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Abstract
The forming behaviour of a unidirectional non-crimp fabric (UD-NCF) consisting of polyamide stitches with a tricot-chain 
stitching pattern is explored. Notably, there are no stabilising tows orientated transverse to the main tow direction in this 
fabric, a common feature in many ‘quasi’ UD-NCFs, this allows extension of the stitch in the transverse direction under 
certain loading conditions. The lack of stabilising tows introduces a possible low-energy deformation mode to the UD-NCF, 
which is absent in biaxial fabrics and to a large extent in ‘quasi’ UD-NCFs. The in-plane shear behaviour is initially inves-
tigated using both standard ‘tightly-clamped’ picture frame tests and uniaxial bias extension tests. Preliminary results show 
a dramatic difference in results produced by the two test methods. During the picture frame test, fibres can be subjected to 
unintended tension due to sample misalignment in the picture frame rig. To mitigate error arising from this effect, the picture 
frame test procedure is modified in two different ways: by using an intentional pre-displacement of the picture frame rig, 
and by changing the clamping condition of test specimen. Results show that the modified picture frame test data contain 
less error than the standard ‘tightly-clamped’ test but also that the shear stiffness of the UD-NCF is notably lower when 
measured in the bias extension test compared to the picture frame test, mainly due to the difference in loading conditions 
imposed during the two tests.

Keywords Unidirectional stitched glass fabric · Non-crimp · In-plane shear · Picture Frame test · Tow misalignment · Rigid 
clamping

Introduction

Fibre-reinforced plastics have seen increased deployment in 
a variety of industrial sectors such as aeronautics, automo-
tive, and structural engineering, where high strength and 
stiffness with lightweight is required. Glass, carbon, and ara-
mid fibres are all popular choices for the continuous fibre 
reinforcement phase due to their high strength-to-weight 

ratios and excellent chemical resistance [1]. Non-Crimp 
Fabrics (NCF) are currently receiving considerable interest 
in the academic literature due to their improved formabil-
ity and in-plane mechanical properties (such as strength) 
when compared to woven fabrics due to the reduction of 
out-of-plane undulation (crimp) of the tows [2–4]. NCF is a 
type of engineering textile consisting of one (uniaxial/ uni-
directional), two (biaxial) or many (multiaxial) aligned lay-
ers of differently oriented unidirectional layers of tows held 
together with a secondary thread [5, 6].

When designing an NCF, significant attention should be 
paid to its structure to improve both the mechanical proper-
ties and ease of handling and drapability over moulds of 
various shapes. The stitching in the NCF plays an important 
role in the fabrics drapability. It is typically made of poly-
ester due to its excellent knitting properties (such as better 
tensile strength, flexibility, and tear resistance, which help 
to improve the properties in the direction of thickness by 
binding the unidirectional layers of tows together) and cost 
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effectiveness [7]. However, weak bonding between polyester 
yarns and matrix may cause failure in the composite [8]. 
In some studies, polyester stitches are replaced with poly-
ethylene [9, 10] stitches or structural fibres such as E-glass 
[11–13] to improve fabric properties. Using matrix-soluble 
stitching materials with low melting points, such as polyam-
ide and phenoxy, rather than polyester yarns, can improve 
the mechanical properties of composites [14]. The properties 
of the stitching material are essential in developing a suit-
able NCF for its final application. There are different types 
of stitching patterns (e.g., chain, tricot, and tricot-chain) that 
can be used to control the formability of the NCF. Generally, 
chain stitching can improve the drape quality, while tricot 
stitching enhances the stability (or reduces the pre-shear) of 
the fabric. Optimal combination of these two patterns can 
balance the drape and stability properties [14].

Sheet forming is one of the most promising, low-
cost manufacturing techniques for advanced compos-
ite materials [15–17]. The deformation mechanics of a 
material can significantly influence the success of the 
forming process for a given component geometry [18]. 
The final fibre orientations, and the presence of defects 
such as wrinkles [19, 20], tears [21] and fibre waviness 
[22], induced during the forming process, all affect the 
mechanical properties of the final product [23]. Conse-
quently, a good understanding of the fabric’s mechanics 
during forming can help improve the efficiency and pro-
ductivity of the manufacturing process, and simulation 
of the forming process has proven to be an important tool 
for cost reduction and process optimisation [24]. The 
development of macroscale constitutive models [24–26] 
to describe the forming behaviour of engineering fabrics 
is typically informed by experimental analysis [27–29], 
though attempts have also been made to predict the prop-
erties using multiscale modelling approaches [30–32].

When compared to biaxial engineering fabrics, the exper-
imental and numerical analysis of the forming behaviour of 

unidirectional-NCF is limited. Most previous experimental 
investigations into the formability of UD-NCFs, e.g. [9–11, 
33–38] have considered fabrics that are not purely unidirec-
tional and do in fact, contain a small weight fraction of glass 
fibre tows, orientated transverse to the main fibre direction, 
incorporated to stabilise the fabric during forming (referred 
to as quasi-UD-NCFs by Vallons et al. [39], a terminology 
adopted throughout this paper). Despite their relatively 
minor influence on a composite part’s final mechanical 
properties, the relatively high stiffness of these stabilising 
tows (compared to the stitch stiffness) means that they can 
play a significant role in the fabric’s forming behaviour [9]. 
The in-plane shear and out-of-plane bending of quasi-UD-
NCFs was experimentally investigated in [9–11, 33–38]. 
The in-plane shear behaviour is often found to be asym-
metrical with respect to the shear direction, because of the 
position and orientation of the stitching. The influence of the 
stabilising tows on formability depends on several factors, 
including the degree of attachment of the stabilising tows 
to the rest of the fabric; a looser coupling allows for more 
intraply slip, potentially leading to ‘ambiguous’ mechanical 
behaviour [9]. Despite the interest in quasi-UD-NCFs, the 
forming mechanics of purely UD-NCFs, i.e. those that use 
only stitching to stabilise the fabric and have no additional 
stabilising transverse glass-fibre tows stitched to the back of 
the fabric have received relatively little attention [40, 41]. 
This work addresses this point.

