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Abstract
Auxetic spacer fabrics are a novel kind of three-dimensional (3D) fabric structure with a negative Poisson’s ratio. They
have found a number of applications in functional garments, protective pads and sportive shoes due to their unusual
properties. In this paper, a study on deformation behaviors of 3D spacer fabrics that could be fabricated on a large scale is
reported. Through experimental observations of deformation of a basic hexagonal unit at different tensile strains, two
different geometrical models are proposed for the fabric structure when extended in the course direction and wale
direction, respectively. Based on the geometrical models, two semi-empirical equations between the Poisson’s ratio and
tensile strain are established for both tensile directions. The study shows that the established semi-empirical equations fit
well with experimental results. Therefore, they could be used in the design and prediction of 3D auxetic spacer fabrics
with different values of geometrical parameters.
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Auxetic fabrics are a kind of textile structure with a
negative Poisson’s ratio (PR).1,2 They laterally expand
when stretched or laterally shrink when compressed.
This unusual behavior makes them very interesting in
many applications, such as functional garments, health
care, protective clothing and so on, due to a number of
fascinating properties, such as enhanced porosity under
extension, excellent formability to curved surfaces, high
energy absorption ability, etc.2
Although auxetic fabrics only represent a small part
of auxetic materials,3 an increasing attention has been
paid to them by various researchers in recent years.
Two approaches could be adopted to fabricate auxetic
fabrics. The ﬁrst one is to use auxetic ﬁbers4,5 or auxetic
yarns6,7 to create auxetic behavior in a fabric structure.
This approach is not widely used as there are limited
auxetic ﬁbers and yarns. Besides, auxetic behavior of
yarns could be limited by fabric structure. The second
one is to directly fabricate auxetic fabrics from nonauxetic ﬁbers based on the special geometrical arrangement of yarns in a fabric structure. This approach is
widely used as there is no limit in ﬁber materials and
fabric structures. Since the geometry arrangement is

the key point to achieve the auxetic behavior of fabric
in this approach, the selection of a suitable textile technology to produce desired auxetic fabric structures is
very important. So far, most auxetic fabrics are produced through knit ting technology, since knitting technology is very suitable to knit the required geometrical
structures for obtaining auxetic behavior. Ugbolue
et al.8,9 ﬁrst designed and fabricated a series of open
warp-knitted fabrics based on reentrant structures.
However, auxetic behavior of these fabrics was diﬃcult
to maintain due to very low structural stability and
low elastic recovery ability. Alderson et al.10 developed
another group of warp-knitted auxetic fabrics based on
a double arrowhead geometrical conﬁguration using
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two kinds of ﬁbers with diﬀerent mechanical properties.
It was found that the auxetic eﬀect was only achieved
when extended in the diagonal directions of the fabric.
In addition to warp-knitted auxetic fabrics, weftknitted fabrics were also developed by other researchers
using ﬂat knitting technology. Liu et al.11 fabricated a
special kind of weft-knitted fabric based on an origami
structure that was formed with connected parallelograms. A geometrical model was also proposed by
them to theoretically calculate the PR values of these
fabrics. According to their study, the lowest PR
obtained of these fabrics could reach –0.6. Hu et al.12
developed another series of weft-knitted auxetic fabrics
based on diﬀerent geometrical conﬁgurations, such as
folded structures, rotating squares and reentrant hexagons. These fabrics could create special design eﬀects
for knitwear design.
One of the drawbacks of auxetic knitted structures is
their low modulus and strength, which limit their application in the engineering ﬁeld. Therefore, auxetic fabrics produced through other textile technologies were
also proposed. Ge and Hu13 and Ge et al.14 recently
developed a novel kind of three-dimensional (3D) auxetic fabric structure for composite reinforcement by
using a special machine built based on a combination
of non-woven and stitching technologies.15 The structure is very suitable for producing composite materials
for impact protection as it can laterally contract when
compressed along its thickness direction, resulting in a
unique feature in that the material can concentrate
itself under impacting load.16
Although a lot of auxetic fabrics have been successfully developed, their production and application are
still very limited. To overcome this obstacle, a new
method has recently been proposed to produce a
new kind of 3D auxetic fabric on a large scale based
on a warp-knitted spacer structure.17,18 Spacer fabrics
have found many good applications, such as sportswear,19 medical care20 and sound absorption.21 There
is no doubt that the spacer fabrics with auxetic behavior will make them more attractive for these applications. Actually, a number of practical applications,
such as functional garments, protective pads and
sportive shoes, have been found for auxetic spacer
fabrics, and an industrial production machine is
being built in order to produce this kind of 3D auxetic
spacer fabric on an industrial scale to meet a real
requirement of the market for auxetic fabrics. A
study has shown that this kind of fabric has the inplane auxetic eﬀect in all directions,18 and the lowest
negative PR could reach –2.5. Although the previous
study could provide some useful information on 3D
auxetic spacer fabrics, the relationships between the
geometrical parameters of the fabric structure and
the deformation behavior are still unknown. In this

