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Abstract

This article presents a numerical framework to predict the mechanical behavior of knitted fabrics from their discrete
structure at the fabric yarn level, i.e., the mesostructure, utilizing the hierarchical multiscale method. Due to the regular
distribution of yarn loops in a knitted structure, the homogenization theory for periodic materials can be employed. Thus,
instead of considering the whole fabric sample under loading, a significantly less computationally demanding analysis
can be done on a repeated unit cell (RUC). This RUC is created based on simple structural parameters of knitted yarn
loops and its fabric yarns are assumed to behave transversely isotropic. Nonlinear finite element analyses are performed
to determine the stress fields in the RUC under tensile and shear loading. During this analysis, contact friction among
yarns is considered as well as the periodic boundary conditions are employed. The macroscopic stresses then can be
derived from the stress fields in the RUC by means of the numerical homogenization scheme. The physical fidelity of
the proposed framework is shown by the good agreement between the predicted mechanical properties of knitted fabrics
and corresponding experimental data.
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1. Introduction

There has been increasing interest in the mechanical
behavior of fabric materials, due to the wide range of ap-
plications they can be utilized in. Especially textile com-
posite materials, where fabric structures are utilized as5

preforms, are gaining more and more attention, beyond
the traditional textile industries, i.e., apparel and fashion.
Indeed, textile composite materials can now be found in
domains such as aerospace, automotive and submarines
industries, as well as architecture and civil engineering,10

e.g., tension membrane structures [1]. Furthermore, so-
called functional, technical or smart textiles are utilized
in biomedical applications, defense and flexible electronics
[2].

In general, woven, non-woven, braided and knitted fab-15

rics can be distinguished according to their method of fab-
rication. Among them, knitted fabrics, which are pro-
duced by intermeshing loops of yarns using knitting nee-
dles, have so far the most modest percentage for usage in
technical applications [3], even though they are widely uti-20

lized for outerwear, such as dresses and sportswear due to
their excellent formability [4].
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However, due to the advancement in knitting technol-
ogy as well as the availability of high performance fibers
such as carbon, glass and aramid, knitted fabrics are gain-25

ing more and more interest in different innovative appli-
cations. For example, smart fibers are used as the base
material for active knitted actuators [5] or shape mem-
ory alloy (SMA) fibers are knitted into garments to create
the shape changing cloths [6]. In addition, knitted textiles30

are also the materials of choice in biomaterials because of
their high flexibility and low tendency to fray [7]. More-
over, in the composite materials industry, the utilization
of knitted fabrics as preforms was considered skeptically
because of their relatively low stiffness and strength origi-35

nating from their low fiber volume fraction. Nevertheless,
the curved nature of the knitted loops manifests itself in
the outstanding drapability of the resultant knitted fab-
rics, which catches the attention of composite materials
engineers. This special property enables knitted fabric to40

be utilized in forming complex and deeply curved compos-
ite components [8].

Additionally, changing fiber/yarn materials and knit-
ting pattern of preforms will vary the mechanical prop-
erties of the knitted fabric composites. Therefore, with45

the currently available fiber materials and various knit-
ting patterns, which can be formed from modern knitting
machines, composite engineers indeed have more options
to tailor the mechanical properties of knitted composites
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in such a way that they can fit a particular application.50

Especially, knitted fabrics can be utilized to create 3D pre-
forms with several types of fiber and various local knitting
patterns. As a consequence, various local thicknesses and
properties preforms can be achieved [8]. This advantage
has for instance been exploited to create auxetic fabrics55

and auxetic composites, which have negative Poisson’s ra-
tio [9].

From production point of view, compared to other kinds
of fabrics, knitted fabrics do have several advantages such
as mass productivity, low fabrication cost and quick set-up60

of the knitting machines [3, 8]. It is noteworthy that the
stiffness and strength of knitted fabrics can be improved
by introducing straight yarns as described in [10].

It was experimentally validated that the mechanical
properties of dry fabric preforms have a strong effect on65

the mechanical properties of the resultant textile compos-
ites [8, 11]. In order to fully exploit the advantages as well
as to identify the limitation of knitted fabrics, a better
understanding of the mechanical properties of this kind of
materials is needed, not only in composite industry but70

also in other industries, such as computer graphics [4], ap-
parel and industrial applications [12]. Fibrous materials
in general and knitted fabrics in particular exhibit high
level of anisotropy and nonlinearity in mechanical proper-
ties due to the heterogeneous nature of their meso/micro75

structures [13]. The macroscopic mechanical behavior of
knitted fabrics is mainly governed by the properties of
the constituent fibers and the intricate interactions among
fibers, i.e., intra-yarn contact as well as among yarns, i.e.,
inter-yarn contract [14]. Thus, modeling and simulation of80

knitted fabrics is a very challenging task.
The outline of this manuscript is as follows: in the

next section, a detailed literature review of knitted fab-
rics modeling is conducted, including both geometrical and
mechanical modeling aspects. Afterward, the ingredients85

of our proposed model, viz., the geometrical model of the
plain knitted unit cell, as well as the mechanical mate-
rial properties of the fabric yarn are presented. Subse-
quently, the elements of the Repeated Unit Cell (RUC)-
based homogenization technique and their implementation90

in ABAQUS/Standard are mentioned. This section is fol-
lowed by numerical results, including the successful valida-
tion of our computational approach against experimental
references. The manuscript ends with some concluding
remarks.95

