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Abstract

A weft-knit preform has the potential for its mechanical properties to be tailored, by virtue of the 3-D path of the yarns, in a
variety of knitted constructions. The exceptional formability properties (i.e. the ability of a textile preform structure to conform to a
3-D shape) that weft-knit preforms have enable the fabrication of 3-D composite structures by means of resin transfer moulding

(RTM). This paper is part one of a two-part series, in which the deformation of weft-knit preforms by the use of a modi®ed Cali-
fornia bearing-ratio (CBR) test method is examined. This paper reports the relationship between the physical, mechanical and
simulated formability properties of weft-knit glass-®bre preforms. The results for the full milano structure showed that the plain

loop length and tensile properties enabled a good prediction of simulated formability. It also investigates the e�ects of di�erent knit
structures on the deformation of weft-knit preforms. The other structures examined include the alternating half milano, full milano,
French double piqueÂ and full cardigan. The results in this section indicate that irrespective of structure, the loop length and tensile

properties determine the simulated formability of weft-knit preforms. The second paper provides a composite case study for the
formability of weft-knit reinforced composites. # 2000 Elsevier Science Ltd. All rights reserved.

Keywords: A. Fabric/textiles; A. Glass ®bres; B. Mechanical properties; C. Deformation; E. Knitting

1. Introduction

To the authors' knowledge, not many studies have
been reported in the literature on weft-knit dry preform
properties relating to advanced composite structures.
Hence, studies from the textile industry (i.e. with tradi-
tional textile ®bres such as wool and cotton) will mainly
be reviewed here. These studies may not be entirely
relevant because the composite preform material (i.e.
high-performance ®bres such as glass and carbon) does
e�ect the mechanical properties.
Studies on biaxial loading of plain-knit structures

suggest that the deformation is due to yarns passing
over one another and is limited by the jamming of yarns at
crossing points [1]. Geometric models were later proposed
to represent the deformation of plain-knit fabrics under
biaxial loading [2]. The trend, however, in the 1970s was
to analyze the physical properties of speci®c weft-knit
structures with respect tomachine variables and geometric

parameters. Examples include the e�ect of run-in ratio
on Punto-di-Roma and on Swiss and French double
Pique structures [3]. Further studies, speci®cally on
extensibility and recovery [4], and compressibility, per-
meability, extensibility/recovery and bending [5], with a
variety of weft-knit double-jersey structures were also
pursued. In fact, studies relating the bending sti�ness
and extension sti�ness of the component fabrics to the
®nal `composite' fabric were also carried out [6]: the
composite fabric is used in apparel applications rather
than engineering.
The only other relevant work on weft-knit preforms is

a mechanical model for predicting the deformation
behaviour and mechanical properties of weft-knit fabrics
based on a plain stitch, by the use of a 2-D hexagonal
representation with slippage e�ect [7]. Although this
model claims to have veri®ed the model with experimental
tensile data, it is unlikely that the strain behaviour of a
3-D structure, (i.e. plain knit being analyzed) can be
accurately predicted using a 2-D model. Although the
third dimension may be neglected for some mechanical
behaviour such as bending sti�ness, it is not the case for
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the internal strain ®elds which determine the location
between the onset of non-linear behaviour, including
crack initiation and propagation. This has been demon-
strated for individual short-®bre composites by compar-
ing 2-D and 3-D ®nite-element analyses [8]. In addition,
it should be realised that the details of loop structure in
the dry preform will be determined by minimum energy
considerations, including the e�ects of knitting relaxa-
tion, subsequent handling and composite fabrication.

2. Principles of weft knitting

Weft knitting, by de®nition, is a method of making a
fabric by normal knitting means in which the loops
made from each weft thread are formed substantially
across the width of the fabric [9]. Furthermore, weft
knitting is characterized by the fact that each yarn is fed
at right angles to the direction in which the fabric is
produced [9]. The principles of weft knitting are
explained in greater detail elsewhere [10,11]. In addition
to the basic stitch types and weft knitting notation, there
is also a terminology used to characterize weft-knit struc-
tures. The fundamental terms used to characterize weft-
knit structures are shown in Table 1.
Investigations on the dimensional stability of plain

