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STRETCHABLE CONDUCTIVE TUBULAR COMPOSITES BASED ON BRAIDED

ABSTRACT: We report an innovative approach to creating . o 0 e o o G WITH AN ELASTOMER MATRIX

stretchable conductive materials composed of a tubular shell

made from braided carbon nanotube yarns (CNTYs) embedded in EZfam | ;1,::,% ;1,2::,%
an elastomeric matrix. For stretchable electronics, both mechanical ' -
properties and electrical conductivities are of interest. Con-
sequently, both the mechanical behavior and electrical conductiv-
ities under large deformations were investigated. A new - cubontamotube vam:
hyperelastic composite model was developed to predict the large
deformation response to applied stress for a braid in a tubular _
elastomer composite. The composite demonstrated a hyperelastic
response due to the architecture of the braid, and the behavior was
affected by the braiding angle, braid modulus, and volume fraction of fibers. The elastomer matrix was considered a neo-Hookean
material and represented by the Yeoh model. An interaction parameter was proposed to account for the effect of the elastomer/braid
cooperative restriction as observed in experimental and calculated results. This novel approach enabled the determination of the
constitutive behavior of the composite in large deformations (>150%), taking into account the elastomer and yarn properties and
braid configurations. The model exhibited good agreement with the experimental results. As the CNTYs are conductive, a
stretchable conductive composite was obtained having a resistivity of 5.01 X 10™* and 5.67 X 10> Q-cm for the 1-ply and 4-ply
composites, respectively. The resistivity remained constant through cyclic loading under large deformations in tension until
mechanical failure. The material has potential for use in stretchable electronics applications.

CNTYs braid

Increasing strain

Bl INTRODUCTION

Stretchable electronics should comprise simultaneously of
highly deformable and conductive elements with low permanent
set and constant electrical conductivity. Basic studies related to
stretchable electronlcs started two decades ago' and have

Consequently, an innovative approach is proposed that
consists of a tubular shell made of braided carbon nanotube
yarns (CNTYs) embedded in an elastomeric matrix. Embedded
braids are commonly used for reinforced hoses, catheters,
etc.”” In these applications, the braid’s primary purpose is to

continued to expand ~® There are numerous applications for
stretchable electronics, such as healthcare monitors,” ™’
artificial skins,"'™*® human—machine interfaces,"* wearable
electronics,'”” and others.'®'” Preferably, the stretchable
conductive material should be lightweight, especially for
wearable devices, to achieve maximum comfort for weight-
sensitive applications. The basic requirements for stretchable
conductive materials are to maintain high constant conductivity
under large deformatlons while returning to the original size
without permanent set'® with the potential for scaling up to large
area parts.'® These requirements can be met using conductive
particles/short fibers or using conductive reinforcements in
woven, knitted, braided, or other forms. Short fibers and
particulate systems have been used for stretchable conductive
materials; however, the distance between the conductive
moieties 1ncreases at large strains, leading to decreased
conductivities."” Hence, to accomplish large deformations of
the elastomeric composite, while maintaining high conductivity,
the conductive fibers must be able to deform with the matrix and
remain continuous.

© 2022 The Authors. Published by
American Chemical Society
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reinforce the shell structures. However, the stretchability is
limited in these applications. For stretchable electronics, both
electrical conductivities and mechanical properties are of
interest. In this work, poly(dimethylsiloxane) (PDMS) was
selected due to its high stretchability, a large working
temperature range, good dielectric properties, electrical
insulation, hydrophobicity, and the ability to form good
bonding”* with carbon-based materials.”® For the conductive
element, many options can be considered, including metals like
copper, gold, silver, and iron and carbon nanotube yarns.*® The
advantages of CNTYs are attributed to their low specific weight
combined with high flexibility and electrical and thermal
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conductivities. The present study was based on PDMS and
CNTYs for stretchable conductive applications. For fiber
placement configurations, braiding was chosen due to its ability
to combine highly stretchable yarn by changing the interyarn
angle and the ability to adjust the content levels of the braided
material in a continuous scalable production method.

