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Abstract 

The mechanical behavior of braided carbon nanotube yarns (CNTYs) on an elastomeric core to produce stretchable 
conductive materials were theoretically modeled and experimentally studied under tension. The elastomeric core 
served as the stretchable spring and the CNTYs braiding, with shape changing capabilities, as the conductive shell. A 
variety of samples were produced having various braiding angles on an elastomeric core and subsequently loaded 
in tension, and their stress–strain behavior was characterized. The model predicts the stress–strain behavior of the 
composite as a function of the initial braiding angle and the number of pitches. The innovative aspect was included 
in the model related to the friction between the braid and the core. Results indicated good agreement between the 
theoretical simulations and the experimental results which was not discussed in previous studies. Since the rate of 
the diameter decrease of the CNTYs braid was higher than that of the elastomeric core diameter, squeezing out of the 
core through the braid inter yarn space occurred. This limited the maximum potential extension of the braid. Thus, a 
critical strain was defined where the braid came into contact with the core. The addition of the friction stresses made 
a significant contribution to the overall stresses and the accuracy of the theoretical simulation, and its agreement 
with the experimental results. An apparent friction coefficient was proposed to account for the effect of the elastomer 
core/braid interactive restriction and squeezing out of the elastomer through the braiding, as observed in experi-
mental results. As the CNTYs are conductive, a stretchable conductive composite was obtained having a resistivity of 
9.05 ×  10–4 Ohm*cm, which remained constant throughout the tensile loading until failure and under cyclic loading.

Keywords: Stretchable conductive composites, Braiding angle, Elastomer, Carbon Nanotube Yarns, Mechanical 
behavior, Friction coefficient, Squeeze out
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Introduction
Stretchable electronics are comprised of deformable sub-
strates and conductive elements that enable electronic 
devices with large deformations. These devices have two 
main challenges (1) achieving high constant conductivity 
under large deformation and (2) returning to the origi-
nal position without a set [1]. There are many applica-
tions where stretchable electronics are of importance, 

such as health monitors, medical implants, artificial 
skins, human–machine interfaces, wearable internet of 
things, etc. [2–8]. Stretchability is defined as the abil-
ity of the conductive elements to be stretched reversibly 
in response to an applied force [2]. Stretchability can be 
achieved using one of the following approaches: a geo-
metrically-based approach in which material designs are 
created that can enable large deformation or a materi-
als-based approach in which the materials intrinsically 
stretch [2, 3]. A geometrically‐based approach is usu-
ally comprised of a non-stretchable conductive mate-
rial and unique geometrical structures or architectures, 
such as out‐of‐plane wrinkles, serpentines, etc., that are 
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stretchable. Usually, this technique requires sophisticated 
structural designs [9]. The material‐based approach usu-
ally uses intrinsically stretchable conductive elastomers 
(rubbery electronics) [3]. One of the main drawbacks of 
this approach is that conductivity usually decreases dur-
ing the stretch, but the materials have good stretchability 
[2, 10].

This work is based on combining the two approaches 
[2, 10] by developing composite materials for stretch-
able conductive electronics. The composites are based 
on braiding carbon nanotube yarns (CNTYs) on an elas-
tomeric core to maintain high conductivity under large 
deformations with a low permanent set. This approach 
combines both geometrical and materials elements 
where the conductive braided structure can be extended 
to large deformations and maintain high electrical con-
ductivity, while the elastomer core acts as an elastic 
spring for repeated stretching. A model was developed 
to understand the combined mechanical behavior of the 
composite structure. The proposed model includes all 
the parameters for properties of the conductive braided 
CNTYs and the elastomer. In addition to the geometry of 
the core the braiding angle, it includes the friction coef-
ficient to describe the effect of the fiber on the core. The 
properties predicted by the model can be used analyze 
and design the mechanical behavior of a stretchable braid 
on core configuration.

