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AUXETIC KNITTED FABRIC

Background

The current invention relates to the manufacture of knitted auxetic fabrics.

The Poisson's ratio of a material is a measure of its expansion or contraction in a
direction perpendicular to an applied strain. Materials with a positive Poisson's ratio
contract in a direction perpendicular to an applied tensile strain whereas materials
having a negative Poisson's ratio expand in a direction perpendicular to an applied
tensile strain. Materials having a negative Poisson's ratio are known as auxetic

materials.

A variety of materials have been manufactured with auxetic properties, for example
foams (US 4,668,557), fibres (WO00/53830) and honeycombs.

Conventional, positive Poisson's ratio materials do not naturally form synclastic curves.
However, many aspects of the human body are in the form of synclastic curves and
therefore it is difficult to provide a garment which naturally forms a close fit to those
aspects of the body using a single sheet of fabric without wrinkling of the fabric. In
contrast, auxetic materials often naturally form synclastic curves and may therefore
provide an improved fabric for clothing manufacture. Auxetic fabrics may also find many

other applications in which a thin material having auxetic properties is desirable.

W02009/002479 describes a variety of net fabrics, some having negative Poisson's
ratios. Net fabrics are only suitable for use in particular applications, and are not useful
as general-purpose fabrics due to the large open spaces, as seen in Figures 3 and 4,
that characterise net fabrics. Furthermore, many of the fabrics disclosed in that
document do not have any elastic component, and therefore would not return to their

original shape after deformation, making them impractical for most uses.

Summary

The following presents a simplified summary of the disclosure in order to provide a basic
understanding to the reader. This summary is not an extensive overview of the
disclosure and it does not identify key/critical elements of the invention or delineate the
scope of the invention. Its sole purpose is to present some concepts disclosed herein in

a simplified form as a prelude to the more detailed description that is presented later.
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There is provided an auxetic solid knitted fabric, comprising an auxetic component
knitted from at least a first type of fibre, and a stabilising component knitted from at least
a second type of fibre, wherein the first and second fibre types have different mechanical
properties.

Optional features of the invention are set out in the claims.

Description of the drawings

Embodiments of the present invention will now be further described, by way of example,

with reference to the drawings, wherein:-

Figure 1 shows schematic diagrams of structures that have been shown to be auxetic;

Figure 2 shows a schematic diagram of an auxetic fabric;

Figure 3 shows a schematic diagram of the fabric shown in Figure 3 after deformation;

Figure 4 shows a schematic diagram of the fabric shown in Figure 3 after non-auxetic

deformation by stretching of the ribs in the x-direction;

Figure 5 shows a schematic diagram of a further fabric displaying auxetic properties;

Figure 6 shows a schematic diagram of an auxetic shape including indications of

dimensions used in the equations;

Figure 7 shows a graph of calculated values for the Poisson's ratio as a function of the

angle f3;

Figure 8 shows a schematic diagram of an auxetic shape including indications of

dimensions used in the equations;

Figure 9 shows a graph of Poisson's ratio as p§ and | vary, with & and m remaining

constant;

Figure 10 shows a graph of Poisson's ratio against a ratio of I/m calculated using

equation (2);
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Figure 11 shows a first stitch pattern;

Figure 12 shows a photograph of a fabric knitted using the first stitch pattern;

Figure 13 shows a schematic diagram of a testing system;

Figure 14 shows a series of photographs of the fabric shown in Figure 12 undeformed

and under 10% strain;

Figure 15a shows plots of width and length for the fabric of Figure 13 subject to tensile

load application along the x direction;

Figure 15b shows a plot of the transverse strains of the middle 4 width sections of Figure

15a as a function of axial strain;

Figures 16a to d show plots of length and width against time for the fabric shown in

Figure 13;

Figures 17a to d show plots of widthwise strain against lengthwise strain for the fabric

shown in Figure 13;

Figure 18 shows a second stitch pattern;

Figure 19 shows a photograph of a fabric knitted using the second stitch pattern;

Figure 20 shows a series of photographs of the fabric shown in Figure 18 undeformed

and under 10% strain;

Figures 21 show plots of length and width against time for the fabric shown in Figure 18;

Figures 22a to d show plots of widthwise strain against lengthwise strain for the fabric

shown in Figure 18;

Figure 23 shows a third stitch pattern;

Figure 24 shows a photograph of a fabric knitted using the third stitch pattemn;
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Figure 25 shows a series of photographs of the fabric shown in Figure 24 undeformed

and under 10% strain;

Figures 26a to d show plots of length and width against time for the fabric shown in

Figure 24;

Figures 27a to d show plots of widthwise strain against lengthwise strain for the fabric

shown in Figure 24;

Figure 28 shows a fourth stitch pattern;

Figure 28a shows a loop diagram from the stitch pattern of Figure 28;

Figure 29 shows a photograph of a fabric knitted using the fourth stitch pattern;

Figure 30 shows a series of photographs of the fabric shown in Figure 28 undeformed

and under 10% strain;

Figures 31a to d show plots of length and width against time for the fabric shown in

Figure 28;

Figures 32a to d show plots of widthwise strain against lengthwise strain for the fabric

shown in Figure 28; and

Figure 33 shows photographs of a 12 gauge fabric made using the stitch pattern of

Figure 28.

