness [14]. In negative shear, 

NCFs tend to exhibit the same phenomena as woven fabrics when the in-plane segments of 

the stitch are loaded in the compressive direction [21]. In general, there is low shear stiffness 

up to shear angles of ~30° when the main shear resistance mode is friction between the 

primary yarns, followed by a rapid increase of the shear stiffness with the onset and 

intensification of the lateral compression of the fibre bundles. 

 

Figure 2.3: Schematic showing the difference between positive and negative shear. 

2.2.2 Forming mechanisms 

Fabrics undergo large deformations to conform to the target geometry during the forming 

process. The formability of fabric materials is mainly derived from the deformation of the 

Negative shear 

Positive shear 
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reinforcement, which can be primarily represented by in-plane tension, in-plane shear and 

out-of-plane bending in macro scale. The macro-scale behaviour of the representative 

material cell indicates typical nonlinearity and irreversibility in the form of nominally 

equivalent stress-strain curves, which indicate the complex interaction mechanism of the 

internal meso-/micro-structure. The equivalent tensile modulus is significant along both 

primary fibre directions, but is negligible in terms of the out-of-plane bending resistance. 

Additionally, the shear modulus is also quite small and therefore large deformation is possible. 

Rotation of the yarns occurs until the locking angle is achieved, which corresponds to the 

onset of wrinkling. 

2.2.2.1 In-Plane shear 

The in-plane shear modulus G of the fabric is much smaller than the tensile modulus E 

(E/G<0.001); therefore the in-plane shear mode dominates the formability. Forming 2D fabric 

preforms into complex 3D shapes requires large shear deformations, which occur due to fibre 

reorientation. The yarns rotate and slip, and simultaneously, intersecting yarns compact each 

other at their crossovers as shown in Figure 2.4. The shear rigidity is therefore dependent on 

the changes in mesoscale geometry (yarn compaction) and the intra-ply yarn-yarn slippage 

(including warp-weft, warp-warp and weft-weft) during yarn rotation, which can cause yarn 

spreading and bunching. 

 

Figure 2.4: In-plane shear mode and mechanisms respectively for woven fabric and NCF. 

For 2D woven fabrics, the interlaced yarn structure and intra-ply slippage between yarns 

provides the shear resistance during forming (see Figure 2.4(b)), where the former starts 
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dominating the shear behaviour after a certain shear deformation (about 50° for the specific 

fabrics as shown in Figure 2.5(a)), namely shear locking. The shear stress-strain curve is 

symmetric; therefore only one test is required in either the positive or negative shear 

directions. 

 

(a) Three woven fabrics with superficial density 800 g/m2 

 

(b) NCFs retained with tricot (Ebx-936) and chain (Ebx-318) stitch oriented at 45° to the tows 

Figure 2.5: Shear behaviour curves for fabrics. Negative shear angle represents deformation perpendicular to 
the stitch. [24] 

For NCFs, both the intra-ply slippage between primary yarns and the stretching of fixture 

stitches (intra-ply) may contribute to the shear resistance (see Figure 2.4(c)). The stitches 

provide an orientation-dependent contribution to the equivalent shear modulus of the fabric. 

The compressive stiffness of the stitch is negligible, but the tensile component dominates the 

shear response at the macroscale. However, the tensile stiffness of the stitch only influences 

the shear compliance of the fabric in one direction, which may lead to asymmetric shear 

behaviour of NCFs as shown in Figure 2.5(b) depending on the stitch pattern. The stitches 

used to fix the fibre architecture are the primary cause of shear locking on NCFs, since they 
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are able to constrain the inter-tow movement and enhance the resistance after a certain 

shear angle, by locking up the yarns. The failure of stitches along the axial direction can 

alleviate the shear locking effect, but may lead to other defects such as laddering. For example, 

the threshold value for the NCF materials in positive shear in Figure 2.5(b), (about 50°) is 

smaller than the one in negative shear (about 60°) due to local stitch failures. 

Compared to the tensile modulus, the equivalent shear resistance is very small before locking, 

which then increases dramatically to exhibit the mesoscopic shear locking mechanism, as 

shown in Figure 2.5. 

2.2.2.2 In-Plane tension 

The macroscopic in-plane tensile mode is determined by the redistribution and elongation of 

yarns at the meso/micro scale, as shown in Figure 2.6. The stress-strain curve along the fibre 

direction may show a nonlinear relationship, which varies with the ratio of tensile forces 

between two fibre orientations, as shown in Figure 2.7. For 2D woven fabrics, this nonlinearity 

is derived from the undulation of yarns (see Figure 2.6(b)); while, for NCFs, this feature is 

mainly generated from the undulated stitch yarns, which are less significant due to their non-

crimp mesoscopic architecture (see Figure 2.6(c)). 