Tubular braided structures are found in various appli-
cations such as ropes, composite materials [11], medical 
devices [12], etc. [13]. Braiding geometries can be clas-
sified as diamond (one on one repeat), regular (two on 
two repeats), and Hercules (three on three repeats) based 
on the weave pattern. The tubular structure prepared by 
an ancient technique is called circular braiding, which 
involves at least three yarns. Each strand forms a well-
defined weave pattern following a helical path.

Tubular braids consisting of an elastic core were 
investigated in 1978 by Phoenix [14] and then by other 
researchers [15–17]. This unique structure has a unique 
combination of linear and nonlinear mechanical behav-
ior during stretching [18]. The braid on core composite 
structure leads to large elastic deformations even for low 
stretch yarns.

Phoenix [14] carried out pioneering work on the 
mechanical behavior of braid-core structures. He devel-
oped a model that described the linear response of a 
structure with a diamond braid. The model assumed 
small displacements, taking into account the undula-
tion or crimp. The model’s prediction of the modulus of 
elasticity was is in good agreement with the experimen-
tal results. Several parameters were found to affect the 
mechanical response, including the moduli of the core 
and fiber, Poisson’s ratio of the core, the braid angle, 

and the strand crossovers’ crimp angle. Later, Abbott 
[15] expanded Phoenix’s model by considering the non-
linearity of the helically wrapped tape material and the 
elastic core but did not consider the waviness which is 
formed during the braiding process.

More than a decade later, Hopper  [16] proposed a 
model based on four modes. Each mode described the 
behavior of the braid and the elastic core and their rela-
tionship. For modes were used to describe the behavior. 
Modes I and IV described the tensile response of the elas-
tic core, assuming that the braid and the elastic core were 
not in contact. Modes II and III described the behavior 
when the core and braid were in contact. This investiga-
tion was primarily theoretical without any experimental 
validation.

The most recent model was formulated by Rawal [19], 
describing the true stress for both the braid and the core, 
which in this case consisted of monofilament strands of 
low twists forming a multi-filament yarn. They obtained 
good agreement between the theoretical and experimen-
tal stress–strain curves. However, for yarns with rela-
tively high stiffness, significant deviations were obtained 
due to the large radial stresses, which led to the core 
"squeeze out" between the yarns. The phenomenon of 
"squeezing out" resulted in a jammed structure where the 
braiding angle could not be easily decreased and inhibit-
ing further stretching.

While these models are fairly complex, they do not 
include the effect of friction between the core and braid, 
which may significantly affect the mechanical behavior 
prior to squeeze out. Thus, the current work’s primary 
objective was to model and study the tensile behavior of 
composite-based stiff yarns braided on an elastomeric 
core by also taking into account the friction stresses 
between the braided yarn and the core. The resultant 
model showed good agreement with the experimental 
results. Furthermore, an apparent friction coefficient 
was specified to account for the effect of the squeeze-out 
phenomena and the changes in the friction during the 
stretch.

Model development and results
Three ranges were included in the modeling. In range 
I, the core diameter was smaller than the braid’s diam-
eter, and therefore, there is no contact between the braid 
and core. In range II the core and the braid are in con-
tact resulting in friction and normal stresses. In range II, 
the friction between the core and braided structure, the 
change in the core’s diameter due to radial compression 
of the braid, and waviness are considered. Last, in range 
III, the core begins to squeeze out, and the fiber structure 
becomes jammed (Table 1).
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Model assumptions
The model postulates a basic tubular braid geometry on 
an elastic core with the following assumptions:

• The braiding has an open braiding structure.
• Each yarn is assumed to follow a helical path, but 

locally the strand centerline follows an undulated 
path.

• The cross-sectional shape and diameter of the yarn 
remain unaffected during the application of tensile 
load.

• The core has a circular cross-section and is an iso-
tropic material such that the volume of the core 
remains constant (ν≈0.5).

• The radial and tangential strains exhibited by the core 
are assumed to be equivalent based on the assump-
tion of symmetry.

• The jamming of the yarns cannot be neglected.
• The yarns are assumed to generate uniform stress on 

the core, which is balanced by the radial stress at its 
outer surface.

• The yarn is linearly elastic with modulus  E0.