Detailed description

The detailed description provided below in connection with the appended drawings is
intended as a description of the present examples and is not intended to represent the
only forms in which the present example may be constructed or utilized. The description
sets forth the functions of the example and the sequence of steps for constructing and
operating the example. However, the same or equivalent functions and sequences may

be accomplished by different examples.
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The description below is given with regard to a warp knitted fabric, but as will be
appreciated other knitting systems may be utilised to apply the principles described

herein.

Materials have been demonstrated to possess auxetic properties by virtue of both
microscopic (e.g. particular particle configuration in polymers), and macroscopic features
(e.g. honeycomb materials having particular geometric structures). Figure 1 shows

schematically two geometric patterns that have been shown to be auxetic.

The auxetic effect may be achieved at a macroscopic level by a number of mechanisms
including rib or shape rotation or flexure. For example, the cellular frameworks of re-
entrant struts (ribs) of Figure 1 deform by rib flexing or rotation to expand their re-entrant

side(s).

Modern knitting machine technology allows the formation of complex, and relatively
arbitrary, shapes formed by the fibre paths within a knitted fabric. The current invention
provides fabrics, and methods of manufacture of fabrics, that display auxetic behaviour

by reproducing the geometry of auxetic structures in the knit fabric structures.

Figure 2 shows a schematic diagram of a knitted fabric having auxetic properties in the y
direction — that is, a tensile load applied in the y direction causes an increase in width in
the x direction. The fabric is also auxetic in the x direction. The fabric is formed of two
components — an auxetic component 30 and a stabilising component 31. In the figures
of this application, dashed lines are utilised to differentiate types of fibres, or fibres
forming different components of the fabric. The non-continuous nature of those lines
does not indicate that the fibres are not continuous, but are simply used to differentiate

between fibres for clarity in the absence of the ability to use colour.

The fabric shown schematically in Figure 2 is knitted from fibres to form the fabric from
selected fibres. As will be appreciated, many techniques may be utilised to knit a fabric
having the design shown in Figure 2 and examples of possible patterns and systems are

provided below.

The auxetic component is formed using relatively high modulus fibres and the stabilising
component is formed using relatively low modulus, elastic, fibres. During the knitting

process the fibres of the two components may be knitted together, one component may
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be laid into the other one, or a combination of knitting and laying in may be utilised

between the two components.

Under load the auxetic component deforms such that the Poisson’s ratio of the fabric is
negative. Once the load has been removed, the stabilising component acts to return the

fabric to its relaxed, unloaded state.

As a load is applied in the x-direction the higher modulus ribs of the auxetic component
retain their length and deform by rotation around the vertices of the shapes. The effect
of this is to deform the shapes towards regular, rather than re-entrant, triangles as
shown in Figure 3. As the re-entrant base of each shape moves to a straight base (i.e.
from Figure 2 to Figure 3), the central vertex, to which the adjacent shape is linked,
pushes that adjacent shape horizontally, thereby causing the fabric to expand in the y
direction. The dotted outline 40 in Figure 3 shows the relative size of the fabric in its
unstretched form, clearly showing expansion in both axes in response to a stretching

force being applied in one direction, thereby exhibiting a negative Poisson's ratio.

The fibres of the stabilising component are stretched by the application of the load in the
x-direction, thereby allowing movement of the vertices of the auxetic component to
provide the deformation described above. The stabilising fibres also move in the y
direction as the vertices at which they are attached are moved by the auxetic

component.

When a load which has stretched the fabric towards that shown in Figure 3 is released,
the fibres of the stabilising component (which, as noted previously, are elastic) act to pull
the auxetic component back to the rest state shown in Figure 2. The fabric therefore

returns to its original structure and can provide repeated performance.

Once the auxetic component has reached the configuration shown in Figure 3, no further
expansion is possible in the x direction without stretching of the fibres forming the
auxetic component. It is expected that if a load is applied in the x-direction at a high
enough level, further stretching of the fabric will occur by stretching of the fibres forming
the bases of the triangles, and rotation and/or stretching of the other fibres in the auxetic
fabric. Figure 4 shows a schematic diagram of the expected structure during this further
expansion. The dashed square 50 shows the relative size of the fabric when the auxetic
component is fully deformed but without any stretching of the fibres forming the auxetic

component. As can be seen the width of the fabric has decreased and therefore a
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positive Poisson's ratio is demonstrated. Deformation during this second phase is
predominantly by stretching of those fibres of the auxetic component aligned along the
loading (x) direction and rotation of those fibres of the auxetic component oriented at an
angle to the loading (x) direction. As explained previously the modulus of those fibres is
larger than the fibres of the stabilising component and therefore the modulus of the
material in this second phase is larger than in the first, negative Poisson's ratio, phase.
For this same reason deformation in this second phase is dominated by the fibres of the
auxetic component and therefore the stabilising component has little, or no, effect on this

second phase behaviour.