The mechanical behavior of the CNTYs/elastomer compo-
sites under varying and repeatable stresses under large
deformation is of utmost importance. The existing mechanical
modeling for polymer/fiber composites is based on classical
laminate plate theory, fabric geometry models (FGMs), finite-
element analysis, and volume averaging methods, which are
reviewed in detail by Carey.”” Commonly, these models predict
the final properties of the composite braid. Other models** ™"
describing rubber-reinforced fabric composites are founded on
energy considerations and use experimental data in different
directions to determine the number of constants needed to
define the constants of the composite using approaches similar
to rubber modeling. Energy-based models require significant
experimental testing and data to provide the appropriate
constants for the model.

The existing models for elastomer fiber composites are not
applicable at high deformations; hence, for stretchable
conductive materials, advanced models are required. Con-
sequently, a novel model was developed to predict the
mechanical behavior in the uniaxial direction for braided
CNTYs and elastomer composites at high deformations.
Concurrently, with the high level of mechanical stretching, the
electrical conductivity has to be maintained. As a result, the
conducting component of the composite element has to sustain
its continuity and thus has to change its configuration with
stretching. Therefore, a braided structure is investigated as a
means to meet these requirements.

Mechanical Modeling. The investigation starts with
mechanical characterization and modeling of the tubular
elastomeric composite. The model is based on the rule of
mixtures and considers the contributions of the braided CNTYs
and the elastomer matrix to the stresses under large
deformations.

The approach in the present investigation for predicting the
axial stress development during large elongations in the axial
direction is based on FGMs combined with hyperelastic material
theory proposed by Yeoh.*” The model defines a critical strain,
€, below which the composite behaves similarly to the neat
elastomer and above which the stretched yarns make a
significant contribution to stress-bearing in the composite. An
interaction parameter was specified to account for the interactive
restriction between the elastomer and the braid.

The modeling of the tubular braid composite is based on the
assumption that the braiding has an open mesh structure and is
located in the middle of the tube wall with no twist occurring
during the stretch. Each yarn is assumed to follow a helical path
and is linearly elastic with a modulus of E,, having small
displacements compared to the elastomer strains. Furthermore,
it was assumed that the volume of the braided structure is
conserved under tension; concerning the elastomer, it has been
assumed that it is incompressible and follows the ‘Yeoh model’
(for an incompressible material and uniaxial strain) with a
Poisson’s ratio close to 0.5.

The overall schematics of the model and the actual tubular
composite are described in Figure 1.

The model proposes that the entire stretching span can be
divided into two ranges. In “range I”, for relatively low

~ CNTYs braid

Figure 1. Schematic image of stretchable tubular CNTYs embedded in
silicone rubber.

deformations and below a critical strain &, the elastomer
dominates the stress/strain behavior, and in “range II”, which is
above the critical strain, the yarns dominate the stress—strain
behavior of the elastomeric composite.

In range I, the effective axial stress is determined
predominantly by the contribution of the elastomer matrix.
The tensile stress on the coreless tubular structure is given by

Ccomposite — Or (1)

where o, is the engineering stress of the rubber (elastomer).

In range II, the effective axial stress is determined by the
contribution of the matrix and CNTYs. The tensile stress on the
coreless tubular structure is given by

E
Ccomposite — (1 - ¢)Ur + ¢A_b 2)
where F,, is the axial force extending the braid, A, is the initial
cross section of the braid, and ¢ is the volume fraction of the
braid. The volume fraction of the braided CNTYs is ¢ and
shown in eq 3 (see Supporting Information 1)

2
u_ N &
v cos(a) (dj - diz) (3)

where v; is the volume of fibers (yarns), v, is the volume of the
composite, ¢ is the initial braiding angle, N is the number of
yarns, d, is the diameter of the yarn, and d,,, d, are the outside and
inside diameter of the tube, respectively.

The Yeoh model is based on a phenomenological description
of the observed behavior for the deformation of nearly
incompressible, elastic, and uniaxial strain as follows™>

dl; (4)

. . . ow . .
where A is the axial extension and —’;’ includes a summation of n
1

terms and is written as

aw zn: . i—1
> = iC(L — 3)
- (%)

where C; are material constants. The constants can be

determined by fitting a uniaxial tensile stress—strain curve of

neat rubber. The strain invariant, I;, is defined based on

assuming incompressibility and for uniaxial tension, 4, =4 and 4,

=13 as

2

L=A+=
A (6)

The axial force component of the braid is the total axial force

acting on the yarns and is given by
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F, = NgF; cos(a) %

where Fyis the filament tension, a is the braiding angle, and ¢, is
the yarn packing factor defined as the ratio of the volume of
constituent filaments to the yarn volume. For the yarn in tension,
the axial force is™