For each range there are additional assumptions as fol-
lowing, Range I assumed yarn strain is zero and the ini-
tial compression of the yarn on the core is small. Range II 
assumed a small displacement occurs in the yarn, the vol-
ume of the braided structure is conserved under tension 

and the core is assumed to be subjected to uniform radial 
compression.

Analysis
Range I
Since there is no contact between the core and the braid 
[19], the stress is a result of the true stress of the core ( σc ) 
as in Eq. 1.1

Where, Fc , Ac are the force acting on the core and the 
cross-sectional area of the core, respectively. D is the core 
diameter under a defined level of axial strain, assuming 
that it is an isotropic material. Therefore, the radial strain 
( εr ) and the axial strain ( εz ) are related as in Eq. 1.2 [19]:

The core diameter and the radial strain are related as 
follows:

Where D0 is the core diameters at zero axial strain and 
εr is the radial strain. Using Eq. 1.2 and 1.3, the diameter 
of the elastomer core is obtained as:

The diameter for the braid (d) is determined using 
Eq.  1.5 and based on geometric relations as shown in 
Fig. 1.

Where d0 is the initial braiding diameter and αi is the 
initial braiding angle. The core and braid diameters, 

(1.1)σc =
Fc

Ac
=

4Fc

πD2

(1.2)(1+ εz)(1+ εr)
2 = 1

(1.3)D = D0(1+ εr)

(1.4)
D2

D2
0

=
1

(1+ εz)

(1.5)
d

d0
=

1

tan(αi)

1

cos2(αi)
− (1+ εz)

2
0.5

Table 1 Three ranges of the proposed model

Dc Diameter of the core

Db Diameter of the braid

Mode Dimensional Theory Nondimensional 
Criteria

Mode I Dc <  Db
Dc

Db
< 1

Mode II Dc =  Db
Dc

Db
= 1

Mode III Dc >  Db
Jammed state

Dc

Db
> 1

Fig. 1 Geometric relations for a helical braid
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according to Eqs. 1.3 and 1.5, are plotted in Fig. 2 for dif-
ferent initial braiding angles.

The calculated results (Fig.  2) show that the rate of 
change of the braid diameter and the core diameter are 
different. As seen in Fig. 2, the curves intersect at differ-
ent strains depending on the initial braiding angle. When 
the braid touches the core (intersection point), the mate-
rial shifts from the behavior modeled by range 1 into the 
model for range 2. At this point there are compression 
stresses on the core by the yarns.

For braiding angles lower than  55◦ the curves intersect 
at small axial strains. For braiding angles above  55◦, the 
intersection occurs at larger axial strains. After reaching 
the intersect point, the core will be compressed by the 
yarns and the rubber will squeeze out through the braid.

Following contact between the braid and the core, the 
change in the braid angle involves the simultaneous change of 
the core and braid diameter, with the core being the limiting 
material. In this range friction between the yarn and the core 
is important and is described below for range II. As the braid 
angle decreases, one may approach the point where contact of 
the braid and core occur at very low strains and nearly imme-
diate locking of the yarns due to squeeze out. With no possibil-
ity for a further change of the braid angle this leads to the third 
range where the yarns are strained elastically to failure.

The locking strain can be determined from Fig.  2 from 
the asymptotes for each initial braiding angle. The value of 
maximum strain can be determined by calculating the verti-
cal asymptote for each curve using Eq. 1.5 to obtain Eq. 1.6

Therefore, the maximum strain for each initial braiding 
angle is

Range II
At a specific value of axial strain, the core and braid 
diameter equalize. At this point, the stress will be deter-
mined by contributions of the core and the braid. The 
tensile stress for the braid-core system is given by:

Where F is the total axial force acting on the braid-core sys-
tem. The force is comprised of three components: 1. The axial 

(1.6)

lim d
d0

→0

d

d0
=

1

tan(αi)

(

1

cos2(αi)
− (1+ εz)

2

)0.5

(1.7)εz,max =
1

|cos(αi)|
− 1

(2.1)σ =
F

Abc

Fig. 2 Variation of core diameter and braid diameter with different initial braiding angles as a function of axial strain