2. Literature study on knitted fabrics modeling

During last few decades, the research in textile compos-
ites and dry fabric materials has been very active. How-
ever, most of the efforts have been focusing on woven fab-
rics, while significantly less references exist on the investi-100

gation of material behavior of knitted fabrics. As a whole,
mechanical properties of knitted fabrics are significantly
different from those of woven fabrics. The main reason is
that woven fabrics are made by interlacing slightly crimped

fibers orthogonally. As a consequence, they possess very105

little stretchability [15]. On the other hand, knitted fab-
rics are produced by looping the yarn through itself to
make a chain of stitches that are subsequently connected
together. The curvature of the yarn in the knitting pat-
tern is the source of stretchability of knitted fabrics, even110

in case they are made of high modulus fibers [16]. In fact,
knitted fabrics possess a hierarchical multiscale nature.
The fabric is composed of the yarn and the yarn is com-
posed of the fibers. Therefore, modeling of knitted fabrics
can be addressed at three different scales, viz., macroscale115

or fabric scale, mesoscale or yarn scale, and microscale or
fiber scale. Hitherto, most of the works in modeling knit-
ted fabrics have been proposed at mesoscale [10, 17–19].
To model knitted fabrics at mesoscale level, we need to
define a realistic geometry model of the repeated unit cell120

(RUC), which is the smallest pattern used to represent the
whole fabric by several translations, a material constitu-
tive law for the fabric yarn, which can reflect its fibrous
nature [17], as well as frictional contact among the yarns,
and appropriate boundary conditions.125

2.1. Geometrical models

In the literature, a couple of geometrical models were
proposed for knitted fabrics, mainly aiming at plain weft
knitted fabrics. In a plain weft knitted structure, rows are
referred to as courses, which run across the width of the130

fabric, and columns are referred to as wales, which run
along the length of fabric (cf. fig. 1). According to Gravas
et al. [20], the first two-dimensional geometrical model
for knitted fabrics was proposed by Tompkins [21] more
than a hundred years ago. A few years later, Chamber-135

lain [22] proposed another two-dimensional model. That
model presented a projection of the yarn loop of a plain
weft knitted fabric, which is composed of circular arcs and
straight lines. The first three-dimensional model for plain
knitted fabric was proposed by Peirce [23]. In that model,140

Peirce assumed that the heart line of the course yarn is
composed of circular arcs and straight lines. Additionally,
he assumed that this heart line lies on a circular cylindri-
cal surface. It was pointed out in the paper of Leaf and
Glaskin [24] that the geometrical model of the fabric yarn145

of Peirce caused discontinuities in torsion that occur at
material points in the loop. Thus, they proposed another
model [24] to fix that defect. In that proposed model, Leaf
and Glaskin assumed that the projection of the heart line
of the yarn is composed of only circular arcs. That model150

was later utilized in [25] to model knitted fabric reinforced
composites.

Recently, Vassiliadis [26] proposed a more complex ge-
ometrical model for plain weft knitted fabrics using B-
Splines. The inputs of this model are the main structural155

parameters of a single jersey fabric, viz., the course space,
the wale space and the thickness of the yarn. This geomet-
rical model was utilized in mesostructural analyses by the
same author [18]. Moreover, the model was also employed
in the analyses presented in [27, 28]. Furthermore, based160
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on that model Abghary et al. [10] have proposed a novel
geometrical model for 1 × 1 rib knitted fabrics. Recently,
McKee et al. [15] have utilized trigonometric functions to
describe the heart line of the knitted yarn. The parame-
ters in that model were calibrated with X-ray tomographic165

images. It is noteworthy that all of the geometrical models
mentioned thus far were aimed for relaxed knitted fabrics.
Therefore, the residual stresses originated from the knit-
ting process mentioned in [29] can be neglected.
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Figure 1: Plain weft-knitted structure and its RUC bounded by the
rectangle.

2.2. Mechanical models170

There have been various approaches to simulate the
mechanical behavior of knitted fabrics. As mentioned in
[29], during the course of loading the main deformation
modes of knitted yarns are inter-yarn slip, inter-yarn shear,
yarn bending, yarn buckling, intra-yarn slip, yarn stretch-175

ing, yarn compression and yarn twist. These deformation
mechanisms can indeed be captured at the yarn level, i.e.,
the mesoscale. Therefore, it is no surprise that most of the
models for knitted fabrics were proposed at that length
scale.180

There were some attempts to use the Euler-Bernoulli
beam model to investigate tensile mechanical properties
of knitted yarns analytically, among them are [19, 30–
33]. The most successful model in this approach is the
one proposed by Hong et al. [19] for plain weft knitted185

fabrics made of high performance fibers, such as glass,
carbon and aramid. In their model, they considered a
two-dimensional loop structure, which represents the re-
laxed state of the knitted fabric. The yarn to yarn contact
was replaced by kinematic boundary conditions at contact190

points. Then the static equilibrium conditions of the fabric
under uniaxial tests were established by using the Euler-
Bernoulli beam theory. The theoretical predictions are in
good correlation with the experimental data. That model
was later utilized by Abel et al. [34] to predict the actua-195

tion response of a shape memory alloy garter knitted fabric
and Dusserre et al. [32] to predict the elastic properties of
knitted composite reinforcement with inlaid yarns. How-
ever, there are several strong assumptions in the model of

