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We prepare stretchable elastic electromagnetic interference (EMI) shielding and stretchable antenna for wireless strain
sensing using an elastic composite comprising commercial steel wool as a conducting element. The prepared elastic con-
ductor shows anisotropic electrical properties in response to the external force. In the stretchable range, the electrical
resistance abnormally decreases with the increase of tensile deformation. The EMI shielding effectiveness of the elastic
conductor can reach above−30 dB under 80% tensile strain. The resonance frequency of the dipole antenna prepared by the
elastic conductor is linearly correlated with the tensile strain, which can be used as a wireless strain sensor. The transmis-
sion efficiency is stable at about −15 dB when stretched to 50% strain, with attenuation less than 5%. The current research
provides an effective solution for stretchable EMI shielding and wireless strain sensing integrated with signal transmission
by an antenna.

Keywords: conductive elastomer, electromagnetic shielding, dipole antenna, strain sensor
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1. Introduction

With the development of wearable electronic devices, var-
ious stretchable devices have been developed, including elastic
conductors,[1] flexible sensors,[2] flexible power supplies,[3]

and wearable electromagnetic protection devices.[4] For exam-
ple, stretchable electromagnetic devices show important appli-
cations in wearable electronics for protection and signal trans-
mission. Elastic electromagnetic interference (EMI) shield-
ing can protect persons against electromagnetic pollution; and
stretchable antenna can transmit electromagnetic signals wire-
lessly under deformation. Different strategies have been de-
veloped to realize stretchable EMI shielding and stretchable
antenna. Stretchable EMI shielding devices have been re-
alized using carbon nanotube (CNT) infiltrated foams,[4–6]

buckled silver nanowire (AgNW) multi-layers,[7] and buck-
led Fe3O4-CNT elastomer layers.[8] Stretchable antennas have
been fabricated using a wavy AgNW network,[9] EGaIn-
polydimethylsiloxane (PDMS),[10] and in situ generated sil-
ver nanoparticles (AgNPs).[11] Although great progress has
been achieved, it is still a challenge to improve the stability
of stretchable EMI shielding effectiveness at large deforma-
tion and to maintain the stability of emission efficiency of the
signal for wireless strain sensing via stretchable antenna using
a cost-effective conductive composite.

Elastic conductors are the basic components for stretch-

able EMI shielding and stretchable antenna devices. There-

fore, to develop elastic conductors with non-decayed elec-

tric conductance under large deformation is required for high-

performance stretchable EMI and stretchable antenna devices;

and a low cost, simple preparation method to prepare elas-

tic conductors is necessary for ease of mass production and

commercialization. The microscopic mechanism of electric

conduction determines that the conductor itself has a certain

rigidity (e.g., metals). However, stretchability comes from the

variability of the internal structure of a material, so stretchabil-

ity and conductivity are generally two contradictory material

properties. This problem can be solved using different strate-

gies by material selection and structural design.

Researchers have found some nanomaterials that have in-

herently good stretchability and conductivity, such as single-

walled carbon nanotubes,[2,12] graphene,[13] ionic gels,[14]

conducting polymers[15] to meet the needs of some applica-

tions in flexible and stretchable electronics. A second strat-

egy is to mix conductive fillers into the polymer matrix to

make a composite, including carbon nanomaterials,[16] met-

als such as silver nanowires,[17,18] silver micro-flakes,[19] and

silver nano-particles,[20] copper,[21] etc. The prepared elas-

tic conductors always show increased electrical resistance un-
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der stretching due to the disconnection between conductive

fillers. Compared to the simple blending of conductive compo-

nents and elastic components, the introduction of buckling,[22]

spirals,[23] rigid-island structures,[24] serpentine[25] can simul-

taneously improve the stretchability and conductivity of the

elastic conductor. These structures are always realized in a

thin conductive layer, and therefore it is difficult to prepare

a bulk composite. Moreover, the high cost of materials and

fabrication procedures is a limit for practical applications in

the aspects of mass production and commercialization. Steel

wool is made of anisotropic aligned micro-steel wires that

show good conductivity with a large abundance of industrial

supplies, which has been proved to be suitable for prepar-

ing elastic conductors with non-decayed conductance during

large deformation.[26] Up to date, stretchable EMI shielding

and stretchable antenna devices have not been developed us-

ing anisotropic micron-steel-wire composites.