Material

A UD-NCF supplied by Johns Manville is investigated. It 
has a tricot-chain stitching pattern, with chain stitches run-
ning along the front of the fabric (perpendicular to the tow 
direction, typically resulting in symmetric shear behav-
iour [42]), and tricot stitches running across the back (see 
Fig. 1). The warp direction of the fabric contains glass fibre 

Fig. 1  Close-up images of uni-
directional tricot-chain stitched 
non-crimp glass fabric surface 
(a) front (b) back. Small incre-
ments on bottom scale in mm
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tows (Johns Manville StarRov® 886—2400 tex) with a 
width of 2.63 ± 0.16 mm (error signifies ± 1SD), while the 
weft direction contained stitches (67 dtex) with a width of 
0.55 ± 0.05 mm. The widths of the tows and stitches were 
measured using ImageJ software [43]. The thickness of UD-
NCF is approximately 1 mm and the areal density of the 
fabric is 1370 ± 14 g/m2. The stitches are made of polyam-
ide (PA 6.6) and are extensible with a low tensile stiffness. 
The use of a compliant stitch material allows for significant 
stretching along the chain direction of the stitch pattern per-
pendicular to the main tow direction, introducing an addi-
tional low-energy deformation mode for the UD-NCF. This 
mode of deformation can become important during complex 
forming operations, depending on the forces applied to the 
fabric and the layup used in the blank.

Preliminary investigation

A preliminary investigation of the in-plane forming mechan-
ics of the UD-NCF was conducted using both the Uniaxial 
Bias Extension (UBE) [24] and Picture Frame (PF) [44] 
tests, see Fig. 2. Both these tests have been used to charac-
terise the shear behaviour of biaxial engineering fabrics [45, 
46], quasi-UD-NCFs [9, 11] and to some extent UD-NCFs 
[40]. A Zwick Z2 electromechanical test machine fitted with 
a 2kN loadcell was used for both. All tests were repeated 4 
times and the error bars indicate ± 1SD.

A well-lubricated, low friction PF rig with 170 mm side 
length was used, the standard test procedure is described 
in the Section 'Standard Tightly-Clamped Picture Frame 
Test'. The other shear test, the UBE test, is a tensile 
test performed on a rectangular-shaped fabric speci-
men with the tows and stitches initially oriented at ± 45° 
to the direction of applied tensile force, see Fig. 2a. In 

this investigation, the tested specimen area measured 
400 ×  200mm2. Following [24], aluminium foil was 
bonded to both the clamping region and ‘Region C’ (see 
Fig. 2a) to allow easier drilling of holes and to mitigate 
intra-ply slip. For biaxial woven fabrics, the shear stiffness 
of the fabric can be determined from the UBE test results 
using appropriate theoretical analysis. The assumption in 
this type of analysis is that the specimen undergoes trellis 
shear kinematics (just pure shear, with no extension of the 
fibres in the warp and weft directions and no resistance to 
in-plane bending), the fabric response is rate-independent, 
and the shear stiffness is purely a function of the shear 
angle [10] (though this latter assumption can be extended 
to include more complex behaviour [29, 47]).

Typically, for most biaxial woven fabrics, after normalisa-
tion (by the side length of Region A or LA shown in Fig. 2a 
for UBE test and by the side length of the rig for PF test), 
the shear results of these two tests on the same fabric are 
expected to be reasonably close (assuming no misalignment 
errors, which in practice can be considerable and difficult to 
avoid). The UBE test should produce a slightly higher nor-
malised axial force (by a few percent, due to the 'extra’ force 
contribution of fabric in Region B, see Fig. 2a), though after 
analysis of the different deformations induced by the two 
tests, the shear resistance of biaxial woven fabrics extracted 
from the two tests, should be about the same [10].

Turning now to prior investigations dealing with quasi-
UD-NCFs, at low shear angles, a comparison of the normal-
ised forces measured using the PF and UBE tests by both 
Schirmaier et al. [9] and Ghazimoradi et al. [11], reveals that 
the two test methods produced results that matched to within 
around 20% at low shear angles. However, as the shear angle 
increased (beyond about 35° in Ghazimoradi et al. [11]), the 
measurements of the two test methods diverged, due to the 
changing kinematics and loadings applied to the different 

Fig. 2  Two different shear 
tests (a) standard UBE test 
(400*200mm2), Region A is 
denoted by the yellow square in 
the figure (b) standard tightly-
clamped PF test (170*170mm2), 
green and blue arrows indicate 
the initial chain-stitch direc-
tion (green) and the tow (blue) 
directions
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types of specimens. The divergence was so great that Schir-
maier et al. [9] concluded that the ‘picture frame test is not 
suitable to characterise the shear deformation behaviour of 
UD-NCF’, as the imposed deformations were considered too 
far removed from those experienced during actual forming 
situations. Here we take the view that the PF test can be 
useful in accessing extreme types of deformation, available 
to the fabric given the right forming conditions, e.g. if the 
blank is comprised of multiple sheets of initially orthogo-
nal UD-NCF plies. Although, when using the PF test, one 
must be very careful to ensure that the test is measuring the 

desired ‘signal’ resulting from fabric shear, rather than the 
unwanted ‘noise’ associated with tensions induced by speci-
men misalignments (see Launey et al. [45]).