Hong et al. [19]. Firstly, the change of the yarn’s cross sec-200

tion is neglected. This assumption can be accepted in case
of fabrics made of monofilament yarns, but it can lead to
erroneous results for multifilament fabrics [2]. Addition-
ally, the contact friction between yarns is not considered
in that model. As a consequence, that model cannot be205

used to study the hysteresis effect of knitted fabrics. In or-
der to investigate this effect, Dusserre et al. [33] improved
the original model of Hong et al. [19] by introducing the
contact friction. However, visible discrepancies between
theoretical predictions and the experimental data can be210

seen from their results. Moreover, the expansion of these
analytical models becomes extremely difficult for knitted
fabrics that have complicated knitting patterns because of
the complexity of mathematical equations needed to de-
scribe the fabric behavior.215

Ji et al. [35] proposed a mass-spring system to model
plain knitted fabrics. In their model, masses are connected
to each other by massless springs. These springs are used
to resist the in-plane elongation or compression, shearing,
and bending deformations. The mechanical properties of220

these springs were derived from the corresponding exper-
imental tests. This approach is undeniable the method of
choice to visualize fabric and garment due to its attractive
computational time. However, validation of this model is
missing in ref. [35]. Another effort from computer graphics225

community is the work of Wang et al. [4], who employed a
data-driven technique to model knitted fabrics with differ-
ent kinds of knitting patterns. In their model, they used
piecewise linear elasticity model to approximate the non-
linear, anisotropic behavior of knitted fabrics. There are230

39 parameters in their model and they had to perform 105
tests for each cloth material, which make this model be-
come clumsy for practical utilization. Nevertheless, the
obtained results presented in that paper are very encour-
aging. The fabric’s deformation looks quite realistic since235

especially wrinkling patterns are captured quite well.
Yeoman et al. [7] proposed a phenomenological model

for knitted fabrics at macroscale, i.e., fabric level, utilized
in biomedical applications. Their model is indeed an ex-
pansion of the model proposed by Chuong and Fung [36]240

for soft biological tissues by including shear and increas-
ing the number and order of coefficients in the strain en-
ergy function. That model yields quite good results when
compared with the experimental data from uniaxial ten-
sile tests, but its performance is deteriorated when com-245

pared with the experimental data from a simple shear test.
Those authors also claimed that the performance of their
proposed model can be improved if more terms are added
into the strain energy function. However, to do so, it de-
mands more experimental data to calibrate the model pa-250

rameters.
Recently, Fillep et al. [14] employed numerical homog-

enization method to predict the mechanical behavior of
dry plain knitted fabrics. To the best knowledge of the
authors, that is the first work in which the numerical255

homogenization method was utilized for knitted fabrics.
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However, in that paper the validation of the numerical
results is missing. Indeed, the numerical homogenization
method is very versatile and has been widely utilized to
predict the mechanical properties of woven fabrics [37],260

woven coated fabrics [13] and textile composites [38–40].
However, thus far there have been very few works in which
the numerical homogenization method was used for simu-
lating the mechanical behaviors of knitted fabrics. By em-
ploying this method, we can reduce the number of physical265

experiments, which can be very extensive and expensive.
Moreover, it can help to gain a better understanding of
the deformation mechanisms of knitted fabrics during the
course of loading as well as to investigate the effects of dif-
ferent parameters to the overall macroscopic behavior of270

knitted fabrics [41]. Because of these advantages, numeri-
cal homogenization is the method of choice in the present
article.

3. Modeling inputs

3.1. Geometrical parameters275

Since the experimental data utilized to validate the nu-
merical simulations in this work are extracted from [18],
we also employed the geometrical model proposed in [26]
by the same authors for the sake of consistency. Figure 2
presents the idealized 3D unit cell of a plain knitted fabric280

proposed in [26]. The inputs of this model are the course
distance c, the wale distance w and the yarn diameter D.
Other parameters are derived directly from these three pa-
rameters, except for the parameter t. This parameter is
determined in such a way that the length of the yarn loop285

is minimal. Because of the symmetry of the model, the
whole unit cell can be derived once a quarter of the yarn
loop, i.e., EMKA in the front view in fig. 2, is determined.
This path can be divided into three parts and their math-
ematical descriptions are as follows:290

• Part EM (0 < y < c/2):

x(y) = −D
c
y, (1)

z(y) =
√

(r +D/2)2 − y2 − (r +D/2), (2)

where r = [(c− D
2 −

t
2 )2 − (D2 + t

2 )2]/(2D).

• Part MK (c/2 < y < c/2 +R):

x(y) = h− a
√

1− (
y − c/2

b
)2, (3)

z(y) =
√

(r +D/2)2 − y2 − (r +D/2), (4)

where h = ( c2 − R) · tan(π2 − ω), R = c
2 −

t
2 −

D
2 ,

ω = arctan( c−D sin(γ)
D ), and γ = arcsin( 0.5·c

r+0.5·D ).