 

Figure 2.6: In-plane tensile/compression mode and mechanisms respectively for woven fabric and NCF. 



PhD Thesis Chapter 2 Literature Review 11 |  P a g e 

 

Figure 2.7: Biaxial tensile behaviour surface for a balanced glass plain weave fabric obtained from 
experimental results. [25] 

When a fabric is loaded in tension, the undulating yarns (or stitch yarns in NCFs) tend to 

straighten, resulting in a characteristic J-shape to the stress-strain curve (i.e. only nonlinear 

at the beginning) (see Figure 2.7). However, this is a bi-axial phenomenon, because as the 

undulation decreases in one direction it tends to increase in the other direction (see Figure 

2.6), which can lead to some difficulties in modelling fabric forming. However, this 

nonlinearity can generally be ignored when the material is flat (i.e. small undulation of 

primary yarns) so that the YoungΩs modulus along the fibre direction can be assumed to be 

linear without significantly compromising precision [26]. 

2.2.2.3 Out-of-plane bending  

The out-of-plane bending stiffness is significantly lower than the in-plane stiffness, as yarns 

can slide relative to each other (i.e. intra-ply slippage) [24]. Although the equivalent 

macroscopic deformation is almost the same for different fabrics, their bending mechanisms 

are slightly different, as shown in Figure 2.8. The bending stiffness for 2D woven fabrics is 

derived from the elongation of the undulated yarns, which is independent of the direction of 

bending (see Figure 2.8(b)). The bending stiffness of NCFs depends on the direction of bending 

however (see Figure 2.8(c)), as the ply is effectively unbalanced due its construction. 

Although the bending stiffness is necessary to predict realistic wrinkling features [27], the 

membrane assumption is still suitable for thin fabrics [28], since the onset of wrinkling defects 

primarily depends on compressive and in-plane shear stiffnesses rather than bending stiffness 

[29]. 
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Figure 2.8: Out-of-plane bending mode and mechanisms respectively for woven fabric and NCF. 

2.2.3 Defect mechanisms 

Defects which occur during fabric forming may significantly reduce the mechanical 

performance of the final product. Wrinkling is one of the most common defects that occurs 

during forming; others include fibre misalignment and local variations in local fibre volume 

fraction due to fibre spreading or bunching [30]. In particular, stitch damage is an additional 

defect mode for NCFs, but this may not be critical if the primary yarns are unaffected. The 

main defect modes for woven and NCF fabrics are summaries in Table 2.1. 

Table 2.1: Typical defect modes derived from fabric forming. 

Defect 
mode 

Macro-scale 
wrinkling 
(ply folds) 

Meso-scale 
wrinkling 

(bundle loops) 

Gaps/voids 
(Laddering) 

Stitch damage 

Phenomena 

    

Mechanism 
Transverse yarn 

compaction 
(shear locking) 

Longitudinal yarn 
compression 

(yarn buckling) 

Intra-ply yarn 
spacing 

(intra-ply over-
slippage) 

Longitudinal 
stitch extension 
(stitch failure) 

Measure 
Shear angle 

(locking angle) 

Fibre compressive 
stress/strain/energy 

(critical buckling 
strain/energy) 

Fibre tensile 
strain/stress 

(fibre spacing) 

Stitch stress 
(stitch strength) 

Applicable 
materials 

Woven Fabric & NCF NCF only 

Shear deformation is the most important mechanism governing the forming of a fabric 

reinforcement [19, 24, 31, 32]. The shear angle can be employed as a measure of wrinkle 

initiation, induced by the compaction of intersecting yarns in the transverse direction. As the 
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shear angle increases, the local in-plane shear and compressive energies increase. Once the 

locking angle is exceeded, additional energy is stored by ply wrinkling or yarn buckling. 

However, in-plane tension may alter wrinkling onset angle, which depends on the type of 

fabric. For woven fabrics, the in-plane tension may change the undulation of the yarns, 

resulting in the variation of yarn rotational constraint; while, for NCFs, the yarns are not 

crimped and the in-plane tension do not significantly affect the shear angle corresponding to 

the initiation of wrinkling. 

The spreading and opening of yarns (laddering) is a defect induced by tensile deformation. At 

the mesoscale, the tension along one fibre direction leads to the redistribution of load to 

crossing transverse fibres. The tensile strain/stress at the macroscale can be used as an 

appropriate measure of this defect. Its occurrence relies on the meso-geometry of the fabric 

(i.e. the width, spacing and undulation of yarns), interfacial properties (i.e. fibre-fibre/yarn-

yarn friction and slippage) and constituent properties (i.e. tensile/buckling resistance of yarn 

and tensile resistance of stitches). 