In this paper, stretchable EMI shielding and stretchable

antenna devices are prepared using commercially available

steel wool as the conductive material and using plasticized

poly (styrene-hydrogenated butadiene-styrene, i.e., SEBS) as

the elastic matrix to prepare a conductive composite. The

anisotropic mechanical and electrical properties of the steel

wool-based elastic conductors are systematically studied un-

der different external stresses. The comparison of resis-

tance changes and expenses per mass with different conduc-

tive fillers shows that the steel wool-based elastic conductor

presents the unique advantages in stable electrical properties

at a low cost. The stretchable EMI shielding performances

under different strains and the stretchable dipole antenna for

wireless strain sensing based on steel wool-based elastic con-

ductors are investigated.

2. Steel wool-based elastic conductive compos-
ites

2.1. Sample fabrication

In this article, commercialized steel wool (Bon Star Co.,
Ltd., Model 0000) is used as the conducting fillers for con-
structing the elastic conductors. Steel wool is composed of
short fibers with a length distribution ranging from 3 mm
to 5 cm and a diameter of about 25 µm. Although these
metal fibers are slightly curved, their arrangement has high
anisotropy and they contact with each other closely, as shown
in the optical photo in Fig. 1(a). These short fibers have a
certain degree of anisotropy and stretchability. The plasti-
cized SEBS rubber was used as the elastic material, with the
preparation method shown in Fig. 1(b). SEBS rubber powder
(U.S. Kraton Company, G-1651) and plasticizer liquid paraf-
fin (Chemical Market Co., Ltd., No. 5) were mixed uniformly
with a mass ratio of 1:5, and then heated to 200 ◦C using the
graphite electric heating plate (Lichen Technology Co., Ltd.,
DB-1EF). The thickness of the sample was kept below 5 mm to
ensure uniform temperature distribution during heating. The
rubber powder was well dispersed in the plasticizer by me-
chanical mixing. The molten blend of the above mixture was
then cast into steel wool, and the mold was used for shaping
and cutting to fix the shape of the steel wool-based conductive
composites. The elastic conductor in this article was obtained
after the sample was slowly cooled down to room tempera-
ture. The volume fraction of the steel wool in the elastic con-
ductor can be adjusted by controlling the size of the mold. In
the present experiments, the volume fraction value was calcu-
lated to be about 6.7%. The estimated costs for conductive
fillers used per volume of the elastic conductors were com-
pared, with data shown in Table S1 and illustrated in Fig. 2.
The steel wool-based elastic conductors were cost-effective
while providing adequate conductance among various kinds
of conductive fillers.

T=200 C

F
cuttingcutting

(a) (b)

main 
axis

Fig. 1. Preparation of steel-wool based conductive elastomers. (a) The optical photo of the steel-wool, scale bar: 1 cm. (b) Schematic
illustrations for the sample preparation of conductive elastic composites composed of steel-wool and elastomer.
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Fig. 2. Comparison of cost assessment of different conductive fillers for
elastic conductor composites at the lab scale.

2.2. Mechanical properties of anisotropic steel wool elastic
conductors

Two parameters describing the morphology of the steel
wool in the elastic conductor, the orientation degree φ , and
the theoretical stretchability along the main axis ξ , where the
main axis refers to the average direction of micron steel wire
in the composite. It is defined that the orientation degree is the
number-average value of the square of the cosine value of the
angle from the direction of the wire to the main axis of steel
wool in a certain field of view. Similarly, the actual length of
the wire is greater than the line distance along the main axis.
Thus, the number average value of the increased ratio of the
above two parameters is defined as the theoretical stretchabil-
ity. The calculation method is shown in Fig. 3(a). Assume that
θi is the angle between the main axis and the line started at the
starting point and ended at the ending point of the ith wire, di is
the projected length of the line between the starting point and
the ending point in the main axis direction, and li is the actual
length of the wire between these two points. Then the orienta-
tion degree φ and theoretical stretchability ξ can be calculated
by

φ =
∑i ni cos2θi

∑i ni
×100%, (1)

ξ =

(
∑i nili/di

∑i ni
−1
)
×100%, (2)

where ni is the number corresponding to the ith wire.
According to the results shown in Table S2, we can find

that before stretching, the values of φ and ξ for steel wool
are 85.2%±9.80% and 45.3%±21.1%, respectively, showing
relatively high anisotropy and moderate stretchability. There-
fore, its mechanical properties are expected to be anisotropic.
As shown in Fig. 3(b), as the stretching direction of the sample
is parallel to the main axis of the steel wool, Young’s modulus
of the elastic conductor is 0.25 MPa, and as the tensile strain
is perpendicular to the main axis, Young’s modulus decreases
to 0.125 MPa.