• Part KA (x(y = c/2 +R) < x < w/4):

y(z) =
√

(r +D/2)2 − (z + r +D/2)2, (5)

z(x) = OZ −
√
A2 − (x−OX)2, (6)

where OX = w/4, OZ =
(x2−OX)2−(x1−OX)2+z22−z

2
1

2·(z2−z1) ,

and A =
√

(x1 −OX)2 + (z1 −OZ)2. Additionally,295

(x1, z1) and (x2, z2) are the coordinates of two points
in part MK with y1 = c/2 + R − 0.001 and y2 =
c/2 +R.

In this work, eqs. (1) to (6) are implemented in Wol-
fram Mathematica, then the length of the loop is calcu-300

lated symbolically as a function of the parameter t. Sub-
sequently, the function FindMinimum is employed to find
the value of t that yields the minimum length of the yarn
loop. For this article, we consider a plain weft knitted fab-
ric studied in [18] that has the course space c = 0.4857305

mm, the wale space w = 0.8327 mm, and the yarn diam-
eter D = 0.1845 mm. The optimum value of t is equal to
0.072 mm, corresponding to the length of the loop of 2.742
mm (cf. fig. 3).
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Figure 2: Different views of the idealized plain weft knitted fabric
RUC proposed by Vassiliadis et al. [26] (from top to bottom: top
view, front view and side view)

4



0 0.02 0.04 0.06 0.08 0.1 0.12
2.7

2.75

2.8

2.85

2.9

2.95

3

t (mm)

Le
ng

th
 o

f t
he

 fa
br

ic
 lo

op
 (

m
m

)

Figure 3: Relationship between the parameter t and the fabric yarn
loop.

3.2. Material parameters310

For multifilament fabrics, the fabric yarn is considered
as a transversely isotropic material, i.e., mechanical mate-
rial behaviors are the same in the directions that are per-
pendicular to the fiber axis, but different along the fiber
axis. To implement this model in ABAQUS, a local axis is315

defined along the heart line of the yarn as shown in fig. 4.
Herein, the direction 3 is defined along the heart line of
the yarn, while the direction 1 is the direction normal to
the heart line and the direction 2 is defined so that it can
comply with the other directions to create a right-handed,320

orthogonal coordinate system. The elastic parameters of
the yarn utilized in this work are extracted from [18] and
presented in table 1. It is worth mentioning here that in
case of large deformation, hyperelasticity models, e.g., the
hyperelasticity model proposed by Charmetant et al. [42],325

should be utilized for modeling the fabric yarn.

4. Numerical homogenization method for knitted
fabrics

As mentioned in section 2, the macroscopic mechani-
cal behavior of knitted fabrics is mainly governed by their330

constituents at meso and microscale. Therefore, it is quite
cumbersome to phenomenologically model knitted fabrics.
On the other hand, if we consider the fibers or yarns, i.e.,
the local heterogeneities, explicitly in the structural analy-
sis, it will result in an extremely computationally demand-335

ing simulation. Multiscale modeling is an eligible solution
for this case.

In general, multiscale methods can be divided into three
categories, viz., hierarchical, semi-concurrent and concur-
rent methods [43]. Among them hierarchical multiscale340

method has been successfully utilized to extract material
properties of dry fabrics [39], coated fabrics [13] and tex-
tile composites [40]. The core of this multiscale method
is the RUC-based homogenization technique. Using this

technique, the strain from macroscale (i.e., the fabric or345

component level) can be transferred to the fine scale (i.e.,
the mesoscale or the yarn level in this study) as boundary
conditions. In return, the stress of the coarse scale can be
obtained from the stress fields in the fine scale by using a
certain homogenization scheme (cf. fig. 5).350

In the present work, we use periodic boundary condi-
tions (PBCs) and the numerical homogenization method
to exchange the information between the macro and meso
scales. For the sake of completeness, here we recall the ba-
sic, yet general theory of the RUC-based homogenization355

technique. Subsequently, their implementation in ABAQUS
will be elaborately presented.

4.1. Theoretical background of the hierarchical multiscale
method

Let {u : B ×R → R3} denote the displacement field
at a material point x ∈ B of the mesostructure B ⊂ R3.
The (quasi-)static equilibrium equation at the mesoscale
can be stated as follows:

∂σij
∂xi

= 0. (7)

Herein, we assume there is no body force in the system. In
this study, the symmetric stress σ is related to the strain
ε by the elastic constitutive relation

σij = Cijklεkl, (8)

where Cijkl is the fourth-order stiffness tensor and the
strain ε is defined as

εkl =
1

2

(
∂uk
∂xl

+
∂ul
∂xk

)
. (9)

At the mesoscale of knitted fabrics, contact among the360

yarns are also involved. As a consequence, the following
conditions are imposed [14].

• Non-penetration conditions in the normal direction:

[u]n ≤ g, σn ≤ 0, σn ([u]n − g) = 0. (10)

• Frictional stick and slip conditions in the tangential
surface:

|σt| < G, ⇒ [u]t = 0,

|σt| = G, ⇒ [u]t = −λσt.
(11)

Herein, un = u · n, [u]n is the relative displacement in the
direction of the outward normal to the contact surface,
g is the initial gap function between contacting surfaces,365

σn = (σ · n) · n, σt = σ · n − σnn, G is the Tresca fric-
tion traction, ut = u − unn, [u]t is the relative displace-
ments in the tangential direction to the contact surface, λ
is the frictional coefficient and n is the unit outward nor-
mal vector to ∂B. In ABAQUS, to impose these contact370
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E1 = 10 N/mm2 G12 = 3.85 N/mm2 ν12 = 0.3 ν13 = 0.0037
E2 = 10 N/mm2 G23 = 5 N/mm2 ν21 = 0.3 ν31 = 0.3
E3 = 800 N/mm2 G31 = 5 N/mm2 ν13 = 0.0037 ν23 = 0.0037

Table 1: Elastic properties of the fabric yarn studied in this work.