Figure 3 compares the normalised force from the UBE 
test (axial force divided by LA as shown in Fig. 2a) and the 
PF test (axial force divided by the side length of the rig) 
versus measured shear angle curves on the UD-NCF consid-
ered in this investigation. Manual image processing (using 
ImageJ software [43]) was used to measure the shear angle 
at a given displacement during the test which is determined 
by the difference between the initial tow-stitch angle (see 
Fig. 2b – angle between green and blue arrows) and the 
tow-stitch angle at a given displacement. The front of the 
experiments was captured with a Casio EX-ZR700 digital 
camera. The results reveal an unusual forming response, 
which motivated much of the work presented in subsequent 
sections. In particular, the UD-NCF shows a dramatically 
lower normalised force when tested in the UBE test com-
pared to the force measured by the PF test, especially at low 
shear angles (at 5˚ the PF test result is 16 times higher, at 
10˚ it is 10 times higher and at 30˚ it is about 3 times higher 
than UBE test—see Fig. 3). This difference in the results 
generated by the two test methods is notably greater than 
that reported by either Schirmaier et al. [9] or Ghazimoradi 
et al. [11] and merits further investigation.

Figure 4 compares the two test specimens at a shear 
angle of 25°. The kinematic behaviour of the UBE test 
(see Fig. 4a) is asymmetric, in contrast to the symmetric 
deformation of the PF test (see Fig. 4b). Stitch extension is 
clearly visible when comparing the side lengths of Region 
A ( LA ) in the undeformed and deformed UBE specimens. LA 

Fig. 3  Comparison of normalized force vs measured shear angle 
curves of standard tightly-clamped PF and UBE tests for UD-NCF

Fig. 4  UD non-crimp glass 
fabric specimens at the shear 
angle of 25° (a) Standard UBE 
test (yellow arrow indicates the 
direction of stitch strain) (b) 
standard tightly-clamped PF test
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is approximately the same on both sides of the undeformed 
specimen (see Fig. 2a). During deformation, the value of LA  
along the stitch direction ( LA′ ) increases due to the stitch 
strain (see Fig. 4a). Ghazimoradi et al. [11] described similar 
kinematics during their UBE tests on a quasi-UD-NCF spec-
imen (see their Fig. 2). Schirmaier et al. [9] also reported 
unusual kinematics in their UBE tests, with their test speci-
men vaguely resembling the shape of Region A in Fig. 4 (see 
their Fig. 8), but with less homogeneity in the strain field.

The degree to which quasi-UD-NCFs (containing stabi-
lising tows) follow these alternative asymmetric kinematics 
(shown in Fig. 4), no doubt depends on the cohesion and 
integrity of the fabric, itself determined by the specimen 
size, and the strength of the connection between the stabilis-
ing tows and the rest of the sheet. The looser the connection, 
the greater the ability of the stabilising tows to ‘slip’, and the 
closer the main tows in the sheet can follow the asymmetric 
kinematics shown in Fig. 4 (see Fig. 2 in Ghazimoradi et al. 
[11] and Fig. 3 in Krogh et al. [35]). The heterogeneity in the 
strain field reported by Schirmaier et al. [9] suggests that the 
strength of the connection between the stabilising tows and 
the rest of the fabric may sometimes vary across the fabric, 
leading to inconsistent and irregular shear kinematics. When 
testing quasi-UD-NCFs, to limit slip between the stabilising 
tows and the rest of the sheet Krogh et al. [35] suggested 
the use of either large test specimens (to improve fabric 
integrity) or, more conveniently, the use of an alternative 
‘diamond’ specimen geometry together with anti-wrinkle 
plates. The latter allowed the measurement of pure shear (no 
slip) kinematics up to 45°. Whether one should aim to limit 
intraply slip [35] or allow it to occur [9]; [11] in characteri-
sation tests is debatable. A full understanding of the form-
ing behaviour of quasi-UD-NCFs may require both. In this 
current investigation, because no stabilising tows are present 
(the fabric is a UD-NCF, not a quasi-UD-NCF), there is no 
intraply ‘slip’ and no tendency towards pure shear kinemat-
ics with increasing specimen size, and so without stabilising 
tows, the asymmetric UBE test kinematics shown in Fig. 4 
are inevitable, no matter the sample size or shape [10].

Returning to the force measurements in Fig. 3, this very 
large discrepancy between the PF and UBE test results, espe-
cially at low shear angles, presents a puzzle with two possi-
ble explanations; the difference in behaviour could be due to: 
(a) experimental error (fibres are more likely to be subjected 
to unintended tension during the PF test due to accidental 
misalignment when loading the specimens) or (b) there is 
a real and very large change in the shear resistance of the 
fabric when subject to the two different types of test condi-
tion. If so, then this behaviour would ideally be incorporated 
in the formulation of constitutive models and should there-
fore be properly understood. This paper focuses on simple 
modifications of the typical PF test to overcome potential 
experimental errors and more fully explore option (a).

Examination of error in preliminary picture frame 
test results

The PF test is notoriously susceptible to error due to speci-
men misalignment that can result in an overestimate of the 
fabric’s shear stiffness [45]. When loading the specimen in 
the PF rig, it is important to keep the tows aligned with the 
side of the rig. Misalignment produces unwanted tensile or 
compressive strains along the tow directions (see Fig. 5). 
Tensile strain prevents the specimen from wrinkling, but it 
can lead to significant force overestimations while compres-
sive strains induce wrinkles at low shear angles, making 
accurate measurement of the specimen shear angle prob-
lematic [48].