weft-knit fabrics showed that the textile tends towards a
form of lowest energy state known as the relaxation
state [12]. Subsequent studies revealed that the process
of reaching this relaxation state varied for various ®bre
types but they all showed that the geometry of the
knitted fabric in the relaxed state depends on the loop
length [13,14]. This revelation also implies that, under
states other than the fully relaxed one, the forces
applied during the knitting process will tend to in¯uence

fabric geometry. The generalization that fabric geometry
depends on the existence of various relaxation states of
the fabric has been shown to be primarily true for wool
and to a lesser degree for synthetic ®bres. Munden
describes the stable state of a fabric (fully relaxed state)
as being one of minimum energy such that if the
dimensions of the stable state are changed from the
stable condition, the fabric will, of its own accord,
return to the same stable dimensions [12]. Studies in the
geometry of weft-knit wool fabrics have resulted in
numerous methods for reaching fully relaxed states,
such as washing, conditioning and drying for speci®ed
periods of time. The consequences of these studies were
3 relaxation states, namely wet-relaxed, dry-relaxed and
®nished relaxed. More speci®cally, relaxation of the
textile enables us to calculate a constant value, which
relates the loop length of the knit to either, its course
density, wale density or stitch density. Table 2 below
gives an example of fabric geometry constants for various
®nished stable states [15] derived from Munden's equa-
tions [12] for plain knit worsted fabrics. Eq. (1) illustrates
these relationships. The geometry of knitted fabrics is
reviewed in greater detail by Hearle et al. [16].
Eq. (1): Munden's equations relating stitch density to

loop length.

R � shape factor � c=w constant aspect ratio of unit cell� �
course density � kc=loop length
wale density � kw=loop length
stitch density � ks=loop length squared

�1�
Past work on the geometry of weft-knit fabrics has

both established relationships between the fabric's
dimensions and energy states plus providing an under-
standing of the 3-dimensional nature of the loops. The

Table 1

Fundamental terms of weft-knit structures

Term Abbreviation De®nition

Course c A row of loops either across the width of a ¯at fabric or around the

circumference of a circular fabric

Wale w A column of loops along the length of a fabric

Loop length L (mm) The length of yarn to form one complete knitted stitch

Average loop length Lav (mm) Total length of yarn to form a repeat divided by the number of stitches

in the repeat structure

Course density c/cm The number of visible loops per unit length measured along a wale

Wale density w/cm The number of visible loops per unit length measured along a course

Areal density g/m2 Mass of fabric in grams per area in square metres

Tightness factor K
p
Tex per average loop length (it also indicates the extent to which the

area of the fabric is covered by yarn)

Run-in ratio L1:L2: . . .Ln Ratio of loop lengths in a structural repeat, where n is the number of

di�erent courses

Tex T Linear density of yarn in grams/l000 m
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®ndings relating to the dimensional stability of weft-knit
fabrics instigated the development of computer software
programs to enable the prediction of shrinkage and
dimensional properties of textiles such as knitted cotton
fabrics [17]. The software is known as Star®sh (i.e. start
as youmean to ®nish) which means that the requirements
of the ®nal product are speci®ed so that a speci®cation
of its manufacturing settings may be determined. The
system is a database of various knit structures, machine
types and yarn types with various ®nishing routes and
was designed to provide a systematic approach to the
manufacture of cotton knitted fabrics. This is a parti-
cularly useful tool, because it inevitably translates to time
and money savings. Various theoretical models have
also been developed to depict the con®guration and
proportions of plain weft-knit fabrics [e.g. 18,19]. However,
there has been little work undertaken on the geometry
of weft knits with respect to composites.

3. Preform deformation

The technology involved in shaping via integral knitting
has been explained elsewhere [11], The other method of
shaping is either by stretching or simply placing a ¯at
preform over a moulded shape, thus forcing it to
deform to the shape of the mould. Shaping in this fashion
is known as deep drawing and is often accompanied by
a matching mould, which con®nes the preform between
the two moulds.
There is one study that analyses the deformation of

weft-knit reinforced composites [20]. It also proceeds to
analyze the parameters that in¯uence the composite's
mechanical properties. Studies describing various appli-
cation areas for shaping with weft-knit preforms in this
manner are growing. For example, weft-knit preforms
are ideal for bone plate implants because their extensi-
bility may be utilized to adapt to the sti�ness of the
underlying bone and the preform also enables the forma-
tion of holes without machining, hence the mechanical
properties around these areas remain una�ected [21].
Another application area that has received attention
from deep drawn weft-knit preforms is automotive
structures [22]. An attempt was made to analyze the
preform geometry against various degrees of stretching.
However, the study was carried out using copper as a