1-axis 2-axis 3-axis

(a) (b) (c)

Figure 4: Material directions in the fabric yarn: (a) direction 3 is defined along the heart line, (b) direction 1 is defined perpendicularly to
the heart line, and (c) direction 2 is defined in such a way that, together with other directions, it can form a right handed coordinate system.

Homogenized stress

Macroscopic straine

s

Figure 5: Homogenization method for knitted fabrics.

conditions we utilize the commands *Surface Behavior,

pressure-overclosure=HARD and *Friction [44].
These system of equations cannot be solved without

certain boundary conditions. In RUC-based homogeniza-
tion, these boundary conditions have to be formulated con-375

sistently with an averaging theorem [45]. In this work, we
use the averaging theorem formulated by Hill [46].

Let V ⊂ R3 designate the RUC associated with the
mesostructure B. We define the overall macrostress σ̄
and the overall macrostrain ε̄ of the mesostructure B as
follows:

σ̄ =
1

|V |

∫
x∈V

σ(x)dV , (12)

ε̄ =
1

|V |

∫
x∈V

ε(x)dV , (13)

where |V | is the volume of the RUC. The averaging the-
orem formulated by Hill requires that the average of the
mesoscopic stress power to be equal to the macroscopic

stress power. It leads to the following equation:

σ̄ : ˙̄ε =
1

|V |

∫
x∈V

σ(x) : ε̇(x)dV . (14)

As a whole, there are three different boundary condi-
tions for which eq. (14) is satisfied, viz., constant tractions,
linear displacements and periodic displacements in con-380

junction with antiperiodic tractions, i.e., periodic bound-
ary conditions [47]. These boundary conditions indeed
manifest the macroscopic deformation modes with either
prescribed overall macrostress σ̄ or prescribed overall macros-
train ε̄. In this work, we employ the periodic boundary385

conditions in which we assume that the overall macros-
train ε̄ is prescribed. Subsequently, the obtained stress
fields in the deformed RUC will be utilized to calculate
the overall macrostress σ̄ (cf. eq. (12)).

4.2. Periodic boundary conditions390

In this study, only the in-plane mechanical properties of
the knitted fabric are considered. Thus, two-dimensional
PBCs are imposed to the three-dimensional mesoscale model,
i.e., the displacement in the thickness direction of the
mesoscale model is left unassigned.395

In practice, the PBCs are usually applied to the oppo-
site surfaces of the RUC in a pointwise fashion. Specif-
ically, in the case of the considered knitted fabrics (cf.
fig. 6), the PBCs are imposed on the material points in
area A1 and their counterparts in area A3, which have the400

same values of x1 and x3 . These conditions also apply for
material points in area A2 and their counterparts in area
A4, and those in area A5 and area A6.

We can express these PBCs for material points on each
surface pair as follows:405
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x1

x2

x3

A1

A3

A2

A4

A5

A6

Rp2

Rp1Rp1

Rp1

Figure 6: Areas in the knitted fabric model in which the PBCs are applied and locations of reference points (Rp1 and Rp2 are respectively
denoted for reference points 1 and 2), whose displacements control the deformation modes of the RUC.

• Surfaces A1 and A3:

uA1
1 = uA3

1 + ε12 ·∆x2, (15)

uA1
2 = uA3

2 + ε22 ·∆x2, (16)

uA1
3 = uA3

3 + ε32 ·∆x2, (17)

• Surfaces A2 and A4:

uA2
1 = uA4

1 + ε12 ·∆x2, (18)

uA2
2 = uA4

2 + ε22 ·∆x2, (19)

uA2
3 = uA4

3 + ε32 ·∆x2, (20)

• Surfaces A6 and A5:

uA6
1 = uA5

1 + ε11 ·∆x1, (21)

uA6
2 = uA5

2 + ε21 ·∆x1, (22)

uA6
3 = uA5

3 + ε31 ·∆x1, (23)

where u1, u2 and u3 are the displacements in x1-, x2- and
x3-directions, ∆x1 and ∆x2 are respectively the distances
from surfaces A1 to A3 and A6 to A5 and εij are the com-
ponents of the macroscopic strain tensor. Equations (15)
to (23) can be implemented in ABAQUS [44] by using the
linear equation constraint. The generic form of the linear
equation constraint in ABAQUS is as follows:

A1u
P
i +A2u

Q
j + · · ·+ANu

R
k = 0, (24)

where uPi is the nodal displacement at node P in the i
direction, and A� are coefficients that define the relative
motion of the nodes [44]. To implement eqs. (15) to (23)
in ABAQUS using this linear equation constraint, we in-
troduce two reference points (cf. fig. 6), then the values410

of the last term in each equation are imposed as displace-
ments on these reference points. It is noteworthy that
these reference points are not connected to any material
part, but deformation modes of the RUC are controlled by
the displacements imposed at these points.415