paper, a further study to establish these relationships
is presented, since they are very important in the
design and prediction of auxetic behavior of the fabrics for required applications.

Experimental details
Fabric design and fabrication
As shown in Figure 1(a), auxetic spacer fabrics were
designed and fabricated based on a warp-knitted
spacer fabric structure in which two outer fabric
layers are connected together by a group of spacer
yarns to form a middle layer. Diﬀerent from conventional spacer fabrics, a special geometrical arrangement
of yarns in the outer layers, as shown in Figure 1(b),
was designed to achieve auxetic behavior of the spacer
fabric structure. The arrows located at the left-lower
corner in Figure 1(b) indicate the course and wale directions of the fabric structure. A basic unit of the surface structure is shown in Figure 1(c). It is a deformed
hexagon constructed with two diﬀerent lengths of ribs
that are represented by diﬀerent thicknesses of lines. It
can be seen that the short ribs are presented by thin
lines, and the long ribs are represented by thick lines.
As shown in Figure 1(c), the geometrical parameters,
including the length of the short rib l0, the length of the
long rib L0, the angle of the long rib formed with the
vertical line a0, and the angle of the short rib formed
with the vertical line b0, are suﬃcient to determine the
geometrical feature of the structure at the initial state.
For fabricating the designed fabrics, the base hexagonal
spacer fabrics were ﬁrstly knitted on a double warp
knitting machine equipped with six yarn-guide bars,
and then the fabrics were treated with a heat-setting
process to ﬁx their geometrical conﬁguration as
designed. In this study, the base hexagonal spacer
fabric was knitted using 0.12 mm (15.6 tex) polyester
monoﬁlament as the middle layer and 400D/96F polyester DTY as two outer layers according to the chain
notations, as shown in Table 1. After treatment, three
auxetic fabrics with diﬀerent initial angles were
obtained, that is, Fabrics A, B and C. To determine
the parameters of each auxetic fabric, as shown in
Figure 1(d), the outlines of the ribs of the hexagon
are depicted on the original photos. To reduce the testing error, the outline of six hexagons in three adjacent
rows and two adjacent columns are depicted. The
lengths of the long rib (L0), short rib (l0) and the
angle a0, b0 were measured with the screen ruler and
screen protractor. Then the lengths of the ribs were
converted to the real lengths by the proportional
scale. The mean values of the ribs and angles calculated
are listed in Table 1.
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Figure 1. Three-dimensional auxetic spacer fabric structure: (a) cross-section; (b) geometrical configuration of outer fabric layers;
(c) hexagon unit; (d) outline of hexagon unit.