E = f(e) (8)

where & is the yarn strain. The yarn strain was assumed to follow
Hookean elastic behavior. The axial strain and the yarn strain
can be related using the geometry of a helical wrapping. Thus,
according to Rawal et al.”**® and including an interactive-
restraining parameter ¢, the strain in the fiber, &;, is
in*(a) 0.
sin“(a,
g =|(1+ Cez)zcosz((xi) + —"— -1
(1+¢e) (9)
The effective cross-sectional area of the braid (A,) is (see
Supporting Information 2)

_ Nmdf(C + 1)
b 4 cos((xi) (10)
where C is the fiber crimp and d; is the fiber diameter.

Combining eqs 2—10, the following relationship is obtained
for the effective tensile stress

lo =(1- N dy 2(1 — i)
composite cos(ai) (dg _ diZ) AZ

i—1
D iCi(/lz +2 - 3)
P

i=1
N dyz 4Ng F; cos(a)cos(a;)
cos(a) (d2 —d?) | (d2 —d)(C+ 1)x
(11)

The braiding angle (@) changes during stretching and was
calculated using the following equation

1+ & ‘ (12)

In a composite, the strain of one component may be limited by
the strain of the second component, assuming a certain degree of
interaction between the two components. In the elastomer
composite braid, the braid is restrained by the elastomer matrix,
and the elastomer is restrained by the braid. Considering only
two configurations for the elastomer, a rod and a tube, the
change in the diameters will be different. For a tube geometry,
the ratio of the instantaneous diameter, D, to the initial diameter,
D,, where D and D, are the normalized diameters (which can be
taken as the average of the inner and outer diameters) vs the axial
strain is expressed in eq 13. For a rod geometry or an elastomer
strand, the ratio vs axial strain is given by eq 14

D_ (1 —ve)

Dy (13)

(2] 1
DO (1 + t":z) (14)

where v is the Poisson’s ratio assumed to be 0.5. The ratio of the
instantaneous diameter to the initial diameter of the braid, d/d,,,
is related to the initial braid angle and the extension as expressed
ineq 15

0.5
i _ 1 1 _ 2
d, a tan(ai)(cosz(ai) (1+e) (15)

B EXPERIMENTAL SECTION

Materials. For the fibers, CNTYs (Miralon yarn, Nanocomzp
Technologies, Inc. Merrimack, New Hampshire) were used. °
The materials were a direct-spun untreated single-ply CNTY
with a linear density of 10 tex (10 g/km) and a diameter of ~150
um (Nanocomp A-series) and post-treated four-ply CNTYs that
were stretched in the presence of acids by the manufacturer with
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Figure 3. Extension profile for the electrical measurement.

a linear density of 29 tex and a diameter of ~240 um
(Nanocomp C-series).

A silicone elastomer (DOW DOWSIL 92-009 Dispersion
Coating Clear manufactured by Dow Inc.) was used as the
elastomer matrix material. The silicone elastomer was diluted 1
part in a 4:3 (v/v) ratio with a naphtha thinner (Varnish Maker
and Painter’s Naphtha manufactured by Klean-strip). A primer
(DOW DOWSIL 1200 OS PRIMER CLEAR 309 G BOTTLE
manufactured by Dow Inc) was used to treat the CNTYs prior to
coating with the silicone matrix to improve silicone bonding to
the yarns.

Composite Preparation Method. The braiding of the
CNTYs was carried out using a braiding machine (Wardwell
Braiding Co. Central Falls, Rhode Island) with 16 rotating
CNTYs (130 and 240 ym). A range of tubular shell braids was
fabricated using rigid Teflon rods to define the inside diameter
of the tubular braid. As shown in Figure 2, the braided CNTYs
were coated with the silicone elastomer. The impregnation of
the braided CNTYs was carried out by dipping the braid on the
Teflon core in the silicone elastomer solution and then applying
a 30 rpm rolling motion, creating a composite with an elastomer
matrix. The matrix coating was carried out in stages, layer by
layer (9 layers), and with each layer allowed to dry in ambient air
for up to 2 h prior to application of the next layer. Final curing
was at RT for 72 h. The edges of the samples were covered to
avoid impregnation of the matrix for measurement of electrical
properties.