Page 5 of 16Bar et al. Functional Composite Materials             (2022) 3:4  

force to extend the braid ( Fb ); 2. The axial force to elongate the 
core where the core itself is also under radial pressure from the 
braid ( Fc ); and 3. The axial friction force between the core and 
the braid ( Fk ). Abc is the total cross-sectional area of the tubular 
braid ( Ab ) and the core ( Ac ). Equations (2.2) and (2.3) describe 
the total axial force and cross-sectional area, respectively:

The axial force component of the braid is the total 
axial force on the filaments, which is equal to [15]:

Where Ff  is the filament tension, N the number of the 
filaments and ϕy is the yarn packing factor defined as the 
ratio of the volume of constituent filaments to the yarn 
volume. For the yarn tension, the axial force is [19]:

Where, εf  is the yarn strain. For elastic behavior, the strain 
of the yarn was assumed to follow Hookean behavior (Eq. 2.6).

Therefore, the stress of the yarn can be obtained directly 
from the stress–strain curve [20]. From the geometry rela-
tion of the braid, the following equation was obtained:

The axial strain and the filament strain can be related 
to each other by combining Eqs. 1.2 and 2.7, which stem 
from the geometrical analysis of a helical wrapping. Thus, 
we can obtain the yarn strain according to [21, 22],

The axial load in the ewlastic core ( Fc ) is calculated 
based on the fact that the radial and circumferential 
strains are equivalent [16], therefore:

Where, Ec is the tensile modulus of the core,ν, is the 
Poisson’s ratio of the core, which decreases as the axial 
strain ( εz ) increases. By using Eq. (1.2) we obtain

(2.2)F = Fb + Fc + Fk

(2.3)Abc = Ab + Ac

(2.4)Fb = NϕyFf cos(α)

(2.5)Ff = f
(

εf
)

(2.6)σf = Ef εf

(2.7)
(εz + 1)2 =

(

εf + 1
)2
sec2(αi)−(εr + 1)2tan2(αi)

(2.8)εf =

[

(1+ εz)
2cos2(αi)+

sin2(αi)

(1+ εz)

]0.5

− 1

(2.9)Fc = AcEc
[(1− ν)εz + 2νεr]

(1− 2ν)(1+ ν)

(2.10)ν =
−εr

εz
=

√
εz + 1− 1

εz
√
εz + 1

The radial strain ( εr ) is influenced in this range by the 
compression stresses from the braid; therefore, elas-
ticity should be taken into consideration as shown in 
Eq. 2.11  [19].

Where, PR is the pressure (compression stress) on the 
core. The hoop tension of the filament Ff sin2(α) will 
act over the helical turns per unit axial length ( 1/T  ), as 
expressed in the following equation [14, 15]

Where, R is the radius of the core and α is the braiding 
angle. Combining Eqs. (2.11) and (2.12), we obtain

From Eqs. (2.9) and (2.13), the axial load in the elastic 
core ( Fc ) is given by

The force component of the friction force ( Fk ), in the 
axial direction, is obtained by summing the axial stress 
component of the yarns shown in Eq. 2.15

Where, µk is the coefficient of kinetic friction and FN is 
the normal force that acts on the core. The normal force 
is equal to the radial pressure PR multiplied by the con-
tact surface area between the core and braid taking into 
account the number of pitches. The number of pitches, 
 NP is defined by Eq. 2.6:

Where Ds is the initial diameter of the braid and Ls is 
the length of the braid on core sample. Therefore, the 
normal force,  FN, is

Where Db is the braid diameter. Hence, as the radial 
pressure on the core increases, the friction force becomes 
more significant. In this case, the modulus of the filament 
should be considered, as well as its effect on the filament 
force Ff .