(b)
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Fig. 3. Structural analysis and mechanical properties of steel-wool
based conductive elastomers. (a) Schematic illustration for the calcu-
lation of the degree of orientation and theoretical stretchability. (b) The
stress-strain curves of conductive elastomers upon stretching in the di-
rections parallel and perpendicular to the main axis.

2.3. Electrical properties of anisotropic steel wool elastic
conductors under strain

Similarly, the electrical properties of the steel wool elastic
conductors also show obvious anisotropy. Considering that the
resistance of steel wool is very small (Figs. 4(a) and 4(b)), the
resistance must be measured by a digital source meter (Keith-
ley 2400, USA) using the four-wire method. It can be seen
from Fig. 4(c) that as the test ends are at the two ends of the
main axis of the steel wool, the initial composite conductivity
reaches 170 S/m. While the connection direction of the posi-
tive and negative electrodes for electrical testing is perpendic-
ular to the main axis of the steel wool, the initial conductivity
drops to 55 S/m, about 1/3 of that in the main axis direction.
We then stretched the elastic conductors and measured the re-
sistance at both ends of the elastic conductor in the stretched
direction. It is found that the conductivity of the elastic con-
ductor increases as the tensile strain increases regardless of the
stretching direction. Figures 4(c) and 4(d) show that when the
testing direction is parallel to the main axis of the steel wool,
the electrical conductivity increases from 170 S/m to a maxi-
mum value of 200 S/m at 13% tensile strain, and at the same
time, the resistance decreases by 11%. As the testing direction
is perpendicular to the main axis of the steel wool, the conduc-
tivity increases from 55 S/m to 85 S/m at 48% tensile strain,
and at the same time, the resistance decreases by 36%. The
resistance changes under cycling tensile strain of 40% are il-
lustrated in Fig. S1, with the stretching rate of 0.3 mm/s. The
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resistance change becomes stable after cycles of training dur-
ing the investigated 150 cycles when the stretching direction
is perpendicular to the main axis of the steel wool. The encap-
sulation of SEBS rubber to the metal wool is assumed to be
essential for improved cyclic endurance.

Generally, as the tensile strain increases, the resistance
of the elastic conductor gradually increases. This is due to
the fact that the connection between the conductive fillers de-
creases upon stretching or the distance between conductive
fillers increases. On the contrary, the resistance of the steel-

wool elastic conductor in this work decreases with an increase

of the tensile strain. This is because the stretching process also

causes the metal wool to be squeezed in the width and thick-

ness directions, which increases the contact points between

the conductive fibers and reduces the average length of the

conductive path. Therefore, we observed resistance decrease

upon stretching. A similar phenomenon was also reported in

some conductive elastomers using tricot weave as a polymer

matrix.[1,27]
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Fig. 4. Electrical properties of steel-wool conductive elastomers under stretching. (a) Resistance change, (b) resistance change per initial
length, (c) electrical conductivity, and (d) the percent resistance change to the initial resistance (∆R/R0).
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Fig. 5. Electrical properties of steel-wool composites under compressing and stretching. (a) The percent resistance change (∆R/R0) of steel wool
conductive elastomer under compressing. (b) Comparison of quality factor and resistance change for both stretch-induced resistance increase and
stretch-induced resistance decrease for different conductive elastomers in this work and in literature, with data shown in Table S3.

The resistance changes in the directions perpendicular
and parallel to the main axis of the steel wool under differ-
ent compressive strains are then studied. The elastic conduc-
tor is sandwiched between two splints, with a certain press-
ing load applied on the top splint, so that the pressure can
be evenly distributed on the sample. As shown in Fig. 5, as
the compressive deformation increases to 40%, the resistance

in the direction perpendicular to the main axis decreases by
40%, while the resistance parallel to the main axis decreases
by about 10%. This is because the mutual contact between mi-
cron steel wires in the steel wool increases upon compressing.
As the steel wool is subjected to surface pressure, the increase
in the contacting area between the overlapping metal wires fa-
cilitates the electron conduction in the direction perpendicular
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to the main axis, resulting in greater resistance decrease in the
perpendicular direction as compared to the alignment direc-
tion of the steel wire in the steel wool. Such stretch-induced
resistance decrease shows a negative sign of the quality factor
(the percentage strain change divided by the percent resistance
change) upon stretching up to 50% tensile strain (Fig. 5(b) and
Table S3).