For tensile loading along the y direction, the base of each re-entrant triangle first moves
to a straight line configuration and then adopts a convex rather than the original concave
(re-entrant) shape upon further loading. Rotation of the fibres in a convex (as opposed to
re-entrant) triangular network formed by the auxetic component leads to extension along
the length in the y direction being accompanied by a reduction in width along the x
direction. Deformation during the second phase for loading along y is then predominantly

by rotation of the fibres of the auxetic component.

In summary, the knitted fabric shown schematically in Figure 2 has a negative Poissons,
that is it is auxetic, in a first phase of stretching of the fabric. During this phase
stretching of the fabric is by stretching of the fibres of the stabilising component and by
rotation of the fibres of the auxetic component about their vertices. This rotation causes
the re-entrant triangles of the auxetic component to deform towards regular triangles,
and thus the fabric to have a negative Poisson's ratio. The modulus of the material
during the first phase is defined by the modulus of the fibres of the stabilising
component, and the resistance of the fibres of the auxetic component to the rotation
movement. This latter resistance is dependent on the knit pattern, the type of fibres
utilised for the auxetic component and the relative properties of the fibres of the auxetic
and stabilising components. The actual overall modulus, is therefore a function of the
properties of the fibres of both components, their relative values and also the knit pattern
used. Furthermore, the Poisson's ratio of the fabric is also dependent on all of these
parameters since the Poisson's ratio is defined by the manner in which the fabric

deforms as it stretches.

The behaviour of the fabric will depend on the relative behaviours of the fibres and
components they form. For example, the fibre of the auxetic component must have a

sufficiently high modulus compared to the resistance to rotation of that fibre about its
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vertices, such that the shapes of the auxetic component deform in preference to the

fibres of the auxetic component stretching.

The elasticity of the fibres of the stabilising component must be sufficiently high
compared to the resistance of the fibres of the auxetic component to rotation that the
stabilising component can return the auxetic component to its original configuration after
release of the stretching force. It is therefore likely that the modulus of the fabric will be
dominated by the modulus of the stabilising component. Similarly the modulus of the
fibres of the auxetic component should be sufficiently high compared to the resistance to
rotation such that the auxetic component deforms by rotation rather than buckling of the

fibres forming the component.

Figure 5 shows a schematic of a further fabric expected to demonstrate auxetic
properties. The fabric of Figure 5 is similar to the fabric of Figures 3 to 5 in that it is
formed of an auxetic component and a stabilising component. The layout is related to
that of Figures 3 to 5 in that it is obtained by the removal of one of the sides from each of
the re-entrant triangles to combine two adjacent triangles into a single shape. The
resulting shapes are similar to the bow-tie shapes utilised in auxetic honeycomb

structures.

In an idealised model of the knit structures, deformation of the fabric can be assumed to
be solely due to rotation of the fibres of the auxetic component about its vertices. That
is, solely due to a transformation from Figure 2 to Figure 3, with no stretching of the
fibres of the auxetic component and no resistance to rotation at the vertices such that no

bending of the fibres of the auxetic component occur.

On the basis of these assumptions about the mechanisms of deformation, the Poisson's
ration can calculated from geometry using equation (1). The symbols of equation (1) are

shown in Figure 6.

v, =v =——Z - _tanatan B (1)

Figure 7 shows a graph of calculated values for the Poisson's ratio as a function of the
angle . As would be expected from a simply geometrical consideration of the shapes

seen in the structure, the model predicts negative Poisson's ratios for 3 < 90°.
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Equation (1) suggests that in order for the structure to be auxetic B must be < 90°.
However, if other deformation mechanisms are considered negative Poisson's ratios
may also be obtained for > 90°. Figure 8 shows the symbols used in the following
discussion. A possible deformation mechanism, in structures having p > 90°, is for ribs
AB and BC to stretch as angle § decreases (o and m remain constant), thereby
compensating for an increase in AC due to the decrease in 3. For this mode of

deformation the Poisson's ratio can be shown to be calculated by equation (2).

b o=y o (1+tane tan )
v (mcosﬂ _lj
[cosa

Figure 9 shows a graph of Poisson's ratio as p§ and | vary, with & and m remaining

(2)

constant.

Figure 10 shows a graph of Poisson’s ratio against a ratio of I/m calculated using
equation (2). As seen in that figure negative Poisson's ratios may be obtained for certain

values of I/m.

Equation (2) and Figures 9 and 10 demonstrate that negative Poisson's ratios may be
obtainable for values of B > 90° for certain deformation mechanisms. As has been
discussed previously, the deformation mechanism is defined by the relative properties of

the fibres and knit structure.

A number of stitch patterns were designed for implementation on a knitting machine to
knit structures corresponding to the structure illustrated schematically in Figure 2 and to

explore various parameters which may affect the Poisson's ratio of the resulting fabric.