(2.11)εr = −
(1− 2ν)(1+ ν)

Ec
PR − νεz

(2.12)PR =
TFf sin(α)

R
=

Ff sin
2(α)

2πR2cos(α)

(2.13)εr = −
4(1− 2ν)(1+ ν)Ff Nsin

2(α)

Ec2πD2cos(α)
− νεz

(2.14)Fc = Ac

(

Ecεz −
NFf νsin

2(α)

πR2cos(α)

)

(2.15)Fk = NµkFN cos(α)

(2.16)NP =
Ls

tan(αi)πDs

(2.17)
FN =

2Ff sin
2(�)

�D2cos(�)
∗ NP ∗

�Dbdf

sin(�)
=

2NPFf sin(�) × Db × df × � × (1 + �z )

D2 × tan(�)
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Assuming that the helical yarn follows a local sinusoi-
dal path, the effective cross-sectional area of the yarn 
( Ah ) is given by the following equation [14]

Where S is the yarn’s actual length, b is the crossing 
yarn spacing as measured along the x-axis (Fig. 3), and A 
is the cross-sectional area of the yarn.

The effective cross-sectional area takes into account 
the ellipsoidal shape as shown in Fig. 4 and is expressed 
in the following equation [14]:

The fiber crimp, c, can be related to the ratio between 
the actual length of the yarn and the crossing yarn 
spacing as measured along the x-axis [19]:

Equations (2.19) and (2.20) give

In the case of multifilament yarns, the effective cross-
sectional area of the braid ( Ab ) is

(2.18)Ah =
S

b
× A

(2.19)Ahα =
S

b
×

A

cos(α)

(2.20)c =
S

b
− 1

(2.21)Ahα =
πd2f (C + 1)

4cos(α)

(2.22)Ab =
∑N

i
Ahα i = NAhα =

Nπd2f (C + 1)

4 cos (α)

Furthermore, the cross-sectional area of the core ( Ac)

Therefore, the effective cross-sectional area of tubular 
braid consisting of the elastic core ( Abc ) is:

Combining Eqs. (2.1), (2.2), (2.4), (2.14), (2.15), (2.23) and 
(2.24), the following relationship is obtained for the stress:

(2.23)Ac =
πD2

4

(2.24)Abc =
Nπd2f (C + 1)

4cos(α)
+

πD2

4

(2.25)σ =
4

Nπd2f (C+ 1)+ πD2cos(α)

[

NFf

(

ϕycos
2(α)− νsin2(α)

)

+
πD2Ecεzcos(α)

4
+ NµkFN cos

2(α)

]

Fig. 3 Yarn crossover model for a diamond tubular braid

Fig. 4 Cross-sectional area (a) of yarn converted to the effective 
cross-sectional area(b)
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The braiding angle ( α ) is changing during stretching and 
can be calculated by the following equation:

Hence, all the variables such as the yarn tension ( Ff  ) 
and normal force ( FN ) are included as shown in Eqs. (2.5) 
and (2.17), respectively.

(2.26)cos(α) =
1+ εz

1+ εf
cos(αi)

The solution of the model provides the following 
stress–strain graph as shown in Fig.  5. With a higher 
braiding angle, the structure, theoretically, could stretch 
more. The maximum strain is due to the locking state, 
which is predicted by Eq. (1.7).

Figure  5 describes the calculated stress–strain rela-
tionship using Eq.  2.25. The limit strain for each angle 
is the locking angle. As is evident, with the increase of 

Fig. 5 Theoretical true stress–strain curves of braid on core composite for different initial braiding angles compared to experimental results for 8 
yarns

Fig. 6 Theoretical true stress–strain curves for different number of yarns compared to experimental results of braid on core where αi = 47
◦
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the braiding angle from 45° to 55°, the hybrid structure’s 
strain increases from 0.4 to 0.7, indicating that the braid-
ing angle is the limiting factor for the system’s total strain. 
Figure  6 describes the stress–strain curves for αi = 47◦ 
using different numbers of yarns. As can be noted, with 
a higher number of yarn, the more significant is the fric-
tion force.

Range III
In this range, the core squeezes out through the braid; 
therefore, the braid is locked, and the angle cannot 
change (decrease) further. Hence, the yarns are in ten-
sile stress, and the yarn modulus of elasticity controls the 
resulting strain to the point of fiber failure.