binding ®lament against a carbon preform to provide
the analysis [23] and thus it is not entirely clear whether
the di�erences in mechanical properties between copper
and carbon will interfere with the deformation beha-
viour of the carbon structure. Another area of interest
for the use of deep drawn weft-knit preforms is in the
aerospace industry [24]. This paper demonstrates the
deformation of weft-knit glass fabrics and proceeds to
analyse the deformation with respect to the dimensions
and mechanical behaviour of both the milano structure
and its component, plain and rib structures.
However, to the authors' knowledge, there have been

no other studies carried out on the properties of the dry
preform and although there are studies on fabric drape
such as in reference [25], they do not relate to moulding
in the way that formability does. No formability concepts
have been developed for shaping, yet it has been well
established that weft knitting is an excellent candidate for
forming complex shapes due to its formability properties.

4. Experimental procedure

Selected weft-knit preforms were manufactured using
68�2 Tex glass ®bre tows, with silane size from Silenka
Yarns, on an 8-gauge (E8) Stoll ANVH/BLM-es knit-
ting machine. The computer controlled rib-jacquard
machine used the programming language Sintral [11]
enabling needle selection, cam settings and takedown
tension setting control. The most important control
features include yarn-input tension, fabric takedown
tension, cam setting and speed. Various structures were
manufactured by manipulating the cam settings. An
idealized schematic representation of the full milano
structure is given in Fig. 1.
The full milano structure is made up of one course of

1�1 rib and 2 courses of single jersey (one course on the
front bed and one course on the back bed in order to
give a balanced structure). In this paper, ®rst the results
for the full milano structure are reported. The various
structures used in the ®rst part of the analysis are shown in
Table 3 where `M' stands for full milano, `L' is the rib loop
length, and `Lp' is the plain loop length. During the man-
ufacture of the preform, all parameters except the stitch
cam settings were kept constant. The machine settings
chosen for this investigation were based on the tightest
possible structure (M3N) and the remaining preforms
were produced at machine setting intervals that enabled
statistical di�erence between the various preforms.
The basic physical properties of textile structures

determine their dimensions and hence give an outline of
the macro structure. For weft knits, these properties are
as follows: thickness, areal density, loop length, run-in
ratio, course density, wale density and tightness factor.
The loop length was measured with a hand-held yarn
tension and length metre during manufacture of the

Table 2

An example of weft-knit geometry constants (worsted yarn) [40]

Relaxation

state

ks

(Tex mmÿ2)
kc

(Tex1/2 mmÿ1)
kw

(Tex1/2 mmÿ1)
R � kc=kw

Dry relaxed 1900 50 38 1.31

Wet relaxed 2160 53 41 1.29

Finished

relaxed

2360 56 42.2 1.32
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structure. The other method of measuring the loop
length is to cut a speci®c number of courses out of the
structure and unravel the yarn, measure its length and
divide it by the number of stitches to derive the loop
length. The latter method was used due to the better
accuracy (�0.1mm per stitch) which it provided.
There is no standard test method for evaluating a pre-

form's formability. But there is the California bearing-
ratio (CBR) plunger method for determining the burst
strength of geotextiles as outlined in AS3706.4 [26]. In
this test, a cylindrical plunger is forced through the
centre of a circular specimen that is gripped around its
entire circumference by clamps in a loading frame. The
test method was modi®ed to include a spherical plunger
in order to assess the a�ect of a di�erent shape/surface
area on the simulated formability properties. The appara-
tus used in this test consists of clamping rings that are
grooved and toothed concentrically to prevent slippage
of the specimen. Matching bolt holes locate teeth and
grooves accurately. The rings are clamped by tightening
the bolts. A schematic illustration of the CBR test method
is shown in Fig. 2 and the plungers used are shown in
Fig. 3. The plunger is normally lowered until it pene-
trates through the preform specimen. However, this
method was used to a maximum displacement of 50 mm
only, rather than to specimen failure (i.e. burst strength)