In the literature, various PF test procedures have been pro-
posed with several suggested variations around the boundary 
conditions of the test, the decision to use a tightly-clamped 
or a lightly clamped boundary condition has often been dis-
cussed [46, 49]. In some of the earliest tests, McGuiness and 
Ó Brádaigh [50, 51] advocated the use of a lightly-clamped 
pinned boundary condition to reduce misalignment errors 
and to facilitate rotation of the fibres under clamps to mini-
mise fibre kinking [49, 52], recognising that the in-plane 
bending stiffness of the fibres [24] would otherwise create an 
s-shaped fibre direction, complicating the shear kinematics 
and creating unwanted tension in the fibres. Lebrun et al. [46, 
49] used a tightly-clamped boundary condition with both a 
regular and an alternative-shaped test specimen geometry, 
the latter had a significantly reduced clamping area produc-
ing much lower forces than the regular shaped specimen; 
though both sets of results still contained great variability. 
Harrison et al. [44] used both tightly and lightly clamped 

Fig. 5  Types of misalignments of the tows in the PF test
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(pinned) boundary conditions; a tight clamping condition 
was required to impose shear across a relatively stiff room 
temperature carbon/epoxy prepreg while a light clamping 
was sufficient to shear a low-stiffness glass/thermoplastic 
fabric. All the groups involved in the benchmarking inves-
tigation reported in Cao et al. [53] used a tightly clamped 
boundary condition (the scatter between the reported 
PF results was very high), as did Lomov et al. [54] who 
explored the consequences of tight clamping on the sam-
ple’s full field shear kinematics. Launay et al. [45] devised 
an instrumented PF rig in which the clamping system was 
connected to the PF via two load sensors. During the test, 
the tension of the yarns was measured and adjusted. Rubber 
strips under the clamps were examined in [9] and needle 
gripping of the folded ends of the specimen was examined in 
[55, 56]. To reduce the in-plane bending and shear stiffness 
near the specimen's edge region, removal of the transverse 
yarns in the specimen ‘arms’ was suggested [55, 57]. These 
modifications are not suitable for UD-NCFs because the 
fibres are aligned along the warp direction and the stitches 
are in the weft direction (low stiffness compared to glass 
tows), which may prevent the uniform deformation of the 
sample during the PF tests. A ‘needle-integrated frame-
less’ PF test suitable for commingled polypropylene/glass 
fabrics was devised with the inclusion of a sensor in [58]. 
Other researchers attempted to reduce misalignment error 
by mechanically pre-conditioning the PF test specimens (by 
shearing the sample several times up to a moderate shear 
angle) [53, 59]. This method helps to overcome the mis-
alignment by stretching the fibres. However, in practise, this 
form of preconditioning is contentious because the change 
in the meso-structure of the specimen caused by precondi-
tioning is not representative of the unconditioned specimen. 
Krishnappa et al. [60] used a PF setup with a pre-tensioning 
apparatus to overcome both alignment and clamping issues. 
In this investigation, two relatively simple modifications to 
the standard PF test method have been employed to examine 
the possibility of an overestimated shear force measured in 

the PF test. The results are compared with those measured 
using the standard tightly-clamped PF test.

Standard tightly‑clamped (Bolted) picture 
frame test

Figure 6a shows the PF rig, which is made up of four identical 
bars that are hinged together by bearings. Four samples were 
prepared from the glass UD-NCF, based on the standard dimen-
sions (see Fig. 6b). To improve handling during drilling of the 
bolt holes, four aluminium foils were adhered to each side of the 
clamping area. The samples were then bolted in the rig (aligned 
as precisely as possible) with a high torque, resulting in a rigid 
boundary condition. The PF tests were performed on a Zwick 
Z2 tensile testing machine mounted with a 2kN load cell. The 
strain rate was set to 1 mm/s with a maximum upper force limit 
of 1000N, and the standard force and travel (displacement) were 
recorded.

Two cameras were used to film the tests, one in front to 
measure the shear angle at known displacements and one 
behind to detect the onset of wrinkling. Understanding the 
development of wrinkles is important as it can dramatically 
reduce the mechanical properties of the specimen and the 
reliability of the test results. It has been found that wrinkling 
can introduce a substantial overestimation of the measured 
shear angle when using manual image analysis to interpret 
the test results (by up to 20%) [62]. Although the occurrence 
of wrinkling is often considered as a source of the UBE test 
error, the wrinkling onset angle can also be used to analyse 
the mechanical properties (torsional rigidity) of a sheared 
fabric [27]. A horizontal line was marked on the back of the 
specimen (across the midsection) for the post examination 
of the wrinkling onset. When the tensile force is applied to 
the specimen, the horizontal line tends to deform at a certain 
time. The wrinkle onset angle was then determined using 
the corresponding front still frame (by splitting the videos 
using VitualDub [63]) obtained from the time-synchronized 

Fig. 6  (a) Schematic of a PF 
shear rig [61] (b) Prepared PF 
test specimen
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front camera. Manual image processing (i.e., ImageJ [43]) 
was used to measure the shear angle at a given displace-
ment during the test. The shear angle measured at that point 
determines the wrinkle onset angle.

When pulling the PF diagonally in one direction, the square 
shape of the frame transforms into a rhomboid (see Fig. 7a). 
Based on the test geometry change (see Fig. 7b), the fabric 
shear angle � , can be directly related to the displacement of the 
crosshead, dpf  , using the Eq. (1),

where, Lpf  is the side length of the PF rig. The shear angle,� , 
can be determined by the difference between the initial frame 
angle (90°) and frame angle, 2∅ , at a given displacement.

For the PF test, the fabric's shear resistance is expressed 
as.

where, Faf  and Fs represent the total axial force and the nor-
malised shear force per unit length, respectively [53].