3. Steel wool elastic conductor for EMI shielding
under strain

3.1. Methods for EMI shielding under strain

Electromagnetic wave presents in the environment and
can also be emitted by electronic devices, therefore protec-
tion against the radiation of electromagnetic waves is impor-
tant for both persons and wearable devices using a stretchable
EMI shielding device. In this section, we test the EMI shield-
ing properties of the elastic steel wool composite under dif-
ferent strains. The basic mechanism for EMI shielding is as
follows. The incident electromagnetic wave can be transmit-
ted, absorbed, or reflected when interacting with the material.
Suppose that the emitted electromagnetic wave power is PI,
and the powers of reflected and transmitted electromagnetic
wave after interacting with the sample are PR and PT, respec-
tively. The reflected signal S11 and transmission signal S12,
which can be measured by the network analyzer, can be calcu-
lated by

|S11|=
√

PR

PI
, (3)

|S12|=
√

PT

PI
, (4)

SER =−10log(1−|S11|2). (5)

EMI shielding will produce return loss (reflection power,
SER), which is an important parameter to measure the shield-
ing effectiveness of electromagnetic waves, and its calculation
method is shown by Eq. (5).[5]

The range of the electromagnetic wave studied in this pa-
per is 8–12 GHz, and the test method is the waveguide method.
The schematic diagram of the device is shown in Fig. 6(a).
The antennas on both sides of the sample are used to detect
S11 and S12, respectively. The elastic conductor samples with
length, width, and thickness of 40 cm, 40 cm, and 5 mm are
placed between the two antennas for EMI shielding measure-
ments. The samples are uniaxially stretched perpendicular to
the main axis of the steel wool to different strains during test-
ing for evaluation of EMI shielding effectiveness of the elastic
conductor.

3.2. EMI shielding performance of the steel wool elastic
composite under strain

The effectiveness of electromagnetic shielding has a great
relationship with the integrity of the conductive network for
conductors. The electromagnetic shielding effectiveness of the
elastic conductor in this work mainly comes from the reflec-
tion of electromagnetic waves. Figure 6(b) shows that in the
8–12 GHz test band, the return loss of the sample at 0% strain
is above 38 dB, and increases slightly for all the band fre-
quency range at 20% strain. This should originate from the re-
sistance decrease observed during uniaxial stretching as shown
in Fig. 4(a). At 40% strain, the EMI shielding effectiveness al-
most equals that at 0% strain for the 8–12 GHz test range. At
60% and 80% strain, the EMI shielding effectiveness is above
36 and 35 dB. The stable EMI shielding effectiveness at dif-
ferent strains should be ascribed to the non-decayed resistance
under stretching. As shown in Section 2.3, because the elastic
conductor still maintains a low resistance after being stretched,
even lower than the initial resistance, so the conductivity and
EMI shielding performance keep stable in the stretched state.
At the same time, the general conductive materials are prone
to defect during the stretching process, which may be the rea-
son for slightly reduced EMI shielding effectiveness observed
at high strains.
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Fig. 6. Stretchable EMI shielding by steel-wool conductive elastomers.
(a) Schematic illustrations of the devices for EMI shielding measure-
ments by the waveguide method. (b) The EMI shielding effectiveness
of the conductive elastomers in the range of 8–12 GHz under uniaxial
stretching.
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4. Steel wool elastic conductor for wireless strain
sensor based on stretchable dipole antenna

4.1. Stretchable antenna for wireless strain sensor

The stretchable strain sensor is required in wearable elec-
tronics for monitoring the movement of a person or a soft robot
to obtain the real-time behavior information of a person or the
robot. In addition, such information has to transmit wirelessly
to the control center or the data collecting devices. The res-
onant frequency of an ideal dipole antenna can be expressed
by[11]

f =
143

l · ε0.5
eff

, (6)

where l refers to the length of the conductive arm in meters,
and εeff represents the effective relative permittivity of the
medium around the conductor, which is a constant value. It
can be inferred that the resonance frequency of a dipole an-
tenna is dependent on its length. Therefore, measuring the
stretchable antenna’s resonance frequency may give informa-
tion of strain. This single device would combine two func-
tions including strain sensing and wireless signal transmission.
Here, a linear change of the resonance frequency with strain
and stable return loss of the emitted signal is highly desired.
The low cost, ease of preparation, and non-decayed electric
properties of the steel wool elastic composite encourage us to
prepare a stretchable antenna for wireless strain sensing.