to evaluate the simulated formability of the preform and
all data reported here relate to the ®nal displacement
level. The reactive force at speci®ed plunger displace-
ment intervals and the energy yielded for those dis-
placements were measured and utilised as the simulated
formability data. The Instron 1122 was used in the
compression mode, together with a plunger displace-
ment speed of 20 mm/min. It should be noted that
although the CBR test method is not an exact simula-
tion of the deformation that takes place during RTM, in
light of the absence of any other technique being available,
it was chosen as a starting basis for assessing formability.
In textiles, there is a measurement system available

called KESF, which is used for assessing the structure's
low stress mechanical and surface properties. The KESF
instrumentation allows a total of 5 basic properties to
be described, but only the following four were used in
this research: in-plane tension, in-plane shear, transverse
compression, and out-of-plane bending. The instruments
are designed to take measurements at low stress levels
whilst providing data on a wide range of parameters
including deformation and recovery for each mechanical
property obtained.
A detailed operating procedure for the KESF instru-

mentation is given elsewhere [27], but the standard
parameters de®ned from the tensile curve (Fig. 4) are

Fig. 1. Full-milano, 1�1 rib and single jersey structures, respectively.

Table 3

Mean physical properties of full milano preforms

Fabric Areal

density

(g/sq m)

Rib loop

length

(mm)

Plain loop

length

(mm)

Course

density

(c/cm)

Wale

density

(w/cm)

M3N 743 6.36 5.94 8.9 4.8

M32 672 6.89 5.73 8.6 4.3

M33 661 7.80 5.53 8.9 3.9

M34 574 8.79 5.40 8.2 3.4

M71 693 6.14 7.49 7.8 4.6

M72 595 6.76 7.18 7.5 4.1

M73 560 7.51 7.10 7.5 3.6

M74 557 8.08 6.41 7.8 3.4

M9 447 8.80 8.73 6.5 2.8

M93 513 7.51 8.65 6.7 3.6
Fig. 2. General schematic arrangement of the CBR test method.
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given in Table 4. Since the tensile properties are the only
KESF properties reported in this paper, a brief descrip-
tion of the test method is also given. This test method
requires the testing of 10 specimens in the wale and
course directions in specimen sizes of 20�20 cm. Each
specimen is extended to a maximum load of 500 gf/cm,
which converts to 490 N/m in SI units. The load and
corresponding fabric extension were recorded simulta-
neously in one extension and recovery curve. The preform
extensibility and tensile resilience were also calculated.
The principle of the tensile instrument is to measure
tensile resistance by extending the fabric in the relevant
principal direction (viz. course and wale).

Assessment of the mechanical properties could not be
performed directly using linear regression since the data
could not be matched during the experimentation. The
nature of the fabric inevitably lead to permanent defor-
mation after undergoing mechanical manipulation (i.e.
destructive tests) and consequently the observations
were not matched. Instead, the means of the variables
were used to ®nd relationships between the mechanical
and simulated formability properties. Initially, regressions
on the mean data were performed and used together
with graphical representations in order to eliminate any
properties that had no relationship with the mechanical
properties. Secondly, properties of borderline sig-
ni®cance were compared to regressions without the
inclusion of the mechanical property in question and
rejected according to its contribution to the adjusted R2.
The ®nal part of the study was to determine the e�ect

that the knit structure had on the preform's simulated
formability. Fig. 5 shows the loop sequence diagrams
for the di�erent knit structures used in studying the
e�ect of knit structure on simulated formability. The
®rst structure includes the full milano, the second is
alternating half milano which consists of one course of
1�1 rib and one course of single jersey on one bed plus
a repetition of this sequence with the single jersey on the
opposing bed. The full cardigan structure is made up of
knit stitches on the front bed and tuck stitches on the
back bed for one course, plus another course of knit
stitches on the back bed and tuck stitches on the front
bed. The French double pique structure consists of a
four course loop sequence. The ®rst course consists of a
knit stitch and ¯oat stitch on the back bed (half gauge
single jersey), and the second course has a 2�1 rib (knit

Fig. 3. Metal plunger and ceramic plunger, respectively, used in the CBR test method.

Fig. 4. Typical KESF tensile deformation-recovery curve.
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front, knit back and knit front). The third course has a
miss stitch and knit stitch also on the back bed, plus
another 2�1 rib (knit 2 on the front and knit one on the
back) for the fourth course. These knit structures were
all produced using the same machine settings and their
mean physical properties are listed in Table 5, where M
represents the full milano, F denotes French double
pique, H denotes the half milano and C represents the
full cardigan structure.