4.3. Numerical homogenization scheme

The homogenized macroscopic stress tensor σ̄ can be
calculated from eq. (12). This integration can be done nu-
merically with respect to the utilized element type and ele-
ment geometry. However, this approach is not numerically
efficient. By using the divergence theorem and exploiting
the equilibrium condition, eq. (12) can be expressed as:

σ̄ij =
1

|V |

∫
x∈∂V

fjxida, (25)

where f and x are respectively the traction and position
vectors of material points on the surfaces of the RUC. In
[48], it was proved that by using the PBCs eq. (23) can be
simplified as follows:420

σ̄ij =
1

|V |

∫
x∈∂V

fjxida =
1

|V |

3∑
p=1

fpj x
p
i , (26)

where fp and xp are respectively the traction and position
vectors of the reference points (cf. fig. 6).

5. Numerical results

5.1. Uniaxial tensile tests

Physical uniaxial tensile tests in the wale and course di-425

rections of the same knitted fabric sample were performed
in [18] using the Kawabata Evaluation System for Fab-
rics (KES-F). In these tests, the samples have rectangular
shapes with a width of 2.5 cm and a length of 20 cm and
were cut along the course and wale directions. These sam-430

ples were then mounted between two rigid parallel bars.
During the course of deformation, one bar was clamped,
while the other was moved in parallel to the clamped one.
The strain rate is constant and equal to 0.1 mm/s. This
strain rate is quite slow, thus the inertial effect can be435

omitted in the analysis. The imposed deformation was
stopped when the tensile load reached the value of 50
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gf/cm. It is noteworthy that during the course of tensile
tests the change in thickness direction of fabrics is assumed
to be negligible that is why the load per unit length is used440

instead of stresses.

Tensile test along the course direction

As mentioned in section 4.2, the deformation modes of
the RUC are imposed through the displacements of the
reference points. For the uniaxial test along the course445

direction, i.e., the coursewise uniaxial test, the boundary
conditions are set as follows:

• The strain ε11 = 0.15 that results the displacement of
0.12 mm in the x1-direction (cf. fig. 6) is imposed at
reference point 1. Displacements in other directions450

at reference point 1 are fixed.

• At reference point 2, displacement in the x1- and
x3-direction are fixed, while the displacement in the
x2-direction is free. Thus, it allows the lateral de-
formation of the RUC during the course of loading.455

As a consequence, the RUC is subjected to uniaxial
stress state.

• Moreover, to avoid rigid body motions, the displace-
ments of a node located at the center of surface A5

are fixed.460

The RUC is discretized by using three-dimensional brick
elements, i.e., the C3D8 element in ABAQUS/Standard
[44]. A mesh sensitivity study is performed to ensure that
a converged solution is obtained for successively refined
meshes. Figure 7 illustrates five meshes used for this study465

containing 3,023, 15,165, 32,137, 110,180 and 249,893 el-
ements. The corresponding load-strain curves obtained
from these models, viz, Model 1 to Model 5, are plotted in
fig. 8. Indeed, the load in these curves are calculated by
multiplying the overall macrostress σ̄ to the thickness of470

the RUC. As can be seen from this graph, the load-strain
curve shows no more visible change when the number of
elements in the mesh is greater than 32,137, i.e., Model 3
(cf. fig. 7c). Therefore, in subsequent simulations, Model
3 will be utilized. Moreover, to efficiently exploit the paral-475

lel computing capacity of ABAQUS, simulations of Model
3 with different number of CPUs are performed. As can
be seen from fig. 9, the simulation can be done within 569
seconds (wall clock time) when 8 CPUs (Intel Core i7-
6900K, 3.2 GHz) are utilized. The calculation time does480

not reduce when the number of utilized CPUs is further
increased.

In ref. [18], the value of the frictional coeffient is miss-
ing, therefore we perform a parametric study to identify
the value of frictional coefficient that can yield a good cor-485

relation between the numerical simulation and the exper-
imental data from the coursewise tensile test. The load-
strain curves obtained from the parametric study when
the frictional coefficient is changed from 0.05 to 0.2 are
plotted in fig. 10. From this graph, it can be seen that490

within the considered range of the frictional coefficient,
the homogenized load-strain curves are in good correla-
tion with the corresponding experimental data, but the
homogenized load-strain curves in general are less non-
linear. At the beginning of the load step, the discrepan-495

cies among them are quite small. However, these discrep-
ancies become more visible when the strain reaches 5%.
Among them, the difference between homogenized result
obtained using µ = 0.2 and the experimental data at this
strain level is the largest. When the strain passes 10%,500

the discrepancies between experimental data and the ho-
mogenized results obtained using µ = 0.15 and µ = 0.2
are quite small. Therefore, considering the correlation be-
tween the homogenized result and the experimental data
for the whole range of strain, the frictional coefficient of505

0.15 is chosen. This value is also utilized for the subse-
quent simulations in this study.