Table 1. Geometrical parameters of three-dimensional auxetic spacer fabrics fabricated
Fabric

L0 (cm)

Fabric A
Fabric B
Fabric C
Chain notation of fabrics

0.44
0.44
0.44
GB1:
GB2:
GB3:
GB4:
GB5:
GB6:

l0 (cm)

a0 (degree)

b0 (degree)

0.220
32
23
0.222
36
30
0.224
40
32
(1-0-0-0/1-2-2-2)*3/(2-3-3-3/2-1-1-1)*3//
(2-3-3-3/2-1-1-1)*3/(1-0-0-0/1-2-2-2)*3//
4-5-4-3/4-5-4-3/4-5-4-3/4-5-4-3/4-5-4-3/4-5-3-2/3-4-3-2/3-4-3-2/3-4-3-2/3-4-3-2/3-4-3-2/4-5-4-3//
1-0-1-2/1-0-1-2/1-0-1-2/1-0-1-2/1-0-1-2/1-0-2-3/2-1-2-3/2-1-2-3/2-1-2-3/2-1-2-3/2-1-2-3/1-0-1-2//
(2-3-3-3/2-1-1-1)*3/(1-0-0-0/1-2-2-2)*3//
(1-0-0-0/1-2-2-2)*3/(2-3-3-3/2-1-1-1)*3//

Tensile tests
In order to investigate the deformation behavior of
these auxetic spacer fabrics, a series of uni-axial tensile
tests were conducted on an INSTRON 5566 tensile
machine by using a load cell of 10 kN. Because of anisotropic behavior of the fabric structure, the tensile tests
were carried out in the course direction and wale direction of the fabrics, respectively. The gauge length and
testing speed of the machine were set at 150 mm and
30 mm/min, respectively.
In order to see how the geometry of the fabric outer
layers is deformed under extension, a hexagonal unit
was observed and its photos were taken by a high-resolution camera (Cannon G10 and connected with a computer for timer shot control) at an interval of every
10% tensile strain. As the monoﬁlaments in the

middle layer of the fabric are almost oriented in the
thickness direction, which is perpendicular to the tensile
direction, they mainly aﬀect the thickness change of the
fabric and their eﬀect on the in-plane deformation of
the outer structure is relatively small. Therefore, only
the deformation of outer layers was observed and
analyzed.
In addition to the observation of deformation of the
hexagonal unit, the size changes in both the tensile and
transversal directions of the fabrics were also recorded
for calculating their PR values for given tensile strains.
To do that, nine points were marked on the sample, as
shown in Figure 2. The same camera, having a timer
shot function, was used to capture the pictures of the
sample at an interval of every 6 seconds. As shown in
Figure 2, in order to facilitate the measurement, the
nine points were marked on the central part of each
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Figure 2. Points marked on an auxetic fabric sample: (a) initial
state; (b) extended state.

fabric sample. The central point was used as the reference point for depicting other points, and it was not
used in the measurement. A photo for each fabric
sample was ﬁrstly taken before testing in order to get
the original length (X0) and width (Y0) of the fabric.
Then other photos were taken during testing to get the
length (X) and width (Y) at each time interval. Three
pairs of dots in the tensile direction were measured and
the mean value was obtained as the value of X. While in
the transverse direction, only the middle pair of dots
was measured as the value of Y because the other two
pairs of dots were aﬀected by the boundary condition
of two clamped ends. The measured values were ﬁnally
used to calculate the tensile and transverse strains
through Equations (1) and (2):
"a ¼ 

X  X0
X0

ð1Þ

"t ¼ 

Y  Y0
Y0

ð2Þ

After the tensile strain "a and transversal strain "t
were known, PR  was calculated through
Equation (3):
¼

"t
"a

ð3Þ

In order to determine a suitable sample size, the
samples of Fabric A with three diﬀerent sizes,
200 mm  100 mm, 200 mm  50 mm and 200 mm 
25 mm, were ﬁrstly tested. The largest sample width

Figure 3. Poisson’s ratio–strain curves of Fabric A when
extended in the course direction with different fabric sample
widths.