5. Interaction between physical and simulated
formability properties

The measured loop lengths were chosen to represent
the physical properties. Loop lengths are commonly
used to de®ne a knitted structure's dimensions and
other physical properties may theoretically be derived
from them. Therefore, the measured loops were used to
represent the physical properties. The aim of this work
was to determine if there was a relationship between

loop length and simulated formability as well as
mechanical and simulated formability properties.
The interaction was ®rst investigated in relation to the

aluminum cylinder shaped surface followed by the
ceramic spherical shaped surface plunger. Initially indi-
vidual regressions of both loop lengths with each simu-
lated formability result were analysed. A summary of
the regression between simulated formability and loop
length is shown in Table 6. FCL refers to the measured
load and FCE refers to the measured energy to deform
the preform using the cylindrical plunger. FSL refers to the
measured load and FSE refers to the measured energy
to deform the preform using the spherical plunger.
Fig. 6 is the typical stress/displacement curve using

the CBR test method The results indicate that the pre-
form undergoes an exponential increase in the required
force (simulated formability) as the plunger progres-
sively penetrates the preform. Figs. 7 and 8 indicate the
interaction between simulated formability and the physical
properties for both the cylindrical and the spherical
plungers.
These results show that an increase in the plain loop

length results in a smaller force and less energy to
deform the fabrics. This means that the simulated form-
ability of the full milano preform structures improves
or, in other words, the ease with which a preform
deforms to a 3-D shape improves with increasing plain
loop length. However, the results also showed that there
was not a signi®cantly high correlation between the rib loop
length and simulated formability. Therefore, the results
indicate that the plain loop length is the constricting
parameter in determining the simulated formability of
the preforms and consequently can be used to accu-
rately predict formability for shaping applications. The
yarn path of the plain loop length in the preform is

Table 4

Standard parameters de®ned in KESF tensile testing

Variable Property De®nition Units

LT Linearity of load extension curve WT/area Q1Q2Q3 %

WT Energy in extending fabric to 500 gf/cm width area Q1 A Q2Q3 J/m2

RT Tensile resilience area Q1 B Q2Q3 /WT %

EMT Fabric extension at 500 gf/cm width Q3 %

FT Load at 15% fabric extension FT N/m

ET Energy at 15% fabric extension ET J/m

Table 5

Mean physical properties of di�erent knit structures

Areal

density

(g/sq m)

Rib loop

length

(mm)

Plain loop

length

(mm)

Course

density

(c/cm)

Wale

density

(w/cm)

M73 560 7.52 7.10 7.5 3.6

F73 704 7.20 4.68 9.0 3.7

H73 539 7.53 6.25 5.2 3.5

C73 739 ± 7.05 6.0 3.0

Fig. 5. Full-milano, alternating half-milano, full-cardigan, French

double pique, 1�1 rib and single jersey structures, respectively.

Table 6

Summaries of regressions for formability with the plain loop length as

the independent variable

Property R2

FCE5 0.77

FCL5 0.75

FSE5 0.70

FSL5 0.79
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con®ned to a smaller area of space since it is only knitted
on one needle bed per course. On the other hand the rib
loop length occupies two knitting beds per course, and it
is this architecture that provides rib structures with
more extensibility. Hence, it is reasonable to conclude
that the plain stitches, of the two stitch types, would
impose more restrictions on deformation during shaping.
The results of the simulated formability for the spherical

plunger also indicated that the plain loop length was a
better predictor than the rib loop length component
with similar trends to those found in the previous tests.
But the simulated formability for the spherical plunger
was almost half the simulated formability for the
cylindrical plunger. This means that the surface shape
and covering of the plunger play a critical role in deter-
mining formability. Consequently, the frictional forces
developed during deep drawing over a mould (i.e. surface
shape/material) will likewise e�ect the formability of a
preform for composite fabrication.

6. Results of the interaction between mechanical and
simulated formability properties

In addition to the standard KESF parameters, 4 other
variables in the tensile mode were introduced in order to
compare the simulated formability to a comparable
level of extension in the tensile test. This was achieved
by a single calculation to determine an approximate
level of extension during the simulated formability test
method. The internal diameters of the fabric in the
clamps of the CBR test method were 150 mm, thus giving
a radial of 75 mm (Fig. 9). The simulated formability
analysis is based on the 50 mm displacement; hence the
hypotenuse of these right-angled triangles can simply be
used to determine the level of extension.