Figure 11 shows a first stitch pattern designed to manufacture a fabric functionally
equivalent to that shown schematically in Figure 2. The pattern utilises three types of
fibres, two to form the auxetic component and one to form the stabilising component. In
this pattern the auxetic component is laid into the stabilising component which is knitted

using open loop stitches.

The stitch pattern can be implemented using three guide bars set as shown in Table 1.

The nomenclature 0-2 refers to a jump of one needle.

9
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Bar Setting

Front 0-2/2-0 (Full set)

Middle 0-0/2-2/4-4/2-2 (1 in — 1 miss)

Rear 0-0/4-4/8-8/4-4 (1 in — 1 miss)
Table 1

A fabric was knitted using the stitch pattern shown in Figure 11. An 18 gauge machine

was utilised with the fibres shown in Table 2.

Bar Setting

Front Double covered lycra

Middle Mono-filament PES 0.15mm

Rear Mono-filament PES 0.25mm
Table 2

Other settings of the machine were configured to the values expected to produce a

fabric having the desired structure.

Figure 12 shows a photograph of the knitted fabric produced using the stitch pattern of
Figure 11 and the settings of Tables 1 and 2. As can be seen the auxetic component of
the fabric does not have the re-entrant triangle configuration of Figure 2 as intended, but

instead the base of the triangle is actually directed out of the shape.

The fabric was heat set prior to mechanical testing. Test samples (15¢cm long by 5 cm
wide) were cut along and perpendicular to the warp (X) direction, and also at +45° to the
warp direction. Fiducial markers were placed on the samples using marker pen to enable
accurate measurement of strains by optical means during mechanical testing. Testing of
the fabric was performed using the system shown in Figure 13. The fabric concerned
was loaded into the jaws of the universal testing machine for measurement of its
stress/strain characteristics, and a camera system enabled the measurement of
dimensional changes from the fiducial markers on the sample during the application of a

load to the fabric. The fabric was measured for uniaxial loads applied in the X and Y

10
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directions, and also at -45° to the X direction (direction 1) and +45° to the X direction

(direction 2).

Figure 15 shows a series of photographs taken during testing of the fabric. The photos in
the left hand column show fabric unloaded, while the photos in the right hand column
show the fabric with a 10% length-wise strain. Each of the rows relates to one of the

testing directions, as noted in the row heading.

Videoextensometry data provided measurements of the length and width of the fabric
while a longitudinal strain is applied. By way of demonstration of the method of
measuring Poisson’s ratios for the fabrics, Figure 15a shows the width and length
videoextensometry data for the fabric of Figure 13 subject to tensile load application
along the x direction (along the warp direction). There are 1 length curve (thick line) and
10 width curves, corresponding to 10 individual transverse sections along the length of
the fabric. Length extension is accompanied by width contraction, characteristic of a

material possessing positive Poisson’s ratio behaviour.

Data from the middle 4 of the 10 width sections were used in the subsequent data
analysis to minimise possible artefacts due to edge effects associated with the width

sections nearest the grips of the testing machine.

The width and length data were converted to transverse and axial strains, respectively,

using the definition of true strain given by equation (3):

[
gf‘m(ﬂ ©

where | and |y are the length and original length in the direction of interest.

Figure 15b shows the transverse strains of the middle 4 width sections as a function of

axial strain.

The Poisson's ratio vj (change in width along transverse direction j to a stretch along
direction i) is then given by equation (4):

strain , &,

strain,

11
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The Poisson's ratio is thus given by the negative of the gradient of the curves shown in
Figure 15b.

Best fit straight lines were fitted to the data for each width section in Figure 15b and the
equations for the lines are also shown. From the equations, the Poisson’s ratios of the 4
width sections for the Fabric of Figure 13 are v,, = +0.62, +0.45, +0.18 and +0.08,
yielding an average value from one test of +0.31£0.2 where the quoted experimental

uncertainty is given by the standard deviation of the individual width sections.

Figures 16a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of
length and average width against time as the fabric samples were stretched in the
apparatus shown in Figure 13. The middle 4 of 10 width measurements were averaged

to give the average width the data shown in Figure 16.

Figures 17a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of

average widthwise strain against lengthwise strain derived from the data of Figure 16.

The measurements of the fabric were repeated a number of times and the results

averaged to provide the Poisson’s ratio values given in Table 3 below.

Vyy Vyx V12 V21

0.31#0.3 | 0.04+0.07 | -0.02+0.03 | 0.1£0.1

Table 3

Very low (near zero) Poisson’s ratios are produced in two of the orientations of the

fabric.

Figure 18 shows a second stitch pattern designed to manufacture a fabric equivalent
functionally to that shown schematically in Figure 2. In addition to the fibres of the stitch
pattern shown in Figure 11 an additional fibre is utilised in the stabilising component of
the fabric. A second elastomeric fibre is knitted to join the bases of the triangle shapes
in each column. In contrast to the first fibre of the stabilising component, this fibre is
knitted using closed loop stitches which was intended to provide a fabric which is more

stable in both length and width directions.