The deformed configuration of the RUC at the end of
the load step is plotted in fig. 11. As can be seen from
fig. 11a, the maximum stress mainly occurs in part KM510

(cf. fig. 2) of the yarns. This part is quite straight, there-
fore, the material orientation, i.e., direction 3 in fig. 4,
is almost in line with the loading direction. Additionally,
the material behavior in this direction is assumed linear,
that is why the homogenized load-strain curves obtained515

in fig. 10 are quite linear compared to the corresponding
experimental data. Moreover, it can be seen from fig. 11c
that the strain in the transversal direction of the yarn,
which results from the contact between the yarn head and
yarn legs, is quite large compared to the strain in the fiber520

direction. Nevertheless, the corresponding stress is quite
small (cf. fig. 11d). It is indeed expected in this case
because the Young’s moduli in the transversal directions
are quite small compared to the counterpart in the fiber
direction (cf. table 1). This result, however, emphasizes525

the importance of considering the anisotropic nature in
mechanical behavior of the fabric yarn. Moreover, it is
noteworthy that by leaving the degree of freedom in the
x2-direction at reference point 2 free, contraction in the
lateral direction is allowed (cf. fig. 11a). Thus, the uniax-530

ial stress state can be achieved in the RUC.

Tensile test along the wale direction

Similar to the tensile test in the course direction, the
uniaxial stress state in the wale direction can be achieved
by using the following boundary conditions:535

• The strain ε22 = 0.10, which results in a displace-
ment of 0.049 mm in the x2-direction (cf. fig. 6), is
imposed at reference point 2. Displacements in other
directions at reference point 2 are fixed.

• At reference point 1, displacements in the x2- and540

x3-directions are fixed, while the displacement in the
x1-direction is free. Thus, it allows the lateral de-
formation of the RUC during the course of loading.
As a result, the RUC is subjected to uniaxial stress
state.545
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(a) (b)

(c) (d)

(e)

Figure 7: Different mesh densities are utilized to discretize the knitted fabric RUC: (a) Model 1: 3,023 elements, (b) Model 2: 15,165 elements,
(c) Model 3: 32,137 elements, (d) Model 4: 110,180 elements, and Model 5: 249,893 elements.
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Figure 8: Homogenized load-strain curves obtained from the course-
wise tensile test when different mesh densities (cf. fig. 7) are utilized
to discretize the RUC.
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for Model 3 to simulate the uniaxial coursewise tensile test.
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Figure 10: Effect of the frictional coefficient µ on the homogenized
load-strain curves obtained from the coursewise tensile test.

• Moreover, to avoid rigid body motions, the displace-
ments of a node located at the center of surface A3

are fixed.

Additionally, it is worth repeating that during the course
of simulation, Model 3 (cf. fig. 7) is utilized with the fric-550

tional coefficient of 0.15, as determined in the previous
section. The stress distribution on the deformed configu-
ration of the RUC as well as its homogenized load-strain
curve in this test can be seen in fig. 12a and fig. 13, respec-
tively. It is clear from fig. 13 that the model can capture555

well the nonlinear behavior of the knitted fabric. It thus
proves the validity of the frictional coefficient chosen in
the previous test. Compared to the previous test, this
time the effect of the inter-yarn interaction is more pro-
nounced. It manifests itself not only in a larger contact560

area in the fabric yarn (cf. the non-zero contact-pressure
bands in fig. 12b and fig. 11d), but also in the homogenized
load-strain curve plotted in fig. 13. In this graph, it can
be seen that the homogenized load-strain curve is more
nonlinear compared to the counterpart in fig. 10. This565

phenomenon originates from the contact friction among
the yarn as mentioned in [14]. Moreover, it is notewor-
thy that the behavior of the fabric in the wale direction
is stiffer than in the course direction. It is in fact in line
with the observation presented in [2], where the authors570

mentioned that in plain weft knitted fabrics, the load can
be transferred through wavy paths that are defined by the
fabrics’ loops and connection points (cf. fig. 14). Indeed,
the crimp level, i.e., the level of waviness, of the path in
wale direction is less than the counterpart in the course575

direction. Eventually, it leads to the stiffer mechanical
behavior of the knitted fabric in the wale direction.

5.2. Shear test

As mentioned in section 1, knitted fabrics can be used
as preforms for deeply curved composite components due580

to their excellent formability. During the forming process,
dry knitted fabrics can be subjected to a very complicated
deformation, which is a combination of biaxial tension, in-
plane shear, transverse compaction and out-of-plane bend-
ing. Among them, the in-plane shear deformation is sig-585

nificant and can cause problems, such as the appearance of
wrinkles [49]. Therefore, it is vital to understand the fabric
shear behavior to model forming process with confidence.

In [18], a shear test of the same fabric studied in this
work has been done. The sample has dimensions of 20 cm×590

5 cm. The sample was mounted between two rigid bars, as
it was in the the tensile tests. Then one bar was clamped
and the other was moved parallel to the clamped one. At
first this bar was moved along the the wale direction to
impose a pretension of 10 gf/cm. Then, it was moved595

along the course direction to impart shear deformation on
the sample. The shearing deformation is stopped when
the shear angle is equal to 8◦. For this test, the boundary
conditions of the RUC are set as follows:

• At reference point 1, the displacements in the x1-600

and x3-directions are fixed, while the displacement
in the x2-direction is free.

• At reference point 2, the displacement in the x3-
direction is fixed. A force of 0.00476 N, which is
equivalent to the pretension of 10 gf/cm, is applied in605

the x1-direction. Subsequently, the induced displace-
ment in the x1-direction was retained. Afterward, a
strain ε12 of 0.14, which results in a displacement of
0.116 mm in the x2-direction, is imposed at reference
point 2.610

• Moreover, to avoid rigid body motion, displacements
of a node located at the center of area A5 are fixed.