Fig. 7. Relationship between physical properties and formability load.

Fig. 6. Typical deformation curve for a weft-knit subjected to CBR

test method.

Fig. 8. Relationship between the physical properties and formability

energy.

Fig. 9. Calculation of extension for the CBR test method.
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Eq. (2): Extension with friction:

where A1 �
p

x2 � y2
ÿ �ÿ x

x
X � 38:7%

% extension � final lengthÿ initial length� �
initial length

� 100%

�
p

522 � 502
ÿ �ÿ 52

� �
52

� 100

� 38:7%

�2�

Eq. (3): Extension without friction:

whereA2 �
p

x2 � y2
ÿ �� zÿ x� z� �

x� z
� 100%

% extension � final lengthÿ initial length� �
initial length

� 100%

�
p

522 � 502
ÿ �� 23ÿ 52� 23� �� �

52� 23� � � 100%

� 26:9%

�3�

Extension with and without the inclusion of friction
was calculated. The results of the calculations revealed
that there was a 38.7% [Eq. (2)] and 26.9% [Eq. (3)]
fabric extension during the simulated formability test
method based on the possibility of no slippage and also
with slippage, respectively. The level of extension used
as the base for determining the force and energy variables
in the KESF tensile test does not necessarily need to cor-
respond to these extension levels. However, it is important
that the designated extension level be achievable by all
preforms and secondly the ratio of the force:extension
be approximately constant for each curve. Preform F73
for instance indicated a maximum extension level of
24% hence the designated extension level needed to be
less than 24%. It was also found that the majority of the
tests exhibited linearity at the 15% level, therefore, the
force (FT) and energy (ET) at the 15% strain level was
used for the analysis.
The results indicated that there was not a su�cient

correlation between simulated formability and linearity
of compression, compressibility, and fabric extensibility
for the course and wale directions. The ®ndings show
that there is a very high correlation between the tensile
force in the course direction required to extend the fabric
to 15% (FTC) and simulated formability. The results
also showed that there was equally a high correlation
between the tensile energy in the course direction (ETC)
and simulated formability for both plungers. There is
also some correlation between simulated formability
and shear rigidity as well as simulated formability and
bending rigidity. Combinations of the most highly cor-
related properties are listed in Table 7, in order to

determine which properties signi®cantly contribute to
the R2 value.
The results showed that although shear rigidity and

bending rigidity do contribute to the correlation, the
tensile properties mentioned above are the better prime
predictors based on the inclusion of each KESF para-
meter in the prediction of the simulated formability
parameter (i.e. R2). The ®ndings also showed that the
course direction in these mechanical properties provides
a better correlation with simulated formability than the
wale direction. Finally, apart from the di�erence in the
magnitude of the simulated formability between the two
plunger types, there also appears to be a slight di�erence
in the composition of their mechanical properties. The
results indicate that shear plays a more important role
in determining the simulated formability using the
cylindrical plunger while the spherical plunger inclines
towards bending rigidity. More importantly, however,
all the evidence indicates that the simulated formability
of a preform is governed by the fabric's tensile properties
at an equivalent extension level. Furthermore, the high
correlation between shear and simulated formability

Table 7

Correlation combinations of top four mechanical properties with

formability

R2 BRIGC

SRIGC

FTC

BRIGC

SRIGC

ETC

BRIGC

FTC

BRIGC

ETC

SRIGC

FTC

SRIGC

ETC

FTC ETC

FCE5 0.96 0.94 0.92 0.93 0.95 0.94 0.91 0.92

FCL5 0.96 0.97 0.91 0.94 0.96 0.97 0.91 0.94

FSE5 0.93 0.95 0.93 0.93 0.90 0.93 0.90 0.91

FSL5 0.96 0.96 0.95 0.93 0.96 0.95 0.94 0.92

Fig. 10. Relationship between simulated formability load and tensile

load.
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con®rms the relationship between the tensile and simu-
lated formability properties. This is because it is not
possible to actually shear a knitted fabric. The actual
mode of deformation is more closely related to extension
in a diagonal direction.
The results strongly suggest that both the tensile

energy and load to extend the fabric to 15% correlate
with the simulated formability of the fabric to the equiva-
lent level of extension. The relationships between these
speci®ed tensile parameters and simulated formability for
the cylindrical and spherical plungers are shown in Figs.