The stitch pattern can be implemented using four guide bars set as shown in Table 4.

12
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Bar Setting

Front 2-0/2-4 (1 in — 1 miss)

2 0-2/2-0 (Full set)

3 0-0/4-4/8-8/4-4 (1 in — 1 miss)

Rear 0-0/2-2/4-4/2-2 (1 in — 1 miss)
Table 4

A fabric was knitted using the stitch pattern shown in Figure 18. An 18 gauge machine

was utilised with the fibres shown in Table 5.

Bar Setting

Front 480 dtex Dorlastan V500

2 480 dtex Dorlastan V500

3 Mono-filament PES 0.25mm

Rear Mono-filament PES 0.15mm
Table 5

Other settings of the machine were configured to the values expected to produce a

fabric having the desired structure.

Figure 19 shows a photograph of the knitted fabric produced using the stitch pattern of
Figure 18 and the settings of Table 4 and Table 5. As can be seen the auxetic
component of the fabric does not have the re-entrant triangle configuration of Figure 2 as
intended, but the base of the triangles is significantly flatter than was achieved with the

previous stitch pattern.

Testing was performed as described above.

Figure 20 shows a series of photographs taken during testing of the fabric. The photos in
the left hand column show fabric unloaded, while the photos in the right hand column
show the fabric with a 10% length-wise strain. Each of the rows relates to one of the

testing directions, as noted in the row heading.
13
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Figures 21a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of
length and average width against time as the fabric samples were stretched in the
apparatus shown in Figure 13. The four central widths were averaged to produce the
averaged width data shown in Figure 16 to minimise possible artefacts due to edge

effects associated with the width sections nearest the grips of the testing machine.

Figures 22a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of
average widthwise strain against lengthwise strain calculated as described previously

from the data of Figure 21.

The measurements of the fabric were repeated a number of times and the results

averaged to provide the Poisson’s ratio values given in Table 6 below.

Vyy Vyx V12 V21

0.26+0.06 | 0.08+0.04 | 0.04+0.04 | 0.18+0.03

Table 6

Figure 23 shows a third stitch pattern designed to manufacture a fabric equivalent
functionally to that shown schematically in Figure 2. This stitch pattern is a variation of
that shown in Figure 18 in that the fibres forming the bases of the triangles are knitted
into the fabric using closed loop stitches in contrast to being laid-in in the previous
pattern. These changes were intended to achieve more stability at the cross-over points

and more stably anchor the hinges.

The stitch pattern can be implemented using four guide bars set as shown in Table 7.

Bar Setting

Front 2-0/2-4 (1 in — 1 miss)

2 0-2/2-0 (Full set)

3 0-0/4-4/8-8/4-4 (1 in — 1 miss)

Rear 2-0/2-2/2-4/2-2 (1 in — 1 miss)
Table 7

14
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A fabric was knitted using the stitch pattern shown in Figure 23. An 18 gauge machine

was utilised with the fibres shown in Table 8.

Bar Setting

Front 480 dtex Dorlastan V500

2 480 dtex Dorlastan V500

3 Mono-filament PES 0.25mm

Rear Mono-filament PES 0.15mm
Table 8

Other settings of the machine were configured to the values expected to produce a

fabric having the desired structure.

Figure 24 shows a photograph of the knitted fabric produced using the stitch pattern of
Figure 23 and the settings of Table 7 and Table 8. This fabric is denser and tighter than

the previous samples.

Testing was performed as described previously.

Figure 25 shows a series of photographs taken during testing of the fabric. The photos in
the left hand column show fabric unloaded, while the photos in the right hand column
show the fabric with a 10% length-wise strain. Each of the rows relates to one of the

testing directions, as noted in the row heading.

Figures 26a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of
length and average width against time as the fabric samples were stretched in the
apparatus shown in Figure 13. The four central widths were averaged to produce the
averaged width data shown in Figure 26 to minimise possible artefacts due to edge

effects associated with the width sections nearest the grips of the testing machine.

Figures 27a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of
average widthwise strain against lengthwise strain calculated as described previously

from the data of Figure 26.

15
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The measurements of the fabric were repeated a number of times and the results

averaged to provide the Poisson’s ratio values given in Table 9 below.

Vyy Vyx V12 V21

0.11+0.03 | 0.33%£0.04 | -0.02+0.02 | -0.13+0.04

Table 9

This fabric sample therefore demonstrates auxetic behaviour in at least one direction,
and a zero or negative Poisson's ratio in a second direction. The auxetic properties
measured in the vy, 40 V21 directions is consistent with auxetic behaviour arising from the
structure shown schematically in Figure 5. One of the long struts is aligned close to the
loading direction, while the other long strut is redundant in terms of Poisson’s ratio, but

may contribute to the stiffness of the material.