was selected as 100 mm due to the limitation of the
largest size of the clamps, and the narrowest sample
width was selected as 25 mm to ensure there were adequate unit-cells in the width direction. The PR-strain
curves when stretched in the course and wale directions
were plotted and are shown in Figures 3 and 4,
respectively.
Theoretically, since the same fabric has the same
unit-cell structure, the tensile behavior should be the
same and the same PR-strain curve with diﬀerent
sample sizes should be obtained. However, in the real
test, the fabric deformation is aﬀected by the boundary
conditions. As shown in Figure 5(a), the two clamped
ends of the fabric restrict its expansion in the transversal direction. The larger the sample width, the higher
restriction the clamps have. For extension in the wale
direction, as the width change is small during testing
(Figure 5(b)), the boundary eﬀect is not evident.
Therefore, the PR-strain curves obtained with diﬀerent
sample sizes are more closed (Figure 4). However, as
shown in Figure 3, more diﬀerence exists among the
PR-strain curves obtained with diﬀerent sample sizes
when extended in the course direction. The sample in
the width of 100 mm has lower negative PR values as
the clamps restrict more expansion of the fabric in the
transversal direction. For the samples with 50 and
25 mm widths, their PR-strain curves are closed, but
it can be found that the PR-strain curve of the
sample with 25 mm width is not regular in the initial
stage of testing. The reason is that the narrower sample
is more easily aﬀected by the fabric edges in the tensile
direction and may cause more measurement errors. As
the samples with too large width and too narrow width
are not suitable, 50 mm was selected as the sample
width in this study.
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wale directions, respectively. Based on the assumptions
made from the observations, the geometrical model in
each tensile direction was proposed. The relation
between the PR and tensile strain for each tensile direction was then established through the analysis of the
geometrical model. With use of the established relation,
the deformation behavior of the fabric structure in each
tensile direction could be ﬁnally predicted for diﬀerent
values of geometrical parameters.

Deformation behavior when extended in the
course direction
Figure 4. Poisson’s ratio–strain curves of Fabric A when
extended in the warp direction with different fabric sample
widths.

(a)

(b)

Clamp

Fabric
edge

Figure 5. Clamp restriction: (a) extended in the course
direction; (b) extended in the wale direction.

Results and discussion
As 3D auxetic fabrics fabricated have an anisotropic
structure, their deformation behavior in each tensile
direction should be diﬀerent. In this study, only the
deformation behaviors of the fabrics in the course
and wale directions were investigated, as these two directions are the main directions of the fabrics. The study
was the ﬁrst to experimentally observe the deformation
of a hexagonal unit when extended in the course and

Experimental observation. The photos of a hexagonal unit
taken at diﬀerent tensile strains when extended in the
course direction of Fabric A are shown in Figure 6. For
a better observation, all the photos were magniﬁed by
eight times. As the fabric consists of contiguous hexagons, the observation of a hexagon unit is suﬃcient for
analyzing the deformation behavior of the structure.
However, it should be noted that the hexagon unit is
not the minimal unit-cell. The minimal unit-cell of the
fabric structure is outlined by a rectangle, as shown in
Figure 1(b). Since the minimal unit-cell has the symmetrical deformation eﬀect along the central line, the half
unit-cell is enough for calculating the PR, as shown in
Figure 6. For the short ribs, it can be seen that they are
ﬁrstly straightened and then extended in the tensile direction. Therefore, the tensile strain is mainly dependent
on the length change of short ribs. For the long ribs, it
can be seen that they ﬁrstly rotate along the anti-clockwise direction, and then shrink. While the rotation of
the long ribs to the horizontal direction can increase the
transversal strain of the structure, shrinking of the long
ribs can lead to a decrease of the transversal strain.
Therefore, the transverse strain is mainly dependent
on a combination eﬀect of the length change and rotation of the long ribs. From the observation, it can also
be noted that the transversal size of the hexagonal unit
ﬁrst increases and then decreases with the increase of
tensile strain. When the fabric transversal size becomes
smaller than its initial size, the PR of the fabric structure changes from negative to positive.
Comparing all the photos in Figure 6, it is noted that
the deformation of a hexagonal unit when extended
in the course direction is like the deformation of a
parallelogram, as shown in Figure 7. Therefore, a parallelogram geometric model is proposed in the following to help analyze the deformation behavior of the
auxetic fabric structure when extended in the course
direction.
Geometric analysis. The main objective of the geometrical
analysis is to establish the relation between the PR and
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Figure 6. Photos of a hexagonal unit of Fabric A taken at different tensile strains in the course direction.