Pre‑displaced tightly clamped picture frame 
test

The first modification of the standard, tightly-clamped 
(bolted) PF test procedure considered in this study is a sim-
ple technique designed to reduce sensitivity to inevitable 

(1)� =
�

2
− 2acos

�
1√
2

+
dpf

2Lpf

�

(2)� =

(
�

2

)
− 2∅

(3)Fs =
Faf

2Lpf cos∅

sample misalignment in the PF test by pre-displacing the 
PF rig, prior to loading the specimen (which is unsheared, 
i.e., with 0° of shear). There are two methods of pre-dis-
placing the rig, namely, positive, and negative. Figure 8b 
shows positive pre-displacement of the rig by moving the 
rig upward. Figure 8c shows negative pre-displacement 
by moving the rig downward. For the PF rig used in this 
investigation, which has a side length of 170 mm, two 
different initial positive displacements, 4 mm and 6 mm, 
were used. The initial displacement can be expressed as 
a fraction of the PF side length to obtain the ‘normalised 
pre-displacement’. Therefore, the normalised initial dis-
placements are 0.0235 (4/170) and 0.0353 (6/170), cor-
responding to an initial rig shear angle of about 2° and 
3°, respectively. Rig shear angle is defined as the differ-
ence between initial frame angle of the standard PF test 
(90˚—see Fig. 8a) and the initial frame angle of the pre-
displaced test.

The analysis assumes that the specimen can be loaded 
into the pre-displaced rig while maintaining the initial tow-
stitch angle at 90˚. The idea behind the pre-displaced PF rig 
method is to minimise misalignment error by intentionally 
inducing compressive stress in the fibre directions during 
the test. Care must be taken with pre-displacement values 
because high values can introduce unwanted buckling in the 
fibres. The maximum initial displacement that could be used 
in this investigation without affecting the original dimen-
sions of the specimen’s region of interest (i.e., shear region) 
was found to be 6 mm (though to fix the specimen to the PF 
rig without deforming it, the edges of the clamping area had 
to be trimmed slightly). When compared to the side length 
of the rig, this value is low (the normalised pre-displace-
ment is 0.0353). Based on this method, the theoretical axial 
engineering strain of the fibres versus tow shear angle was 
determined (assuming the tows are perfectly clamped in the 

Fig. 7  (a) Displacement of the PF test (b) Geometry change of the PF specimen
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PF rig). The theoretical tow shear angle vs axial engineering 
strain predictions, corresponding to positively and negatively 
pre-displaced PF rigs, are shown in Fig. 9. Here �p and δp 
represent the engineering strain and the theoretical tow shear 
angle of the positively pre-displaced PF rig respectively and 
are given in Eqs. (4) and (5), see Appendix A and Appendix 

B for derivation. �n and δn represent the engineering strain 
and theoretical tow shear angle of the negatively pre-dis-
placed PF rig respectively and given are in Eqs. (6) and (7), 
see Appendix C and Appendix D for the derivation.

where, �1 and �2 represent the initial frame angle and the 
frame angle at a given displacement (see Eq.  (10) and 
Eq. (15) Appendix A) in the positive pre-displaced PF rig 
test. Lpf  is the side length of the PF rig, and d1 is a con-
stant that depends on the amount of pre-displacement (see 
Eq. (19) Appendix A). D is the displacement of the machine 
crosshead at a given time.
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Fig. 8  (a) Standard PF rig (b) Positive pre-displaced rig (c) Negative pre-displaced rig (the angle between the two black lines represents frame 
angle and the angle between two yellow lines represents the initial tow-stitch angle)

Fig. 9  Shear angle vs engineering strain curves of positive and nega-
tive pre-displaced PF rig for a relative initial displacement of ± 4 mm 
and ± 6  mm, corresponding to an initial rig shear angle of approxi-
mately 2˚and 3˚, respectively
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where, �1′ and �2′ represent the initial frame angle and 
the frame angle at a given displacement (see Eq. (27) and 
Eq. (32) in Appendix C) in the negative pre-displaced PF 
rig test. d1′ is a constant that depends on the amount of pre-
displacement (see Eq. (36) Appendix C). D′ is the displace-
ment of the machine crosshead.

The negative pre-displaced method shows positive engi-
neering strain in the tow direction, which increases the force 
required to extend the PF rig due to increased tow tension. In 
contrast, the positive pre-displaced method produces nega-
tive axial engineering strain with increasing shear angle. 
Therefore, the fibres are compressed (or more likely, buckle) 
in the positive pre-displacement method. As a result, the 
axial tensile strain of the tows/fibres becomes compressive 
when the rig is pre-displaced in the positive direction, miti-
gating against any unintended fibre tension due to accidental 
sample misalignment.

Four samples were prepared for each of the positive pre-
displaced tightly-clamped PF tests (i.e. 4 mm and 6 mm 
initial positive pre-displacements). The specimens were 
bolted in the positive pre-displaced rig resulting in the same 
edge condition as the standard tightly-clamped test while 
maintaining the initial tow-stitch angle of the specimens at 
90˚. The tests were performed on the same tensile testing 

(7)

δn =
�

2
− 2tan

−1

⎧
⎪⎨⎪⎩

tan

�
acos

�
1√
2
+

D�

2Lpf

���
Lpf − 2d1

�
�

Lpf + 2d1
�

⎫
⎪⎬⎪⎭

machine as the standard method. Based on the test geom-
etry change, the theoretical tow shear angle of the positive 
pre-displaced PF test ( �p ) can be calculated as Eq. (5) (see 
Appendix B for derivation).

Low & high pressure clamped picture frame 
test using G‑clamps

In this second simple method, rigid bolting of the speci-
men was replaced by G-clamps with two different tightening 
pressures (low and high – corresponding to the torque of 
1Nm and 5Nm, respectively) to determine how the clamp-
ing condition affects the measured force (see Fig. 10a). Note 
that here ‘high’ pressure clamping imposed by the G-clamps 
is still expected to produce a significantly lower clamping 
pressure than the ‘tight’ clamping condition imposed when 
using bolts. This method is also used by Schirmaier et al. 
[9], Ghazimoradi et al. [11] and Senner et al. [40] though 
the clamping pressure used in those investigations is not 
specified. The clamping technique does not require the use 
of aluminium foil or drilling of the samples (for bolt holes). 
To distribute pressure evenly, eight silicon rubber strips were 
placed on either side of the sample underneath the clamps 
(see Fig. 10b). The tests were performed in the Zwick Z2 
tensile testing machine using the same testing parameters 
as used in the tightly-clamped, standard and positive pre-
displaced PF tests.