The composite tensile load—deformation relationship was
studied using a mechanical tester (Instron4466, Instron,
Norwood, Massachusetts), with a 2 kN load capacity. The
displacement of the grips was used to calculate the strain,
assuming a gauge length of 40 mm. The samples were subjected
to 10 cycles of stretching/relaxation to predetermined strain
values at a rate of 100 mm/min while simultaneously measuring
the electrical resistance. At least three samples were tested under
the same conditions for each loading procedure. After 2 weeks of
recovery, some tests were also done to study the stress—strain
and electrical relationship after long-term relaxation.

The electrical resistance was measured simultaneously with
stress—strain measurements during the extension and relaxation
cycles. The composite samples were subjected to 10 cycles
(Figure 3) of stretching/relaxation using strain rates of 100 cm/
min. At Jeast three specimens were characterized under the same
conditions for each result. The electrical properties of the
CNTYs were measured using a two-probe electrical resistance
device (FLUKE 179 multimeter). The applied voltage was S kV.
The measuring probes were connected by conductive tapes
(copper foil) applied to the yarn to achieve good contact
between the CNTYs and the probes. An insulating layer
between the CNTYs/conductive tape and the clamps was
included for insulation. The properties (electrical and

mechanical) for the CNTYs were calculated using the measured
cross-sectional area (datasheets from Nanocomp) and referred
to as “apparent” properties.

B RESULTS AND DISCUSSION

According to eqs 13—15, the change in diameters with strain for
both the tube and rod geometries and the ratio of the

1.0 1 d/do; a;=55.0°
—— D/Do tube
—— D/Do core
0.8 1 -®- Experimental
é 0.6 4
a
=
o
o
3
o 0.4 4
0.2
0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Axial strain [mm/mm]

Figure 4. Variation of elastomer diameter, braid diameter, and
experimental results with axial strain.

instantaneous diameter to the initial diameter of the braid, d/
dy, was calculated with an initial braiding angle of 55° and
compared to the experimental results. As shown in Figure 4, the
experimental results are close to the stretching behavior of the
neat tube rubber rather than the change in diameter of the braid.

As can be deduced from Figure 4, the diameter differences
between the neat elastomer and the neat braid increase with
stretching, indicating that the interaction between these two
opposing components increases with the level of strain. Hence,
to describe the actual diameter decrease of the composite
diameter and stress—strain relationship, an interaction param-
eter should be introduced to describe the behavior at high
strains.

The interaction parameter was considered to be an
interaction-restraining function, {(¢,), which was defined as a
function of strain. An iterative procedure was used to obtain the
{(e,) function by minimizing the difference between the
experimental and the computational stresses. The {(&,) function
was determined only for the second range, where the strain was
greater than the critical strain.

The potential failure modes (or limiting conditions) of
braided composites are depicted in Figure 5 and can be used to
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Figure 6. Relationship between strain and stress: (a) 10 cycles for neat rubber and the stretchable 1-ply and 4-ply CNTY composites with a braiding
angle of 55°; (b) 10 cycles for the stretchable 1-ply CNTY composites with braiding angles of 55 and 47°; for neat rubber and the stretchable 1-ply and
4-ply CNTY composites with a braiding angle of 55° (c) loading of the first cycle; and (d) loading of the second cycle.

Table 1. Hysteresis of Neat Elastomer and Elastomer CNTYs
Braided with 1-ply and 4-ply for Different Loading Cycles

Ist cycle  2nd cycle  3rd cycle  7th cycle  10th cycle
R 3 N € R O R
neat rubber 482 224 20.1 18.5 17.9
composite 1- 62.0 29.7 26.6 23.1 22.5
ply
composite 4- 66.9 32.2 29.0 25.0 24.4
ply

explain the mechanical behavior of the composite shown below.
Four possible failures can occur. The first, mode 1, is related to
the minimum angle that the braid can form due to its diameter

and volume fraction (geometrical limitations) at which point the
CNTYs reach their jammed state. In the second mode, mode 2,
the fibers are jammed and fracture; thus, the mechanical
behavior depends on the ultimate yarn strength. In mode 3, the
elastomer matrix fractures, and in mode 4, there is debonding
between the fibers and elastomer matrix. Only modes 1 and 4
were found in the experimental testing.