Tensile direction
Figure 7. Representation of a hexagonal unit of Fabric A by a parallelogram.

tensile strain of the structure. To simplify the analysis,
the following assumptions are ﬁrst made.
1. All the hexagonal units have the same shape and size
at the initial state. They will have the same deformation behavior under extension.

2. The deformation of a hexagonal unit can be represented by deformation of an equivalent
parallelogram.
The geometric model proposed is shown in Figure 8.
From Figure 8(a), it can be seen that the angle of two
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(a)

l0

Through the geometrical analysis, the relationship
between T0 and H0 can be obtained, and is given by
Equation (7):

Tensile direction

(b)

L0

C0
B

E

α0 β0
α0

D

D0
E0

B0

T
H H0 T 0

Cours

H0 ¼ T0  cos 0

Substituting Equation (7) into Equation (6) gives
Equation (8):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ



α

Wale
N N0

ð7Þ

T20 1 þ a1  "ba1

A0

"t ¼

Figure 8. Geometric model in the course direction: (a) representation of the hexagonal unit by an equivalent parallelogram;
(b) deformation of the parallelogram under extension.

sides of the parallelogram at its right-lower corner
equals the angle of the long rib formed with the vertical
line 0 . This condition is used in the following geometrical analysis. From Figure 8(b), it can be seen that
under extension in the course direction, the initial parallelogram A0B0C0D0 is deformed to the parallelogram
A0BCD, and the half unit-cell A0B0E0N0 is changed to
rectangle A0BEN. For ease of writing, it is supposed
that A0D0 ¼ T0, A0D ¼ T, D0N0 ¼ H0 and DN ¼ H.
Due to the complicated changes in the long ribs and
short ribs during extension, it is very diﬃcult to theoretically determine the change of T and H, as shown in
Figure 8(b). However, from the photos shown in Figure
6, it is easy to determine their change trends. Figure 9
shows the variation trends of T and H as a function of
tensile strain obtained through the picture analysis of
the photos shown in Figure 6. It can be found that T
has a power trend, while H has a linear trend. Based on
these trends, the following assumptions deﬁned by
Equations (4) and (5) are further made:
T ¼ T0 ð1 þ a1  "ba1 Þ

ð4Þ

H ¼ H0 ð1 þ a2  "a Þ

ð5Þ

where "a is the tensile strain of the fabric structure when
extended in the course direction and a1 , b1 and a2 are
constants that could be determined from experimental
results.Then the transverse strain "t can be derived as
Equation (6):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
NA0  N0 A0
T2  H2  T0  sin 0
"t ¼
¼
N0 A0
T0  sin 0
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
ð6Þ
T20 1 þ a1  "ba1 H20 ð1 þ a2  "a Þ2  T0  sin 0
¼
T0  sin 0

2

T20  ðcos 0 Þ2  ð1 þ a2  "a Þ2  T0  sin 0

T0  sin 0
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ

2
b1
2
2
1 þ a1  "a ðcos 0 Þ  ð1 þ a2  "a Þ  sin 0

¼

sin 0

ð8Þ

By substituting Equation (8) into Equation (3),
Equation (9), which deﬁnes the relation between the
PR and tensile strain when extended in the course direction, is obtained:

¼

"t
¼
"a

r
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
sin 0 
1 þ a1  "ba1 ðcos 0 Þ2  ð1 þ a2  "a Þ2
"a  sin 0

ð9Þ
From Equation (9), it can be found that there are
three constants a1 , b1 and a2 needing to be determined.
Here the experimental relationship between the PR and
tensile strain of Fabric A is used to determine these
constants. Both the calculated curve and experimental
values are shown in Figure 10. It can be seen that the
calculated curve ﬁts well with experimental results.
Fitting Equation (9) with the experimental results of
Fabric A gives a1 ¼ –0.83, b1 ¼ 1.73 and a2 ¼ –1.
Substituting these values into Equation (9) gives
Equation (10), which is a semi-empirical equation for
theoretically calculating the PR of the structure when
the tensile strain in the course direction is given:

¼

sin 0 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
2
2
2
1  0:83  "1:73
ðcos

Þ

ð
1

"
Þ
0
a
a
"a  sin 0
ð10Þ

Verification and prediction. To verify the validation of
Equation (10), the testing results of the other two
fabric samples (Fabric B and Fabric C) made with different values of 0 are compared to the curves plotted
with Equation (10). The comparisons are shown in
Figure 11. It can be seen that the calculated curves ﬁt
well with experimental results. Therefore, Equation (10)
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Figure 9. Variation trends of T and H as a function of tensile strain.

the fact that the decrease of 0 makes the fabric structure closer and easier to be opened under extension,
leading to a higher deformation in the transversal direction. Therefore, to design an auxetic spacer fabric
with high negative PR when extended in the course
direction, a small 0 should be used.

Deformation behavior when extended
in the wale direction

Figure 10. Curve fitted with experimental values when
extended in the course direction.

is validated and can be used to predict the PR of auxetic
spacer fabrics that are knitted with the same yarns, the
same geometrical parameters L0 and l0 and the same
machine gauge as Fabric A, but with diﬀerent a0 and
b0. From Equation (10), it can also be seen that the PR
of the fabric structure when extended in the course direction only depends on 0 . In order to know how 0
aﬀects the PR of 3D auxetic spacer fabric structure, the
PR curves as a function of the tensile strain are plotted
for diﬀerent values of 0 by using Equation (10), as
shown in Figure 12. It can be seen that the auxetic
behavior, that is, negative PR value, of the auxetic
spacer fabric structure rapidly increases with the
decrease of 0 . This phenomenon can be explained by

Experimental observation. The deformations of a hexagonal unit when extended in the wale direction of
Fabric A are shown in Figure 13. The photos are also
magniﬁed by eight times for better observation. The
same as course direction, the half unit-cell is outlined
by a rectangle. Observing these photos, it can be seen
that the long ribs ﬁrst rotate to the tensile direction and
then are extended during extension. The short ribs are
curved at the beginning. They are ﬁrst straightened and
then extended. They also rotate to the tensile direction
during extension. Therefore, the tensile strain in the
wale direction of the fabric mainly depends on the rotation and extension of both the long and short ribs. As
for the transverse strain, from the unit-cell, it can be
found that it is only dependent on the length change
and rotation of short ribs. While the extension of short
ribs increases the transversal strain, the rotation of the
short ribs to the tensile direction decreases the transversal strain.
Comparing all the photos in Figure 13, it can be
found that the hexagonal unit is always kept as a hexagonal form. Therefore, a hexagonal geometric model
is proposed in the following to help analyzing the
deformation behavior of the auxetic spacer fabric structure when extended in the wale direction.
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Due to the complicated changes in the long ribs and
short ribs during the extension process, it is diﬃcult to
determine the change of l and h. However, from the
photos shown in Figure 14, the variation trends of l
and h can be easily determined. The variation trends
of l and h as a function of tensile strain obtained
through the picture analysis of the photos in
Figure 14 are shown in Figure 15. It can be seen that
l has a linear trend, while h has a power trend.
Based on these trends, the following assumptions
deﬁned by Equations (11) and (12) are further made:

Figure 11. Comparisons between theoretically calculated
curves and experimental results.

l ¼ l0 ð1 þ a3  "a Þ

ð11Þ

h ¼ h0 ð1 þ a4  "ba4 Þ

ð12Þ

where "a is the tensile strain of the fabric structure when
extended in the wale direction and a3 , a4 and b4 are
constants that can be determined from experimental
results.Then transverse strain "t can be derived and is
given by Equation (13):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
AC  A0 C0 2 l2  h2  2  l0 cosb0
"t ¼
¼
A0 C0
2l0 cosb0
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
2

l20 ð1 þ a3  "a Þ2 h20 1 þ a4  "ba4

¼

 l0 cos b0

l0 cosb0
ð13Þ

Figure 12. Effect of 0 on Poisson’s ratio of fabric structure.

Through the geometrical analysis, the relationship
between l0 and h0 can be found and is given by
Equation (14):

Geometric analysis. For simplifying the geometric analysis, the following assumptions are ﬁrst made.

h0 ¼ l0 sin b0

1. All the hexagonal units have the same shape and size
at the initial state. They will have the same deformation behavior during the extension process.
2. A hexagonal unit is always kept as a hexagonal form
under extension in the wale direction.
The geometric model proposed is shown in Figure
14. While hexagon A0B0C0D0E0F0 in Figure 14(a) represents the initial state of the hexagonal unit, hexagonal
ABCDEF in Figure 14(b) represents the deformed state
when extended in the wale direction. In each ﬁgure, the
half unit-cell of the fabric structure is outlined out by a
rectangle plotted with dashed lines. For easy analysis, it
is supposed that A0B0 ¼ l0, AB ¼ l, B0N0 ¼ h0, BN ¼ h
and A0B0C0 and ABC are isosceles triangles.

ð14Þ

Substituting Equation (14) into Equation (13) gives
Equation (15):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
l20 ð1 þ a3 "a Þ2 l20 ðsin b0 Þ2 1 þ a4  "ba4

"t ¼

2

 l0 cosb0

l0 cosb0
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


ð1 þ a3 "a Þ2 ðsin b0 Þ2 1 þ a4 "ba4

¼

2

 cos b0

cosb0
ð15Þ

By substituting Equation (15) into Equation (3),
Equation (16), which deﬁnes the relation between the

Downloaded from trj.sagepub.com at Cairo University on May 18, 2014

XML Template (2014)
[19.2.2014–6:01pm]
//blrnas3/cenpro/ApplicationFiles/Journals/SAGE/3B2/TRJJ/Vol00000/140003/APPFile/SG-TRJJ140003.3d

[1–12]
[PREPRINTER stage]

(TRJ)

10

Textile Research Journal 0(00)

Long rib

10%
Half unit-cell

0%
Tensile direction

20%

40%

30 %

50%

80%

70%

60%

Figure 13. Photos of a hexagonal unit of Fabric A taken at different tensile strains in the wale direction.
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Figure 14. Geometric model in the wale direction: (a) initial
state; (b) extended state.

PR and tensile strain when extended in the wale direction, is obtained:

¼

"t
¼
"a

cos b0 

From Equation (16), it can be found that there are
three constants a3 , a4 and b4 needing to be determined.
Here the experimental relationship between the PR and
tensile strain of Fabric A is used to determine these
constants. Both the calculated curve and experimental
values are shown in Figure 16. It can be seen that the
calculated curve ﬁts well with experimental results.
Fitting Equation (16) with the experimental data of
Fabric A gives a3 ¼ 0.062, a4 ¼ 1.867, b4 ¼ 2.550.
Substituting these values into Equation (16) gives
Equation (17), which is a semi-empirical equation for
theoretically calculating the PR of the structure when
the tensile strain in the wale direction is given:

¼

cos b0 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
ð1 þ 0:062  "a Þ2 ðsin b0 Þ2 1 þ 1:867  "2:55
a

ð17Þ

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
2

2

ð1 þ a3  "a Þ ðsin b0 Þ 1 þ a4 

"ba4

"a cos b0

2

"a cosb0

ð16Þ

Verification and prediction. To verify the validation of
Equation (17), the testing results of the other two
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Figure 15. Variation trends of l and h as a function of tensile strain.

Figure 18. Effect of b0 on Poisson’s ratio of fabric structure.
Figure 16. Curve fitted with experimental values when
extended in the wale direction.

Figure 17. Comparisons between theoretically calculated
curves and experimental results.

fabric samples (Fabric B and Fabric C) with diﬀerent
values of b0 are compared with the curves plotted with
Equation (17). The comparisons are shown in
Figure 17. It can be seen that the calculated curves ﬁt
well with experimental data. Therefore, Equation (17)
is validated and can be used to predict the PR of auxetic
spacer fabrics that are knitted with the same yarns, the
same geometrical parameters L0 and l0 and the same
machine gauge as Fabric A, but with diﬀerent a0 and
b0. From Equation (17), it can be also seen that the PR
of the fabric structure when extended in the wale direction only depends on b0 . In order to know how b0
aﬀects the PR of 3D auxetic spacer fabric structures,
the PR curves as a function of the tensile strain are
plotted for diﬀerent values of b0 using Equation (17),
as shown in Figure 18. It can be seen that the negative
PR behavior of the auxetic spacer fabric structure is not
obviously aﬀected by b0 . However, the decrease of b0
can increase the tensile strain range for getting auxetic
behavior. It can be found that the PR becomes positive
at a strain of about 17% when b0 is 40 , and when b0 is

Downloaded from trj.sagepub.com at Cairo University on May 18, 2014

XML Template (2014)
[19.2.2014–6:02pm]
//blrnas3/cenpro/ApplicationFiles/Journals/SAGE/3B2/TRJJ/Vol00000/140003/APPFile/SG-TRJJ140003.3d

(TRJ)

[1–12]
[PREPRINTER stage]

12

Textile Research Journal 0(00)

20 , the strain is 40%. This is very useful when an
auxetic spacer fabric is designed to have negative PR
behavior in a large range of tensile strain when
extended in the wale direction.

Conclusions
The deformation behaviors of 3D auxetic spacer fabric
structure in both the course and wale directions were
studied based on the experimental observations of a
hexagonal unit and theoretical analysis of geometrical
models proposed. The semi-empirical equation between
the PR and tensile strain was established for each tensile direction. Some conclusions could be drawn from
the study.
1. Due to the anisotropic behavior of the 3D auxetic
structure, diﬀerent geometrical models are needed
for analyzing deformation behaviors of the structure
in diﬀerent tensile directions. While the deformation
of the hexagonal unit in the course direction can be
represented by deformation of a parallelogram, the
deformation of the hexagonal unit in the wale direction always keeps in a hexagonal form.
2. Diﬀerent geometrical parameters have diﬀerent
eﬀects on the PR of the structure. While the PR is
only aﬀected by a0 when extended in the course direction, it is only aﬀected by b0 when extended in the
wale direction for fabrics having speciﬁc values of L0
and l0. The increase of a0 can lead to the decrease in
the magnitude of the negative PR and the decrease
of b0 can maintain auxetic behavior in a larger range
of tensile strain.
3. The semi-empirical equations obtained are simple,
but ﬁt well with experimental results. They provide
a useful way for the design and prediction of 3D
auxetic spacer fabrics produced with the same type
of materials and same gauge of machines but
with diﬀerent values of geometrical parameters a0
and b0.
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