Experimental results
Materials
For the fibers, CNTYs (Miralon® yarn Nanocomp Tech-
nologies, Inc. Merrimack, New Hampshire) was used. 
The material is a direct-spun untreated single-ply CNTY 
with 10 tex (10  g/km) linear density, 2800  s*cm2/g spe-
cific conductivity, ~ 0.7  g/cm3 density and a diameter 
of ~ 150 microns (Nanocomp A-series)  [23]. A commer-
cially available silicone rubber cord was used for the core 
material (High-Temperature soft silicone o-Ring cord 
stock 0.007″, McMaster-CARR).

Fabrication of the braid
The braidings were fabricated using a braiding machine 
(Wardwell Braiding, W6-355, 2018) with 8 or 16 rotating 
CNTYs (130 μm). The braided textile was fabricated on 
the silicone rubber core.

Characterization
The composite tensile load-deformation relationship was 
studied using a mechanical tester (Instron4466, Instron®, 
Norwood, Massachusetts), with a 2 kN load capac-
ity. The displacement of the grips was used to calculate 

the strain, assuming a gauge length of 40 mm. The sam-
ples were subjected to 15 cycles of stretching/relaxation 
to predetermined strain values at a rate of 50  mm/min, 
while simultaneously measuring the electrical resistance. 
At least three samples were tested under the same condi-
tions for each loading procedure.

The composite samples were subjected to 15 cycles 
of stretching/relaxation up to 22% strain using strain 
rates of 50 and 5  mm/min. At least four specimens 
were characterized under the same conditions for each 
result; The composite’s (rubber core and the CNTYs) 
electrical properties were measured using a two-probe 
electrical resistance device (FLUKE 179 multimeter). 
The measuring probes were connected by conductive 
copper foil tape to the braid structure to achieve good 
contact between the braid and the probes. An insulat-
ing layer between the composite/conductive tape and 
the clamps was used for insulation. The applied voltage 
was 5 kV.

Stretching visualization and tensile test
The composite braid tensile behavior was studied using 
a Mechanical Tester (4466 Instron machine) with a 
2 kN loading capacity. The displacement of the grips 
was used to calculate the strain, using a gauge length 
of 40 mm. The elongation rate was studied, and hence 
50 mm/min extension rate was used. At least five sam-
ples were characterized under the same conditions. 
A high-speed camera was used to follow the compos-
ite stretching with simultaneous monitoring of the 
stress–strain response. A stop watch was used to syn-
chronize between the time in the video and the loading 
machine’s time.

Three failure modes were found as depicted in Fig.  7. 
In failure mode 1 the rubber squeezes out of the braid, in 
failure mode 2 there is failure of the yarn(s), and in failure 
mode 3 there is failure of the rubber core.

Fig. 7 Three failure modes
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Fig. 8 Pictures of different times during the tensile test measurement. A- at the beginning 0 s, B at 7.04 s- ‘squeezing out’ (failure mode 1) starts to 
occur, and c 18.13 s first failure mode 2 appears

Fig. 9 Plot of stress versus time (bottom scale) and strain (upper scale)
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Figure  8 presents captured photos from the video 
camera. Figure 8B shows the start of ‘squeezing out’. For 
αi = 47°; the core started to squeeze out around ε ≈ 16%, 
as shown in Fig. 9. The drop in the stress during the test 
indicate the breaking of the yarns during the stretching 

(Failure mode 2). This supports the assumption that once 
the ‘squeezing out’ occurs, the yarns start to stretch.

Figure 10 depicts the influence of the number of yarns, 
8 and 16, braided on the core. In the initial part of the 
curve, the stress–strain relationship is similar as the 

Fig. 10 Experimental stress–strain curves of braid on core composite for different number of yarns

Fig. 11 True stress versus true strain for the current model, Rawals model, compared to experimental results for αi = 47
◦
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rubbery core is dominant. Close to the ‘squeeze out’ 
point, significant changes occur because the yarns stretch 
and their contribution to the stress is significant.