Fig. 10  PF test setup with G-clamps rather than using bolts (a) front view (b) showing positioning of rubber strips under the clamps to more 
evenly distribute pressure
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Results and discussion

Figure 11 depicts the average curves of the measured shear 
angle versus the theoretical shear angle in reference to the 
ideal curve (i.e., assuming that the fibres are inextensible 
[29]). The image analysis method was used to determine 
measured shear angles at various crosshead displacements, 
and the theoretical shear angle was calculated using Eq. (1) 
for the standard and G-clamped PF tests, and Eq. (5) for 
the 4 mm and 6 mm pre-displaced PF tests. The PF test 
assumes pure deformation within the specimen. All the 
averaged curves overlap and are close to the ideal curve. 
However, at high shear angles, the results show a minor 
deviation below the ideal line, probably due to the presence 

of wrinkles, which reduces the reliability of the shear angle 
measurements.

The normalised shear force, calculated using Eq. (3), ver-
sus measured shear angle response for each modified PF 
test was compared with the result from standard PF test, as 
shown in Fig. 12 (the error bars on the points represent ± 1 
standard deviation). All the PF tests were ‘zeroed’, and the 
force curves consequently begin at (0,0). An abrupt increase 
in normalised shear force is observed at the beginning of 
shear in the PF results (see Figs. 3 and 12). The reason for 
this load ‘jump’ is not entirely clear (tests with other materi-
als in the PF rig showed no such jump, ruling out friction of 
the PF rig during loading as the cause). This abrupt jump in 
the normalised shear force is notably absent in prior investi-
gations on quasi-UD-NCFs [9, 11, 34, 37]. It is also absent 
in the UBE tests in this study (see Fig. 3), perhaps because 
the UBE test specimen is free to immediately stretch along 
the stitch direction at the start of the test, or maybe due 
to the free edges of the specimen allowing relaxation of 
possible stitch tension as discussed by Senner et al. [40]. 
All modified PF tests show lower normalised shear force 
data when compared to the standard tightly-clamped PF 
test result, with a smaller jump at the start of the tests. The 
4 mm pre-displaced tightly-clamped method shows a mod-
est reduction compared to the standard tightly-clamped 
method at low shear angles (less than 25˚), this reduction 
is noticeable only at low shear angles but becomes insig-
nificant at higher shear angles (above 25°). In contrast, 
the 6 mm pre-displaced tightly-clamped method shows a 
much larger reduction, even to high shear angles. The pre-
displaced results show that the rig's initial displacement 
has a significant influence on the measured shear stiffness 

Fig. 11  Comparison of average measured vs theoretical shear angle 
curves of all PF tests

Fig. 12  Comparison of Normal-
ized force vs measured shear 
angle average curves of all PF 
tests
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of the specimen. Presumably this is because the compres-
sion induced along the tow direction with increasing shear 
angle reduces any tow tension caused by random sample 
misalignments and in-plane fibre bending [51]. Corroborat-
ing this idea, the average Wrinkle Onset Angle (WOA) of 
the 6 mm pre-displaced results (an effective proxy measure 
of compressive stresses in the sheet) moves to lower shear 
angles (4.7˚) compared to the 4 mm pre-displaced method 
(26.5˚) and the standard PF test (30.7˚).

Note that the wrinkles tend to occur along the stitch direc-
tion rather than the tow direction, facilitated by the very low 
out-of-plane bending stiffness of the sheet in this direction 
(as opposed to in the tow direction, which has a much higher 
out-of-plane bending stiffness, resisting the low-wavelength 
buckles evident in Figs. 13 and 14). In addition to serv-
ing as an indicator of low misalignment tensile stresses, 
wrinkling can provide a lower-energy (and therefore lower 
force) mode of deformation for the specimen during the test 
as it results in less in-plane compression and shear. It may 

Fig. 13  Wrinkling behaviour of 
G-clamps PF test specimens at 
35˚ shear angle (a) high-pres-
sure G-clamp (b) low-pressure 
G-clamp

Fig. 14  Wrinkling behaviour of PF test specimens at 30˚ of shear angles for the: (a) high pressure G-clamped PF test (b) low pressure 
G-clamped PF test and (c) tightly-clamped 6 mm pre-displaced PF test
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therefore result in the measured force being lower than the 
true signal and represents an opposite (but probably less 
severe) error than that resulting from fibre tension due to 
sample misalignment.

When compared to the standard tightly-clamped PF test, 
both G-clamped test methods (high and low-pressure) show 
a large reduction in normalised shear force; even the high-
pressure G-clamped PF test result is significantly lower than 
that of the standard tightly-clamped PF test. The standard 
method prevents slip in the clamping area because the speci-
men is tightly bolted in the rig (see Fig. 2b). In contrast, in 
the G-clamped method, the ends of the tows can slip from 
within the clamps due to the lower clamping pressure and 
the presence of rubber strips placed on either side of the 
sample (see Fig. 10b). Therefore, any induced tow tension in 
the G-clamped test specimens will be more easily dissipated.