Figure 28 shows a fourth stitch pattern designed to manufacture a fabric equivalent
functionally to that shown schematically in Figure 2. This stitch pattern is a variation of
that shown in Figure 23 in that the first fibres of the stabilising component are now
knitted in a Tricot stitch with both closed and open stitches, in contrast to the pillar stitch
used in the previous patterns. This modification was intended to produce a more
isotropic fabric. Figure 28a shows a loop diagram expected from the stitch pattern

shown in Figure 28.

The stitch pattern can be implemented using four guide bars set as shown in Table 10.

Bar Setting

Front 2-0/2-4 (1 in — 1 out)

2 2-4/0-2 (1 in — 1 out)

3 0-0/4-4/8-8/4-4

4 2-0/2-2/2-4/2-2 (1 in — 1 out)
Table 10

A fabric was knitted using the stitch pattern shown in Figure 28. An 18 gauge machine

was utilised with the fibres shown in Table 11.

16



WO 2010/125397 PCT/GB2010/050719

Bar Setting

Front 480 dtex Dorlastan V500

2 480 dtex Dorlastan V500

3 Mono-filament PES 0.25mm

Rear Mono-filament PES 0.15mm
Table 11

Other settings of the machine were configured to the values expected to produce a

fabric having the desired structure.

Figure 29 shows a photograph of the knitted fabric produced using the stitch pattern of
Figure 28 and the settings of Table 10 and Table 11.

Testing was performed as described previously.

Figure 30 shows a series of photographs taken during testing of the fabric. The photos in
the left hand column show fabric unloaded, while the photos in the right hand column
show the fabric with a 10% length-wise strain. Each of the rows relates to one of the

testing directions, as noted in the row heading.

Figures 31a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of
length and average width against time as the fabric samples were stretched in the
apparatus shown in Figure 13. The images of the fabric provided width data at ten
points along the length of the sample. The four central widths were averaged to produce
the averaged width data shown in Figure 31 to minimise possible artefacts due to edge

effects associated with the width sections nearest the grips of the testing machine.

Figures 32a to d show graphs, for the four orientations (x, y, -45°, +45° respectively), of
average widthwise strain against lengthwise strain calculated as described previously

from the data of Figure 31.

The measurements of the fabric were repeated a number of times and the results

averaged to provide the Poisson’s ratio values given in Table 12 below.
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Vyy Vyx V12 V21

0.1£0.06 | 0.23%£0.05 | -0.22+0.03 | -0.13+0.02

Table 12

This fabric sample therefore demonstrates auxetic behaviour in two directions. One of
the long struts is aligned close to the loading directions which demonstrated auxetic
properties, while the other long strut is redundant in terms of Poisson's ratio, but may

contribute to the stiffness of the material.

A further fabric was knitted using the stitch pattern of Figure 28 at 12 gauge and using

the settings shown in Table 13.

Bar Setting

Front 2-0/2-4 (1 in — 1 out), Run in 3218mm per rack

2 2-4/0-2 (1 in — 1 out), Run in 3218mm per rack

3 0-0/4-4/8-8/4-4 (1 out — 1 in), Run in 1623mm per rack
4 2-0/2-2/2-4/2-2 (1 in — 1 out), Run in 607mm per rack

Table 13

The fibres shown in Table 14 were utilised.

Bar Setting

Front 480 dtex Dorlastan V500

2 480 dtex Dorlastan V500

3 Mono-filament PES 0.25mm

Rear Mono-filament PES 0.15mm
Table 14

Other parameters were set to standard values according to the machine running

conditions.
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After manufacture the fabric was heat set for 1 minute at 100°C.

Figure 33 shows photographs of the front and back of the knitted fabric produced using
the stitch pattern of Figure 28 and the settings of Tables 13 and 14.

Figure 34 shows a further variation of a stitch pattern for knitting an auxetic fabric. This
pattern is a variation on that shown in Figure 23 with a Tricot stitch being used for Guide
Bar 2. The fibres described in relation to Figure 23 may be utilised with this stitch

pattern.

The fabric was tested by applying a tensile strain at approximately 45 degrees to the
warp direction and monitoring the width of the fabric. It was observed that as the fabric

extended in length, its width increased, clearly demonstrating auxetic behaviour.

It has therefore been demonstrated how to manufacture a knitted fabric having a
negative Poisson's ratio in at least one direction. As explained previously, the knitted
fabrics disclosed herein comprise an auxetic component and a stabilising component.
The auxetic component comprises shapes that provide an auxetic behaviour and are
formed of fibres that are of a relatively higher modulus that the fibres of the stabilising
component. The stabilising component acts to restore the auxetic component to its
resting shape after the fabric has been deformed. The fabric can therefore return to its
original shape and provide auxetic behaviour on subsequent stretchings. The material
disclosed herein is not therefore a 'single shot' material but may find applications where
the continued performance is required. However, as will be appreciated by the skilled
person, a fabric could be knitted using only the auxetic component described herein to
provide a one-shot fabric. Such fabrics may find application where no repeat
performance is required. Modification of the knitting patterns described herein may be

required to produce such one-shot fabrics.