The experimental results are compared to the proposed 
model (Fig.  11). As can be seen, there is a good agree-
ment between the experimental results and the proposed 
model compared to that of Rawals’ [19] model. This may 
be attributed to the effect of the friction contribution 
between the braid and the core. The proposed model is 
in good agreement with the experimental results up to 
the point where the ‘squeezing out’ occurs (~ 15% strain). 
At this point, the stress of the composite increases sig-
nificantly due to the stretching of the yarns. Figure  12 
displays the simulated stress–strain curves for αi = 47°, 
applying four different coefficients of friction: 0.7, 0.6, 
0.5, 0.001, and Rawals’ [19] model results. The first 3 are 
typical friction coefficients for rubber. The difference 
between the curves (0.001 to 0.5) before failure mode 
1 is almost 40%, indicating that the friction cannot be 
neglected. The results also indicate that when the coeffi-
cient friction is almost zero, the proposed model is simi-
lar to the Rawals’ [19] model.

An apparent friction coefficient was proposed to include 
the effect of the squeeze-out phenomena, as well as 
changes in the friction coefficient due to stretching. This 
coefficient considers the change in the friction coefficient 
during the stretch in part due to changes in contact area 
and pressure between the yarn and core and is a function 
of the strain. This apparent friction coefficient replaces µk 
in Eq.  (2.15). At low strain, there is no contact between 
the braid and the core. In this region it is expected that the 

coefficient will be close to zero. As the strain increases, the 
braid contacts the core, contact area and pressure increase 
and the friction coefficient increases linearly. As squeezing 
out begins to occur the core prevents the yarns from slid-
ing. The friction coefficient is determined using an iterative 
scheme to minimize the difference between the experimen-
tal results and the calculated values by the proposed model. 
Figure 13 shows that the calculated apparent friction coef-
ficient increases linearly with stretching of the compos-
ite braid. This linear relationship indicates that in mode 
I region, where the braid and the core are not in contact, 
the apparent friction coefficient is small. As the stretch-
ing is increased and the squeezing out phenomena takes 
place, which prevents the movement of the yarn, the appar-
ent friction coefficient is relatively large. Figure  14 shows 
a good agreement between the theoretical calculation and 
the experimental results, once the concept of the variable 
friction coefficient is used.

Electrical measurements during tensile testing
The electrical resistance of the braid on the core was evalu-
ated simultaneously with the stress–strain measurements 
during extension-relaxation cycles up to 22%, which was 
above the ‘squeezing out’ strain. The following equation 
was used to calculate the resistance

Where R is the resistance, ρ is the resistivity, L is the 
length, and A is the total cross-section. Thus, the resist-
ance ratio between 8 and 16 yarns is:

(3.1)R =
ρL

A

Fig. 12 Theoretical true stress versus true strain curves of braid on core composite for different friction coefficients for αi = 47
◦
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(3.2)
R8

R16

=
ρL

8Ayarn

ρL
16Ayarn

= 2 → R8 = 2R16

The resistance change during deformation was meas-
ured when the braided composite was stretched to 22%. 
As can be seen in Fig. 15, almost no changes were noticed 
in the relative resistance (R-R0/Rthat) for both rates and 
the number of yarns. The experimental stability in the 

Fig. 13 The relationship of the apparent kinetic friction coefficient with strain

Fig. 14 True stress versus true strain for the model with the apparent kinetic friction coefficient, Rawals model compared to experimental results 
for αi = 47

◦
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electrical resistance indicates that the braided compos-
ite can be used for interconnecting electronic devices 
(Fig.  15a and b). Figure  15c and d shows that the ratio 
between the 16 and 8 braided yarns is close to the the-
oretical value of 2 (see Eq. 3.2). Furthermore, during 15 
cycles, the composite shows stable electrical performance 
without a change in resistance.