The low-pressure G-clamped results have very little addi-
tional contribution due to fibre tension (the signal to noise 
ratio is high). However, wrinkle formation at the early stages 
of the test may lead to underestimates of the true signal. 
Therefore, once the specimen begins to wrinkle, the meas-
ured force from the low-pressure G-clamped may be less 
reliable (beyond about 19.4˚). In contrast, the high-pressure 
G-clamped results may contain some additional contribu-
tion from fibre tension at low shear angles due to the higher 
clamping pressure (i.e. the signal to noise ratio is low at 
small angles), but this tension will be dissipated at higher 
shear angles due to the greater forces involved in shearing 
the specimen and the non-rigid boundary condition at the 
clamps. The measured data in the high-pressure G-clamped 
is therefore likely to be more reliable at high shear angles 
as the noise to signal ratio grows relatively large (at least 
compared to the standard tightly-clamped PF test). One ten-
tative approach might therefore be to combine both high 
and low-pressure G-clamped data. For example, beyond 
the wrinkle onset angle of the low-pressure G-clamped PF 
test, the weighted average of both the low and high-pres-
sure G- clamped PF test results, W, can be calculated using 
Eq. (8) where, wL and wH represent linear weighting func-
tion applied to values (i.e., at 19.4˚ of shear, wL and wH are 
100 and 0, respectively, and decrease/ increase linearly as 
they approach the final shear angle of the test measurement), 
and XL and XH are the data values from the low and high 
G-clamp pressure PF tests, respectively.

The resulting combined G-clamped test curve (indicated 
by the black dotted lines in Fig. 12) is almost identical to 
the 6 mm pre-displaced tightly-clamped PF test result. This 
could simply be a coincidence, or it could be postulated that 
using two different approaches to arrive at the same result 

(8)W =
wLXL + wHXH

wL + wH

provides mutual verification of both methods. To explore 
this assumption, Fig. 14 compares the wrinkling behaviour 
of high and low pressure G-clamped PF test specimens, and 
the 6 mm pre-displaced PF test specimens, all at a 30˚ shear 
angle (according to Fig. 12, the 6 mm pre-displaced PF test 
shows an intermediate force between the high and low pres-
sure G-clamped test curves at 30˚ shear angle). The wrinkle 
behaviour (i.e., the amplitude and number of wrinkles) of 
the 6 mm pre-displaced PF test method lies between the 
high and low-pressure G-clamped specimens. Therefore, 
it does seem reasonable to expect that the specimens will 
behave similarly and produce comparable results during the 
two different PF test modifications (G-clamped and 6 mm 
pre-displaced).

Note that PF tests were also performed in the negative 
bias directions to determine whether shear force depends 
on the shear direction (relative to the stitching). Due to the 
symmetric architecture of this UD stitched non-crimp fabric, 
no significant difference was observed (i.e., average results 
were present within the ± 1SD—see Fig. 15).

Conclusions

The in-plane shear behaviour of a UD-NCF tricot-chain 
stitched glass fabric was measured using a Picture Frame test 
and the Uniaxial Bias Extension test. The normalised force 
curves of the two standard shear tests initially suggested 
a significant difference, with the standard tightly-clamped 
PF test result being dramatically higher than the UBE test 
result. Conscious of the well-investigated issue regarding 
the clamping conditions of the PF test [46, 49–54], different 
simple modifications to the test were made, to determine 

Fig. 15  Comparison of normalized force vs measured shear angle 
curves of selected PF tests in positive and negative bias directions
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whether the higher shear force measured in the standard 
tightly-clamped PF test for this particular material was reli-
able or not. Past investigations have devised ingenious new 
PF rigs with tensioning devises employing needles rather 
than clamps along the PF edges, to reduce misalignment 
errors and adjust fibre tension [45, 55]. The aim here is to 
investigate the boundary condition using a basic PF test 
rig, mainly because a simple solution is likely to be more 
accessible to most researchers, but also because the needle-
type boundary condition may not be appropriate for fragile 
UD-NCFs. It is noted however, that the possibility of using 
a needle-type boundary condition, while more elaborate, 
could offer another viable alternative and may be something 
to consider in the future.

Positively pre-displaced tightly-clamped PF testing (a 
simple modification of the standard tightly-clamped PF 
test) was performed to minimise fabric tension caused by 
misalignment. The 6 mm pre-displaced method shows a 
significant reduction of normalized force compared to the 
standard tightly-clamped PF test. The reason for this reduc-
tion in normalised force is that the tows undergo compres-
sive stresses rather than tension. This is evidenced by the 
onset of wrinkling at low shear angles.

Another approach for modifying the standard tightly-
clamped PF test is the G-clamp method (clamping modifi-
cation) – similar clamping conditions were used on quasi-
UD-NCFs by Schirmaier et al. [9], Ghazimoradi et al. [11] 
and Senner et al. [40]. This method simplifies specimen 
preparation by eliminating preparation steps (such as bond-
ing aluminium sheets and drilling of bolt holes) and allows 
for relatively easy variation of the clamping pressure. The 
idea is to apply the least clamping pressure possible while 
still inducing the required kinematics, this philosophy is 
aligned with the suggestions made in some of the earliest 
work using PF tests [50, 51], i.e. to use a low clamping pres-
sure rather than a tightly bolted boundary condition [53]. As 
such, the G-clamp method was performed with two differ-
ent tightening pressures (low and high) to determine how 
the clamping condition affected the measured shear force. 
Based on wrinkling observations, a progressively weighted 
combination of the two G-clamp PF test results was sug-
gested as an optimum compromise, with the low clamp-
ing pressure taking precedence at low shear angles (low 
forces) and the high clamping pressure taking precedence 
at high shear angles (high forces). The resulting combined 
G-clamped PF test curve was almost identical to the 6 mm 
pre-displaced PF test curve, suggesting that these two dis-
tinct approaches may achieve similar results. In practise, the 
combined (low and high) G-clamped PF test is preferred 
over the tightly-clamped 6 mm pre-displaced test method 
because, even though twice the number of the tests need 
to be performed, the method saves time by simplifying test 
sample preparation. The use of a tightly clamped (bolted) 

boundary condition in a standard PF test [53] i.e. with no 
pre-displacement, is not recommended, as the potential for 
error is thought to be too great [46, 49].