The stress—strain relationship for the elastomer tube and the
braided composites is shown in Figure 6. Figure 6a shows the
cyclic stress—strain behavior of a neat silicone tube and a
composite tube containing single-ply CNTYs and 4-ply CNTYs
for 10 cycles. As can be observed, the first cycle of loading is
different from the subsequent cycles. The modulus is lower after
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Figure 7. Picture of the braided composite (a) before and (b) after stretching.
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Figure 8. Stress and strain behavior of stretchable I-ply CNTY
composites with a braiding angle of 55°, first test, retesting immediately
after the first 10 cycles, and testing after a recovery time of 2 weeks for
additional 10 cycles.

0.35
—— N=28]1-ply
—— N=8]|4-ply
0301 — N=16|1-ply
—— N =16 4-ply
0.25
<
2
< 0.20 4
[
o
£
% 0.15 4
>
0.10 1
0.05

30 35 40 45 50 55 60 65
Braiding angle [degree]

Figure 9. Relationship between the volume fraction and braiding angle
for 1-ply and 4-ply with different numbers of yarns.

the first cycle (stress softening), as seen in Figure 6¢ (first cycle)
and Figure 6d (second cycle). From Figure Sc, the stress seems
similar for all of the materials after the second cycle up to a strain
close to 0.7. Above this strain, there are deviations between the
neat rubber and the fiber—elastomer composites, and the yarns
appear to have a more significant contribution to the composite
mechanical behavior. It should be noted that the 4-ply yarns
have a much higher modulus compared to the 1-ply, at 46.4 and
4.9 Gpa, respectively. A strain of 0.7 appears to be the critical

strain, where the yarns become jammed, and mode 1 is reached.
The critical strain is dependent on the initial braiding angle of
the braid (Figure 6b). Above the critical strain, debonding of the
yarns from the matrix (failure mode 3) may occur.

In Figure 6a, energy loss or hysteresis is observed (difference
between the loading and unloading curves). Generally, during
the cycling of the silicone composites, hysteresis was observed to
be the highest for the 4-ply CNTY composites and lowest for the
neat silicone tube. Regardless, all materials exhibit hysteretic
behavior. The hysteresis of the different tubular structures was
calculated and is summarized in Table 1. Comparing the first
loading cycle to the second cycle, there is a significant decrease
in energy loss between the first and second cycles. For the neat
elastomer, although it is expected to see very little hysteresis
reduction, the presence of silica particles in the elastomer creates
the expected stress softening or “Mullins effect”.*® In the case of
the composite, the amount of hysteresis is significantly higher
than the elastomer alone for the first cycle. The large decrease in
the hysteresis value for the composite may indicate debonding
between the yarns and the matrix on the first cycle. While the
first cycle is significantly higher than the second cycle, there is
still some decrease due to the elastomer from the second cycle
onward. While the actual area between the loading and
unloading curves is affected by the modulus, as demonstrated
by the 4-ply composite, the relative decrease between the 4-ply
composite (24%) and the 1-ply composite (24%) is nearly the
same as the elastomer (20%) between cycles 2 and 10. While
there may be some additional debonding, the hysteresis
behavior is governed predominantly by the elastomer over
cycles 2—10.

To assess if debonding was occurring, samples were
investigated by optical microscopy. Figure 7 shows the
composite before and after stretching. As observed in Figure
7, after stretching, a separation between the matrix and the yarns
occurs.

To further evaluate if the first cycle hysteresis was caused by
fiber—matrix debonding, the loaded samples were left to recover
for 2 weeks and then loaded again. If fiber—matrix debonding
was the cause, it would not be recovered. As can be seen in
Figure 8, the sample after 2 weeks of recovery showed the typical
stress softening of elastomers, but the very large first cycle
hysteretic behavior was no longer present. This supports the
hypothesis that the first cycle hysteresis was caused by the fiber—
matrix debonding. However, it should be noticed by the
experimental results that debonding (after the first cycle) did not
cause further change in the stress—strain behavior upon
mechanical cycling. This may be attributed to mechanical
interlocking and friction between the brain and the elastomeric
matrix. A debonding between the fiber and the matrix could be

https://doi.org/10.1021/acsomega.2c01991
ACS Omega 2022, 7, 40766—40774


https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01991?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
6
Neat Rubber- Experimental
a Composite- Experimental
e Composite- Model
5
.
T 41
3
0
n
5 34 ‘
o
o>
c
£ .
3
£27 .
1=
c .
w .
.
14 . . *
.
v
v
-
0 4 .