10±13. The results show that an increase in the tensile
load or energy corresponds to an increase in the simu-
lated formability energy and in the simulated form-
ability load. This means that the larger the force that is
required to deform the fabric in the tensile mode, the
larger is the required force to deform a fabric during
deep drawing. In fact, the ®ndings indicate with a high
degree of con®dence that the tensile properties alone may
be used to predict the simulated formability of a full
milano fabric.
The results for the spherical plunger also showed that

an increase in the tensile load corresponded to an
increase in the simulated formability load or energy.
The main di�erence between the results for the cylinder
and the sphere were in the magnitude of the simulated
formability properties. The overall results showed that
for the structure studied, tension is the best predictor of
simulated formability.

7. E�ect of knit structure on simulated formability

Summaries of the e�ect of knit structure on simulated
formability results are given in Table 8 where FSL and

Fig. 11. Relationship between simulated formability load and tensile

energy.

Fig. 12. Relationship between simulated formability energy and ten-

sile load.
Fig. 13. Relationship between simulated formability energy and ten-

sile energy.

Table 8

Mean simulated formability properties of di�erent knit structures

M73 F73 H73 C73

FCE5 (J) 0.369 4.905 0.428 0.079

FSE5 (J) 0.185 1.226 0.22 0.053

FCL5 (kN) 0.022 0.941 0.033 0.004

FSL5 (kN) 0.01339 0.15099 0.01635 0.0026
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FCL represent the loads to deform the preforms for the
spherical and cylindrical plungers, respectively. FSE
and FCE represent the energies to deform the preforms
for the spherical and cylindrical plungers, respectively.
The simulated formability results for the various knit

structures indicate that a larger force is required to
deform each fabric to the 50 mm displacement level for
the cylindrical cylinder than the spherical plunger. The

knit structure also in¯uences the degree of increase
between the two plunger types. All structures indicate a
2:1 ratio while the French double pique indicates a 5:1
ratio decrease in force for the cylindrical to spherical
plunger types. Furthermore, the results of the simulated
formability rank the full cardigan as the most formable
followed by both milano structures, and the French
double pique ranks as the least formable.

Fig. 14. Compliance of di�erent knit structure to milano relationship for simulated formability energy with tensile load.

Fig. 15. Compliance of di�erent knit structure to milano relationship for simulated formability load with tensile load.
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The full milano structure was investigated in greater
detail, thus enabling the development of a relationship
between formability and the plain loop length as well as
formability and KESF tensile properties. Although
there were not as many data on the di�erent knit
structures, their respective formability, plain loop length
and KESF tensile properties were analysed. Although
the actual relationship between formability and plain
loop length for the di�erent knit structures was quite
di�erent from the full milano results, the results showed
that the plain loop length still plays a dominant role in
determining the preforms' formability. However, the
similarities between the extensive milano investigation
and the di�erent knit structures was very evident and
hence, have been illustrated in Figs. 14 and 15. The
graphs show the mean values of the simulated form-
ability and tensile load for the di�erent knit structures
with the relationship found for the milano structure in
order to compare the ®ndings of the two relationships.
The results for the interaction between formability and
tensile properties showed some di�erence in the coe�-
cient of the y-intercept, but otherwise displayed a simi-
lar trend for all structures (i.e. approximately the same
slope).

8. Concluding remarks

The simulated formability of the dry preforms was
investigated in relation to their physical and mechanical
properties. The results for the full milano structure
showed that the plain loop length could be used to
represent the physical properties enabling a relatively
good prediction of simulated formability. The ®ndings
also showed that the surface material and shape of the
plunger greatly in¯uenced the simulated formability of
the preform. The results for the full milano structure
showed that the KESF tensile load or energy enabled a
good prediction of simulated formability provided that
they represent approximately equivalent levels of exten-
sion. The ®ndings also showed that the surface material
and shape of the plunger greatly in¯uence the simulated
formability of the preform. Both ®ndings enabling the
prediction of the simulated formability for weft-knitted
preforms were con®rmed with di�erent knit structures.
These results have clear implications for composite fab-
rication via deep drawing processes and subsequent
resin infusion.
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