The behaviour of the fabric is defined by the interaction and relative characteristics of the
stabilising and auxetic components of the fabric. The changes in the knit patterns
between the example fabrics described herein affect those relative characteristics and as

demonstrated by the measurements this affects the performance of the fabrics.

A general trend from the first to fourth patterns are an increase in the modulus of the
stabilising component. Pattern four also introduces a lateral interaction of the stabilising

component with the auxetic component pattern for the red stabilising fibre such that it
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acts to pull the centre of the re-entrant side of the triangles out of the triangle, thereby
acting to expand the fabric in the lateral direction. It is thought this may contribute to the

improved negative Poisson's ratio seen for this fabric.

As will be appreciated, the fabrics described herein are solid fabrics, as contrasted to net
fabrics, which are significantly different types of material. Net fabrics have large open
spaces between stitches to create a net structure, whereas the fabrics described herein
only have minor open spaces within the stitches forming the fabric. In net fabrics open
spaces are bounded by stitches of the fabric, whereas in the current fabrics any open
spaces are bounded by straight yarns. Net fabrics are generally formed of tricot course
and chain courses in which the yarn stitches meander across the fabric to create the
open spaces that characterise a net fabric in contrast to the solid fabrics described by
the current invention. A detailed discussion of net fabrics and their characteristics can
be found in Chapter 26 of "Knitting Technology: A Comprehensive Handbook and
practical guide" by David J Spencer. From that description it is immediately apparent

that the currently described fabrics are not net fabrics.

Described below are various extensions of the principles applied above to knitted fabrics.

More generally than noted above, Figure 2 shows a schematic diagram of an auxetic
structure comprising a reinforcement component as described in relation to Figure 1, and
a recovery component. The reinforcement and recovery components are joined at the
vertices of the reinforcement shape at which they coincide. The recovery component
therefore acts to pull the base of the arrowhead shape together. As a strain is applied
vertically to the material, the arrowheads expand as shown in Figure 3, and the recovery
component is stretched. When that strain is removed the recovery components are
exerting a force across the base of the arrowheads which acts to return the structure to
the form shown in Figure 2. A structure which returns to its original shape, and displays

repeated auxetic behaviour is therefore provided by the structure shown in Figure 2.

The structure of Figure 2 operates due to the combination of a high modulus
reinforcement component having auxetic properties in conjunction with an elastic, low
modulus, recovery component. The reinforcement component provides the negative
Poisson’s ratio when a strain is applied and the recovery component returns the
reinforcement component back to its original shape upon removal of the deforming
strain. This principle can be applied to a range of auxetic structures as shown

schematically in Figure 5.
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The reinforcement and recovery components may be provided using any suitable
materials and may be formed using any suitable manufacturing techniques. A number of
examples of sheet materials will now be described which embody the principles set out

above.

The materials forming the auxetic component and their recovery component are not
necessarily fibres, but may be any suitable materials providing the required mechanical
properties. For example, the recovery component may be a matrix component into

which the auxetic component is embedded.

A description of the manufacture of a knitted auxetic fabric is provided later in this

description.

In a first example of the invention, an auxetic knitted fabric may be embedded in a
neoprene matrix to form a composite material. The neoprene matrix may be formed to
complete enclose the knitted structure, or the knitted structure may be on the surface of
the neoprene. Neoprene is used as an example only and any comparable material may
be utilised for the matrix component as dictated by the requirements of the resulting

material.

In a second example, which may be particularly useful in armour applications, the
auxetic component is formed from carbon fibre and the recovery component is formed

from a low modulus fibre such as aramid or polyethylene.

In a third example, the auxetic component is provided by a fibre or monofilmaent stitched
to an elastic sheet which provides the recovery component. The vertices at either end of
the re-entrant side of the auxetic component are fixed to the recovery element. A sewing
machine may be used to form the auxetic component on the elastic sheet, or for a
thicker or harder recovery element holes may be pre drilled and the auxetic element
threaded through the holes. Furthermore, the auxetic component may be stapled or
bonded to the recovery component. The auxetic component may be formed by etching
a metallic element pre-laminated on the recovery component. A suitable material for the

recovery component may be a neoprene sheet.

In a fourth example, which may be particularly useful for armour, the auxetic component

is provided by a carbon fibre, stitched to a substrate made from a commercially available
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composite material such as that made from aramid fibres in an elastomeric resin matrix,
so that the vertices at either end of the re-entrant side of the auxetic component are
fixed to the recovery element. The auxetic component may be created on a thin sheet of
laminate and then embedded in further layers of laminate to create a thicker sheet.
Several layers of the auxetic component may be produced and embedded between

further layers of the recovery element to form a multi layer laminated structure.

In a fifth example, the auxetic component may be formed using a fibre placement and
bonding technique, and the recovery component is bonded to the vertices as described

above.

In a sixth example, the auxetic component may be cut or fabricated from sheet material,
for example a thin sheet of steel. The recovery component may comprise a crimped

wire mesh which is bonded or stitched to the vertices of the auxetic component.