0.0 0.2 0.4 0.6 0.8 1.0 12 14
Strain [mm/mm)]

6 Neat Rubber- Experimental
b Composite- Experimental
o Composite- Model 4

5 4
& 41
z
7 .
5 31
v
o
£ o
@
v 24 .
£
2 .
w -

-
14 . . .
.
.
>
.
04 e
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Strain [mm/mm]

Figure 10. Experimental engineering stress vs strain for the neat tubular elastomer, the CNTY composites, and the calculated results (dots) with a

braiding angle of 55°: (a) 1-ply composite and (b) 4-ply composite.
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Table 2. Average Value of the Resistivities and Conductivities
for 4-ply and 1-ply Composites

resistivity (Q-cm) conductivity (S cm™) SD
1-ply 5.01 x 107 1.99 x 10° 1.87 X 107¢
4-ply 5.67 X 107° 1.76 x 10* 145 % 107

avoided by improving the adhesion between the two by physical
bonds such as a coupling agent or by covalent bonds by treating
the fiber in advance with a functional group that could cure and
react with the matrix.

The volume fractions of the braided composites were
calculated according to eq 3 and are shown in Figure 9 for 8
and 16 yarns with 4-ply yarns and 1-ply yarns vs the braiding
angles. As the number of yarns increases or the diameter of the
yarns increases (4-ply vs 1-ply), the fiber fractional volume
increases. For a braiding angle of 55°, the volume fraction of 1-
ply with 8 and 16 yarns is 0.024 and 0.082, respectively, and for
4-ply with 8 and 16 yarns, it is 0.047 and 0.163, respectively.

Figure 10 presents the theoretical and experimental stress—
strain curves for the tubular neat and braid composites. As
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Figure 12. Resistivities vs cycle number during the tensile test for 4-ply and 1-ply composites.
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Figure 13. LED lamps integrated with stretchable CNTY composite interconnection during stretching deformation.

shown, there is good agreement between the theoretical
calculations and the experimental results for both 1-ply (Figure
10a) and 4-ply (Figure 10b) yarns, provided the interaction
parameter is included in the second loading region. The
interaction parameter as a function of strain for the different
composites is shown in Figure 11. The trend of the interaction
parameter as a function of strain (increases with strain) seems to
be similar for both systems, but the actual value of the
interaction factor will change for different yarns, as seen in
Figure 11.

The resistivities and conductivities of the composite were
calculated based on the yarns’ measured resistance, length, and
cross-sectional area. The average values over 10 cycles are shown
in Table 2. For comparison, the resistivity and conductivity of
copper are 1.6 X 107 Q-cm and 5.9 X 10° S cm ™, respectively.
The calculations do not consider the change in the cross section
of the yarns during extension. The values are in good agreement
with the electrical properties of the yarns provided by the
manufacturer, and the fabrication of the composite and
stretching do not damage the electrical properties (Figure 12).

Finally, to demonstrate the continuity and stability of the
electrical conductivity of the braided elastomeric tubes, a
demonstration circuit was prepared composed of the stretchable
tube, a 12 V battery, and a light-emitting diode (LED) bulb. As
evident from Figure 13, the level of the LED brightness was kept
stable and constant when stretching to 150% and upon release of
the load and repeated loadings.

B CONCLUSIONS

In this work, a novel composite characterized by high stretch to
150% and possessing constant stable conductivity was
investigated. The approach used a braided CNTY tubular
structure embedded in an elastomer matrix.

The resistivity and conductivity of the composite were 5.01 X
107* Q-cm and 1.99 X 10* S cm™, respectively; for the 1-ply
CNTY-containing composite and for the 4-ply CNTY-based
composite, the resistivity and conductivity were 5.67 X 107> Q-
cm and 1.76 X 10* S cm™, respectively. The values were
maintained up to 150% axial stretch and over 10 cycles. These
values are considered in the range from the conductive material
to the semiconductive material. Thus, this tubular geometry
shows promise for stretchable electronics applications requiring
stable and constant electrical properties with stretch.

A composite hyperelastic model for large deformations was
developed based on the strain energy density function and braid
geometry to describe the deformation—stress relationship of this
elastomer-reinforced braided CNTY composite tube. An
interaction parameter was proposed to account for the rubber

matrix and reinforcing yarn interaction and friction. The
proposed model shows good agreement with the experimental
results.

Since the tubular geometry limits the stretchability, different
geometries should be considered for future work with the aim to
increase the stretching limit beyond 200%.
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