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a  b  s  t  r  a  c  t

In order  to obtain  the  inter-yarn  friction  coefficient  in  aramid  fibers,  a new  methodology  is  developed.
Experimental  yarn  pull-out  test  and  3D  numerical  model  have  perfomed  in  Kevlar®129  (K129)  aramid.
An  optimization  of classic  numerical  models  in  order  to  simulate  pull-out  tests  and  obtain  the  inter-yarn
friction  is  carried  out.  Numerical  simulation  results  were  compared  to  experimental  yarn  pull-out  curves
and based  on  linear  dependence  of  the  pull-out  load  with  the  friction  coefficient,  the  inter-yarn  friction
coefficient  of  K129  aramid  has  been  obtained.

© 2016  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Protective structures that offer penetration resistance against
incident high energy projectiles have been made of aramid materi-
als. Even new materials are being studied nowadays, aramid is the
most frequently used. The most common aramid material, Kevlar,
presents excellent properties as high strength, high modulus, and
high strength-to-weight ratio. The large scale deformation of the
yarns, offer penetration resistance against incident high energy
projectiles [1].

Some researchers have proven that frictional yarn sliding and
pull-out affect energy dissipating mechanisms during the ballis-
tic impact on woven fabrics [2]. For this reason, experimental yarn
pull-out studies have focused on analysis of inter-yarn friction as
a function of different parameters as fabric weave, material, fab-
ric pre-tension, yarn pull-out rate, and number of simultaneously
pulled-out yarns. A brief resume of the most important studies in
this field are showed in the next paragraphs:

First studies were carried out by Pan and Yoon [3] and Martinez
et al. [4]. The first one explained the effect of yarn interaction in
fabrics applying the pull-out yarn method. The second one studied
different Kevlar fabrics (Kevlar Ht, Kevlar 29 and Kevlar 49). They
found that the static force required to completely pull-out in fabrics
increased with yarn count.

Yarn pull-out tests in aramid fabrics with different deniers were
performed by Bazhenov [5]. In this case, only the bottom edge of the
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fabric was  clamped while the transverse edges were unconstrained.
Results showed that maximum pull-out force for the warp yarn was
higher than that for the weft yarn. It was also observed that the
maximum pull-out force increased with the sample length.

Kirkwood et al. [6] also performed yarn pull-out tests of Kevlar®

KM-2 yarns from fabric. It was proved that the sample length and
the transverse tension are proportional to the pull-out energy.
However the width did not show any effect on the energy. Finally,
a general approach to measure the force and the corresponding
energy dissipation modeling yarn pull-out was presented for a wide
range of fiber types and fabric architectures.

Studies of the tribological properties of Kevlar® S706 were
carried out by King et al. [7]. Comprehensive experiments were
performed at different strain rates to have a better understanding
of the frictional forces that resist yarn slip.

Shockey et al. [8] included the clamping of the fabric along the
transverse edges. A wide range of fabric structures was selected for
the experiments including Kevlar® 29, Spectra, and Zylon. Results
showed that the pull-out force has a strong dependency with the
transverse force and yarn count.

Rao et al. [9] characterized the friction behavior between Kevlar
KM2 yarns. For these tests different pre-load along the width of
the fabric (0-600N) were applied while using a standard force-
displacement device to perform the load versus displacement
measurements. The force increased with the pre-load. Also was
proved that the friction coefficient between yarns is more impor-
tant than the friction projectile and the fabric.

Two studies were performed by Bilisik et al. [10,11]. Two materi-
als were used in both studies, Twaron CT® 714 (CT714) and Twaron
CT® 716 (CT716) constructed with para-aramid type fibers. Both
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Fig. 1. Reference dimensions of yarn pattern.

fabrics were plain weave and the density of the warp and fillings
were 8.5 ends/cm and 12.2 ends/cm respectively. Multiple pull-out
showed higher forces in both cases than those of single yarn pull-
out. The force also increases with the stitching compared with that
of single fabric.

Five styles of Kevlar fabrics (K310, K706, K720, K745 and K779)
were tested in yarn pull-out by Dong and Sun [12]. Results showed
that there exists a positive correlation between the high pull-out
force and the energy dissipation during perforation impact perfor-
mance.

Das et al. [13] performed some pull-out experiments in KM2
fabric. This study presented a semi-analytical model to estimate
inter-yarn static and kinetic coefficients of friction for plain woven
fabrics.

Despite that not much bibliography related with numerical
modelling of fiber pull-out process, a few numerical results on
the friction between yarns of aramid fibers have been reported.
Dong and Sun [12] developed a 2D model to parametric study to
obtain a simple formula in order to estimate the yarn pull-out force
as a function of fabric count, fiber diameter, fiber modulus, yarn
waviness and friction between yarns. On the other hand, Zhu et al.
proposed a 3D model [14] and reported that the friction between
yarns and pre-load in transverse direction (fill yarns) influences the
pull-out force significantly.

This paper presents a new approach to estimate the friction coef-
ficient based on experimental and numerical tests of single yarn
pull-out of Kevlar® 129 fabric. For this goal, a new 3D finite element
model was proposed to simulate the single yarn pull-out procedure

Table 1
Mechanical properties for yarn pull-out simulation of K129 aramid.

E1 = 81,439 MPa  E2 = 1323 MPa  E3 = 1323 MPa
G12 = 1170 MPa  G13 = 1170 MPa  G23 = 1170 MPa
�12 = 0 �13 = 0 �23 = 0

and to define de static inter-yarn friction coefficient for Kevlar®

129.

2. Materials and methodology

2.1. Material

The material used in this study is Kevlar® K129 fibers which are
used in personal protections as vest or similar applications because
of its excellent properties for impact energy absorption. The
dimensions of the yarn in warp direction have been measured and
are showed in Fig. 1: span (s) equal to 1.876 mm,  width (w) equal
to 0.817 mm  and thickness (h) equal to 0.065 mm.

The properties of this kind of fibers (Kevlar® 129 aramid) are
shown in Table 1. E1 was  obtained by uniaxial traction test and E2,
E3, G12, G13 and G23 were calibrated taking suggestions from the
model by Rao et al. [9] and Yang et al. [15]. It has been proved that
Poisson’s ratios (�12, �13, �23) should be zero and the transverse
Young’s modulus (E2, E3) and shear modulus (G12, G13, G23) should
be very small with respect to the longitudinal Young’s modulus E1
to reproduce a thread behavior for the yarn [16]. All these elastic
properties must be given strictly in the material directions.

2.2. Yarn pull-out test

For calculating the inter-yarn friction coefficient, it is essen-
tial a yarn pull-out test. The experimental test were carried out
using a uniaxial tensile test machine (MTS Criterion Model C42.503)
extracting an individual yarn from the plain wave located in the
middle of the width. The velocity was  0.05 mm/min and repeated
five times. The dimension of the fabric was  40 mm length and
30 mm  width (Fig. 2b). The fabric was  carefully aligned along the

Fig. 2. (a) Sketch of the yarn pull-out test. (b) Plain wave prepared for a yarn pull-out test.
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