In a seventh example, the auxetic component is a honeycomb material and the recovery
component is an elastic component joining the vertices of the cells. For example, the
honeycomb may be cut from a sheet material or extruded through a die. The recovery
component may be elastic fibres joining vertices or may be a sheet bonded to the
honeycomb. The sheet material and/or honeycomb may have a significant thickness.
The vertices of the auxetic component may be formed as flexible sections of the
component, or may be formed as specific hinge elements. The components may

therefore be formed of a plurality of discrete components joined into the overall structure.

The recovery component may also be provided by the auxetic component. For example,
the auxetic component may deform by hinging at the vertices, as shown in Figures 1 and
2. Those vertices may be made such that the deformation towards Figure 2 is elastic
and thus when the strain is removed the auxetic component has internal forces which
attempt to return it to the undeformed state. Similarly, deformation may occur by rib
flexing. Elastic flexing may be utilised to provide the recovery force to return the auxetic

component to the undeformed state.

In an eighth example the auxetic component and auxetic component are formed as one
component, the action of the recovery component being provided by elastic deformation
of the component. For example, there may be elastic deformation at the rib hinges, or of
the ribs.
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The scale of these example materials may be tailored to the specific example for which
they are to be utilised and the materials and techniques used to manufacture them. For
example, the unit cells may be comparable to the size provided by the knitted fabrics or
may be significantly smaller or larger. The thickness of the sheet material is defined by
the materials from which the sheet is manufactured and it is not envisaged that all
examples will be thin as per the fabrics, but thicker sheets are explicitly contemplated

where this is appropriate for the materials and manufacturing techniques.

As has been explained previously the properties of the materials described herein are
dependent on the relative properties of the materials forming the materials. Various
deformation mechanisms have been described, for example rib flexing, rotation and
stretching. The selected materials will define the mode of deformation and hence the

properties of the resulting sheet material.

Any of the features of the examples described above may be combined as appropriate

to provide a material having the required properties.

Either element may be formed using a smart material such as material having a high

expansion coefficient or be an electrically activated material known as a piezoelectric.

There is therefore described an auxetic sheet material, comprising an auxetic
component formed from a first material, and a recovery component formed from a
second material, wherein the first and second materials have different mechanical
properties, wherein the auxetic sheet material is not exclusively an auxetic knitted fabric,
comprising an auxetic component knitted from at least a first type of fibre, and a
stabilising component knitted from at least a second type of fibre, wherein the first and

second fibre types have different mechanical properties.

It will be understood that the benefits and advantages described above may relate to
one embodiment or may relate to several embodiments. It will further be understood that

reference to 'an' item refers to one or more of those items.

The steps of the methods described herein may be carried out in any suitable order, or
simultaneously where appropriate. Additionally, individual blocks may be deleted from
any of the methods without departing from the spirit and scope of the subject matter

described herein. Aspects of any of the examples described above may be combined
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with aspects of any of the other examples described to form further examples without

losing the effect sought.

It will be understood that the above description of a preferred embodiment is given by
way of example only and that various modifications may be made by those skilled in the
art. The above specification, examples and data provide a complete description of the
structure and use of exemplary embodiments of the invention. Although various
embodiments of the invention have been described above with a certain degree of
particularity, or with reference to one or more individual embodiments, those skilled in
the art could make numerous alterations to the disclosed embodiments without departing

from the spirit or scope of this invention.
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Claims

1. An auxetic solid knitted fabric, comprising
an auxetic component knitted from at least a first type of fibre, and
a stabilising component knitted from at least a second type of fibre, wherein

the first and second fibre types have different mechanical properties.

2. An auxetic fabric according to claim 1, wherein the first fibre type has a

substantially higher modulus of elasticity than the second fibre type.

3. An auxetic fabric according to claim 1, wherein the auxetic component comprises

a repeating pattern of auxetic elements.

4. An auxetic fabric according to claim 3, wherein each auxetic element is a re-

entrant triangle.

5. An auxetic fabric according to any preceding claim wherein the auxetic

component is knitted from two fibre types, the first fibre type and a third fibre.

6. An auxetic fabric according to any preceding claim wherein the stabilising

component is knitted from two fibre types, the second fibre type and a fourth fibre type.

7. An auxetic fabric according to any preceding claim knitted on a warp knitting
machine.
8. An auxetic fabric according to any preceding claim, wherein the stabilising

component acts to return the fabric to a stable state after deformation from the state by

application of strain to the fabric.
9. An auxetic fabric according to any preceding claim, wherein during expansion of
the fabric by an applied strain at least part of the fibres of the stabilising component

stretch elastically.

10. An auxetic fabric according to claim 9, wherein the fibres of the auxetic

component do not stretch during expansion.
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11. An auxetic fabric according to any preceding claim, wherein a first phase of
expansion of the fabric in response to an applied strain occurs by stretching of at least

part of the stabilising component and deformation by hinging or bending of the auxetic

component.
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