The fundamental difference in the fibre architecture caused by the inclusion of the stitch yarn 

means that the mechanisms for defect formation in NCFs are somewhat different to those in 

woven materials. In-plane fibre buckling [22] and out-of-plane fibre wrinkling [33] are still the 

most common mechanisms as with woven fabrics, but fibre pull-out, stitch thread failure and 

inter-layer sliding have also been reported [34]. The change in fabric surface area during shear 

means that the spaces between the yarns decrease. When adjacent yarns make contact, 

further compaction is restricted when the locking angle is reached, causing compressive 

stresses that are released by out-of-plane wrinkling [33]. Most wrinkles occur where large 

shear deformation occurs. However, in actual forming scenarios, where fabric draw-in is 

controlled though blank holders, wrinkles have been reported in regions where the local shear 

angle was small and therefore the locking angle had not been reached [22]. This is related to 

the magnitude of the blank holder force, which affects the level of local shear deformation. 

However, if the stitches are in compression, the stitches become loose during fabric shear, 

removing the restriction placed on the yarn. The yarns are therefore free to move and the 

sample increases in thickness as the test area decreases, rather than buckling. Lomov et al. 

[21] showed that the thickness of the sheared fabric generally increases following the 

assumption of a constant volume. Bias extension testing of NCF has shown that additional 
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deformation mechanisms can occur during fabric shear, such as fibre sliding [34, 35]. 

Hemisphere tests indicate that inter-yarn sliding leads to ply deterioration, with only one 

primary fibre direction remaining in some regions. The slip distance is dependent on the 

stiffness and pre-tension of the stitching thread. If the stiffness is high, the slip distance is 

negligible and the NCF deformation resembles that of a woven fabric. Fibre slippage is not 

observed during picture frame testing however, due to different boundary conditions. 

2.2.4 Material  characterisation  

Non-standard test methods are available to characterise the properties of fabric materials 

[36]. The outcome of the material characterisation phase is to provide ready-to-use data that 

can be directly implemented in numerical models, for supporting the development of 

preforming techniques. 

2.2.4.1 In-plane shear test 

Picture frame tests and bias extension tests are different testing methods to characterise the 

shear behaviour of fabrics, providing the nonlinear shear modulus and locking angle. 

(1) The picture frame test is implemented using a square pin-jointed frame as shown in Figure 

2.9(a) and Figure 2.10(a). The fabric sample is placed with bi-directional yarns parallel to 

the frame arms respectively and all ends are clamped by the frame. A vertical 

displacement is applied to the top vertex of the frame via the crosshead of the testing 

machine and the corresponding force is recorded by a load cell. A well-understood 

relationship between the force and shear angle has already been established to 

characterise the homogeneous shear behaviour based on the geometric parameters of 

frame and sample. Three different normalisation methods have been introduced to 

compare the testing data from different groups using different sizes of picture frames, 

using energy-based methods (including length normalisation, area normalisation and a 

modified length normalisation) [19, 36, 37]. Peng et al [36, 38] concluded that the 

modified length normalisation method can provide a more consistent material behaviour 

if tests are performed using different specimen sizes. 

(2) The bias extension test is conducted on a rectangular sample as shown in Figure 2.9(b) 

and Figure 2.10(b). The length/width ratio should be no less than 2 and both warp and 

weft yarns should be initially placed at ± 45° to the tensile loading direction. A 
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displacement is imposed perpendicular to the clamped edge and the driving force is 

recorded by a load cell. The shear angle has to be measured by image analysis, such as 

DIC (Digital Image Correlation) [39-41]. However, unlike the picture frame test, the shear 

force from bias extension is calculated from an iteration equation [36] rather than an 

explicit expression. 

 

Figure 2.9: Testing rigs of in-plane shear behaviour. (a) Picture frame test rigs from different groups (left) [36]: 
Hong Kong University of Science and Technology (HKUST), University of Massachusetts Lowell (UML), 
University of Twente (UT), Katholieke Universiteit Leuven (KUL), Laboratoire de Mécanique des Systèmes et 
des Procédés (LMSP), University of Nottingham (UN); (b) Bias extension test rig (right). [39] 

 

The rig design for shear testing is aimed at replicating the boundary condition of pure shear 

imposed on an equivalently homogenised media. The picture frame test takes account of the 

whole material region; where the test curve indicates an overall behaviour of the material 

field (see Figure 2.10(a)). For the bias extension sample, there are three typical regions 

undergoing different loading statuses and only the middle area (see Figure 2.10(b)) is 

subjected to pure shear [41]. As shown in Figure 2.10, the areas in red are the regions 

expected to undergo pure shear for both approaches and all the homogenised material points 

in these regions are expected to be under the same shear conditions. However, for NCFs, this 

condition is not always satisfied, since stitches start failing locally and this propagates as the 

shear deformation increases. Once the failure of any stitch occurs, the deformation is not 

uniformly distributed and the subsequent curve represents the average response. Thus, the 

material behaviour recorded after stitch failure may be spurious. 






































































































































































































