The deformed configuration and the stress distribution on
the RUC is visualized in fig. 15. It can be seen from this
figure that the value of the von Mises stress in this test615

is quite small compared to the previous tests. In fig. 16,
the homogenized load-shear angle curve is plotted together
with the corresponding experimental data. Generally, the
prediction values are monotonically lower than the exper-
imental data, but the discrepancy between them is quite620

small in this case. The reasons for this discrepancy can be
as follows:

• The value of load in this test is ca. 10 times smaller
than those in the walewise and coursewise uniaxial
tests (the maximum value is ca. 0.0588 N). With625

this range of load, it can be rather challenging to
measure the force precisely. This problem manifests
itself in a quite noisy curve in fig. 16.

• Moreover, the value of pretension force, which is very
small (ca. 0.00476 N) to measure precisely, can also630

affect the homogenized load-shear angle curve.
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(a) (b)

(c) (d)

Figure 11: Stress and strains distribution on the fabric yarns: (a) stress in the fiber direction, (b) strain in the fiber direction, i.e., direction
3 in fig. 4, (c) strain in direction 1, and (d) contact pressure between yarn head and yarn leg

(a) (b)

Figure 12: Stress distribution in the fiber direction on the fabric yarns and contact pressure, which results from the frictional contact between
the fabric yarns in the walewise tensile test.
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Figure 13: The homogenized load-strain curve obtained from the
RUC and the corresponding experimental data in the walewise tensile
test.
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Figure 14: The load transfer paths in plain weft knitted fabrics de-
fined in [2]

Figure 15: Stress distribution in the fiber direction on the fabric
yarns in the shear test.
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Figure 16: The homogenized load-shear angle and its corresponding
experimental data in the shear test.

5.3. Virtual biaxial tensile tests

As a whole, the interaction between fabric yarns can
affect significantly the mechanical behavior of knitted fab-
rics. Thus, biaxial tensile tests are essential to capture635

this effect. In literature, the behavior of fabrics is inves-
tigated on a cruciform sample [50]. During the course of
the experiment, the strains at the center of the cruciform
is recorded, while the stresses are derived from the forces
applied at the arms of the cruciform. Indeed, these de-640

rived stresses are different from the stresses at the center
of the cruciform. Thus, the obtained stress-strain curves
do not reflect the constitutive behavior of the considered
fabrics [13]. As a consequence, it can lead to some diffi-
culties to interpret these data and utilize them to develop645

a macroscopic material model for fabrics. Moreover, the
number of biaxial tensile tests need to characterize the
mechanical behavior of fabrics can be extensive and ex-
pensive. To overcome these difficulties in this section we
utilize the proposed model to perform biaxial tensile tests650

for different course-wale strain ratios. The homogenized
load-strain curves for different strain ratios, viz., 1:0, 2:1,
1:2 and 0:1, in the course and wale directions are shown
in fig. 17. From the figure, it can be seen that the knitted
fabrics behavior is highly anisotropic. These data can be655

useful for developing macroscopic constitutive models of
knitted fabrics, which can be utilized for structural analy-
ses.

6. Conclusions

The ultimate target of this article is to propose a nu-660

merical framework to predict the mechanical properties of
knitted fabrics based on their mesostructure, the proper-
ties of their constituents, i.e., the fabric yarns, and the in-
teraction among the fabric yarns. This has been achieved
by using the hierarchical multiscale method. The core665
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Figure 17: The homogenized load-strain curves in biaxial tests with different course-wale strain ratios: (a) Walewise strip biaxial test, i.e.,
ε11 : ε22 = 1 : 0, (b) ε11 : ε22 = 2 : 1, (c) ε11 : ε22 = 1 : 2, and ε11 : ε22 = 0 : 1, i.e., coursewise strip biaxial test.
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of our proposed framework is the nonlinear finite element
analysis of the fabric RUC. As a starting point, the basic
structural parameters of knitted fabrics, viz., the course
space, the wale space, and the diameter of the fabric yarn,
are utilized to create the geometry of the RUC. To cap-670

ture the fibrous nature of the fabric yarns, the transversed
isotropic material model is employed to model the fab-
ric yarns. During the course of the analysis, PBCs are
imposed on the RUC, which allows the macroscopic defor-
mation to be transferred to the RUC. Additionally, the675

frictional contact interaction among the fabric yarns is
also considered. Afterward, the numerical homogeniza-
tion scheme is utilized to extract the macroscopic stresses
from the stresses in the deformed RUC. In several numeri-
cal studies considering uniaxial tension, shear, and biaxial680

tension, it has been shown that the predicted mechani-
cal behavior of knitted fabrics are in good agreement with
the corresponding experimental data. Furthermore, the
nonlinear finite element simulations could be done in a
reasonable time. Further research will apply this numeri-685

cal framework for different knitted fabrics that have more
sophisticated mesostructures to predict their mechanical
properties in small or moderate strain regimes, as we have
done in this work, and later expand it to finite deformation
regime. Moreover, employing the second order homog-690

enization method to simulate the nonlinear out-of-plane
deformation mode is also an intriguing extension.
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