The composite’s resistivities and conductivities were 
calculated based on its  resistance  value, length, and 
cross-sectional area; the average values are shown in 
Table  2 and Fig.  16. For comparison copper possesses 
resistivity and conductivity of 1.6 ×  10–6 [ohm*cm] and 
5.9 ×  105 [S*cm−1], respectively. The calculations are 
approximate and do not consider the changes in the 
cross-section of the yarns during extension. Therefore, it 
is reasonable for there to be a slight difference between 
the different numbers of yarns.

Conclusions
The tensile stress–strain behavior of rigid braid on elas-
tic core composite was modeled and analyzed. Simu-
lated results demonstrated that as the braiding angle 
increased, the strain of the composite increased as well. 
The structure deforms in three possible modes that 

Fig. 15 Measurement of the electrical resistance change of the braided composite at a strain of 22% at a rate of 5 (a) and 50 mm/min (b); 
measurement of the resistance during 15 cycles to 22% strain with (c) and (d) with a rate of 5 and 50 mm/min, respectively

Table 2 Average value of the resistivity and conductivity for 8 
and 16 yarns

Resistivity [ohm*cm] Conductivity 
[S*cm−1]

SD [ohm*cm]

8 yarns 8.4 ×  10–4 1.2 ×  10+3 6.8 ×  10–6

16 yarns 9.7 ×  10–4 1.0 ×  10+3 6.7 ×  10–7
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relate to the contact between the braid and the core and 
the locking of the braid yarns due to the jammed state.

Moreover, friction between the braid and the core 
significantly influences the hybrid structure’s stress–
strain behavior and adds accuracy to the Rawals’ [19] 
model. As previously presented [15], the combina-
tion of the braid and core provide a nonlinear tensile 
response, although all components are considered lin-
early elastic materials.

An apparent friction coefficient was proposed to 
account for the rubber core and braid yarn interac-
tion and friction. Consideration of this coefficient in the 
model leads to improvement of the model’s accuracy and 
allows to model the whole three modes proposed.

Furthermore, the material’s resistivity seems to have 
no significant change even after 15 cycles. The compos-
ite’s electrical resistivity and conductivity are 9.05 ×  10–4 
[ohm*cm] and 1.1 ×  103 [S*cm−1], respectively, and 

considered to be in the range between conductive to 
semi-conductive material.

Since the phenomena of ‘squeezing out’ limited the 
strain that could achieve, different configurations should 
be considered for future work.

Appendix
Stretchable conductive materials based on braided CNT 
yarns on elastomeric core
The diameter for the braid (d) is presented in the follow-
ing equation, based on geometric relations (Fig. 17):

where, L is the length of the yarn, z and z0 are the axial 
length of the helix and the axial length of the helix at zero 
levels of axial strain, respectively.

(i.1)
d =

Lsin(�)

�

=
h

�

tan(�) =
h0(1 + �z )

�

tan(�) =
h0(1 + �z )

�

(

1

cos2(�)
− 1

)0.5

Fig. 16 Electrical resistivity of the braided composite at strain of 22% at a rate of 50 mm/min during 15 cycles

Fig. 17 Geometric relation of a helix
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The geometric expression for cos(α) is given in the next 
equation:

where αi is the initial braiding angle and εf  is the yarn 
strain. For this case, we assume that the yarn strain is zero, 
therefore

Combining equations i.1 and i.3 provide

Using the geometry relationship as shown in the fol-
lowing equation:

Gives:

Figure  18 is the experimental raults for the rubber 
that was use under the range of strin between 0 to 30%, 
as can be seen the beahvior of the rubber linear at the 
range which align with the assuming for the model.

Abbreviations
CNTYs: Carbonnanotube yarns.

(i.2)cos(α) =
h

L
=

h0(1+ εz)

L0(1+ εf )
=

1+ εz

1+ εf
cos(αi)

(i.3)cos(α) = (1+ εz)cos(αi)

(i.4)d =
h0

π

(

1

cos2(αi)
− (1+ εz)

2

)0.5

(i.5)tan(αi) =
πd0

h0

(i.6)
d

d0
=

1

tan(αi)

(

1

cos2(αi)
− (1+ εz)

2

)0.5
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