This investigation began by postulating that the difference 
in behaviour in the standard PF test and the UBE test (the 
standard tightly-clamped PF test result being much higher) 
could be due to: (a) experimental error or (b) a real change 
in shear resistance of the fabric in the two tests. Follow-
ing this investigation, it seems reasonable to conclude that 
the difference is partly due to both these factors. Even after 
eliminating the misalignment error in the PF test, the nor-
malised force measured in the UBE test is still significantly 
lower than that measured in the modified PF tests, but the 
difference is smaller than initially measured (see Fig. 16). 
The modified PF test result is higher by a factor of 8X at 
5˚, 4X at 10˚ and 2X at 30˚, whereas the standard tightly-
clamped PF test result is higher by a factor of 16X at 5˚, 
10X at 10˚ and 3X at 30˚. This difference is nevertheless 
considerable. A possible explanation for the lower measured 
force in the UBE test is that the observed extension in the 
stitch direction during the UBE test significantly reduces the 
fabric’s shear resistance. The free edge of the UBE specimen 
could also lead to decreased shear stiffness as it facilitates 
some degree of slipping rather than stretching of the stitch, 
possibly leading to specimen size dependence [40].

Future research plan

To fully characterise the UD-NCFs forming behaviour, new 
test methods must be introduced to induce well-defined in-
plane deformation kinematics with different combinations of 

Fig. 16  Comparison of normalized force vs measured shear angle 
curves of standard tightly-clamped PF test, standard UBE test and 
resultant G-clamped PF test combined curve
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shear and stitch strain. A 3D force surface in (shear angle) 
vs (stitch tensile strain) parameter space can then be gener-
ated by combining the results of each test. The study will 
provide a method for determining the true forming behaviour 
of UD-NCFs that have compliant stitching thread and no 
stabilising transverse glass tows, and the data will be useful 
in developing associated constitutive models in the future.

Appendix A: Derivation of engineering 
strain along the fibre direction 
in the positive pre‑displaced PF rig test

Figure 17
Based on the test geometry change, the fabric shear angle 

(�) of the standard PF test was derived by directly relating 
it to the displacement of the crosshead, D . Lpf  is the side 
length of the picture frame rig (see Fig. 7 and Eq. (1)).

The tow-stitch angle of the standard PF test is related to 
the frame angle of the positive pre-displaced PF test. For a 
4 mm pre-displaced PF rig, the initial frame angle �1 (see 
Fig. 17a) can be calculated as,
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2
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Using Fig. 17a, the initial length of the tows ( L1 ) can be 
estimated as,

where,

The frame angle at a given displacement �2 (see Fig. 17b) 
can be calculated as,
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Fig. 17  Positive pre-displaced 
of the PF rig (a) Loaded speci-
men to the positively pre-dis-
placed rig (b) The picture frame 
rig after crosshead displace-
ment, D
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Using trigonometry,

where

By applying Eq. (16), (17) and (18) to Eq. (20) the 
tow-stitch angle, �3, at a given displacement can be cal-
culated as

Therefore, the theoretical length of the tows at a given 
displacement, L2 , can be estimated as,

Apply Eq. (18) and Eq. (21) to Eq. (22).

The engineering strain of the tows ( �p ) in the positive 
pre-displaced PF rig test is given in Eq. (24)

By applying Eq. (14) and Eq. (23) to Eq. (24), the theoretical 
engineering strain of the tows in the positive pre-displaced PF 
rig test at a given displacement can be calculated as,
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Appendix B: Derivation of the theoretical 
shear angle in the positive pre‑displaced PF 
rig test

Substituting Eq. (15) in Eq. (21)

�3 represents half of the tow-stitch angle at a given displace-
ment. The theoretical shear angle of the positive pre-dis-
placed PF test (δp) can be calculated by applying Eq. (25) 
to Eq. (9)

Appendix C: Derivation of engineering 
strain along fibre direction of the negative 
pre‑displaced PF rig test

Figure 18
The tow-stitch angle of the standard PF test is related to 

the frame angle of the negative pre-displaced PF test.

For a 4 mm negative pre-displaced PF rig, the initial 
frame angle �1 (see Fig. 18a) can be calculated as,
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Using Fig. 18a, the initial length of the tows ( L1′ ) can be 
estimated as,

where,

The frame angle at a given displacement �2′ (see Fig. 18b) 
can be calculated as,

Using trigonometry,
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By applying Eq. (33), (34) and (35) to Eq. (37) the tow-
stitch angle, �3′ , at a given displacement can be calculated 
as,
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Fig. 18  Negative pre-displaced 
of the PF rig (a) Loaded speci-
men to the negative pre-dis-
placed rig (b) The picture frame 
rig after crosshead displace-
ment, D
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Therefore, the theoretical length of the tows at a given 
displacement, L2′ can be estimated as,

Apply Eq. (35) and Eq. (38) to Eq. (39).

The engineering strain of the tows ( �n ) in the negative 
pre-displaced PF rig test is given in Eq. (41)

By applying Eq. (31) and Eq. (40) to Eq. (41), the theo-
retical engineering strain of the tows in the negative pre-
displaced PF rig test at a given displacement can be calcu-
lated as,

Appendix D: Derivation of the theoretical 
shear angle of the negative pre‑displaced PF 
test

Substituting Eq. (32) in Eq. (38)

�3
′ represents half of the tow-stitch angle at a given dis-

placement. The theoretical shear angle of the negative pre-
displaced PF test (δn) can be calculated as,
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