(b)

(a) SMA
stretchingstretching

conductive
arm

conductive
arm

0%

10%

30%

50%

Fig. 7. Stretchable dipole antenna containing steel-wool based conductive
elastomers. (a) Schematic illustrations of the antenna. (b) Optical photos of
the antenna under mechanical stretch at different tensile strains.

The antenna prepared in this work is a dipole antenna,
which consists of a testing SMA port and two collinear con-
ductor arms with the same length, but opposite directions con-
nected to the port (Fig. 7(a)). The conductor’s arm is 6.8 cm
long, 1.5 cm wide, and 0.5 cm thick. The preparation proce-
dures of the conductor’s arm are the same as those of the elas-
tic conductor above. Note that the main axis of the steel wool
is perpendicular to the length direction of the conductor’s arm.
One end of the two conductor arms is connected to the two
electrodes of the SMA port. To ensure the stability of the inter-
facial area, the connection part is connected to a copper wire,

encapsulated, and fixed with conductive glue and epoxy resin
in turn. The other end is connected with an insulating handle
for stretching. During testing, the SMA port is connected with
the coaxial cable of the network analyzer (Keysight, E8363C,
USA), and the antenna is fixed on the stretchable bracket to
facilitate the tensile deformation of the conductor arms of the
dipole antenna (Fig. 7(b)).

4.2. Performance of stretchable dipole antenna using steel-
wool based conductive elastomers

The return loss of the antenna in the range of 0.1–1.8 GHz
under different tensile strains is recorded by a network ana-
lyzer, with results shown in Fig. 8(a). The peak values of
return loss are −15.9 dB and −15.47 dB under the original
length and tensile strain of 50%, respectively. It is indicated
that the antenna’s radiation capability is almost unaffected by
the tensile deformation, which is also due to the negligible
loss of electrical conductance of the two arms during stretch-
ing. Then, Ansys HFSS software is used to simulate the return
loss curve of the dipole antenna. According to the data men-
tioned above, the shape and conductivity of the dipole antenna
after stretching are adjusted before simulation. The results are
shown by the dotted line in Fig. 8(a), and the curve peak posi-
tion and return loss power of theoretical simulation results are
consistent with those of the actual measured data. For exam-
ple, when the tensile strain is 50%, the return loss peak value
of the simulated curve is −15.91 dB, and the resonance fre-
quency is 0.68 GHz, which are in good agreement with the
actual measured data.
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Fig. 8. Performance of stretchable dipole antenna. (a) Reflection power
in the range of 0.1–1.8 GHz. (b) Resonant frequency under different
tensile strains.
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It can be seen that as the tensile strain increases, the reso-
nant frequency of the antenna shifts to the low-frequency side,
which is almost linearly correlated with the tensile strain for
the tested range (Fig. 8(b)). In the range shown in Fig. 8(b),
the antenna’s resonance frequency and tensile strain are ap-
proximately in a negative linear relationship. As the tensile
strain increases from 0 to 50%, the resonance frequency quasi-
linearly decreases from 0.928 GHz to 0.679 GHz. The al-
most linear relationship between resonance frequency and ten-
sile strains, with negligible signal attenuation during tensile
deformation, make it a good choice for wireless strain sens-
ing, by measuring the resonance frequency of the stretchable
dipole antenna wirelessly using a receiver device. Further-
more, with simulation results obtained from HFSS, the length
of the conductive arm of the dipole antenna can be changed
(e.g., 1.0 cm), while keeping the linear response of resonance
frequency on the tensile strains (Fig. S2). Thus, the dipole an-
tenna can be used for wireless strain sensor without space lim-
itations theoretically, by providing a receiver that can respond
to the corresponding frequency range.

Furthermore, HFSS software was used to simulate the far-
field radiation of the dipole antenna. The three-dimensional
gain total data of the antenna in the original length and after
50% stretch are shown in Figs. 9(a) and 9(b). In the direc-
tion parallel to that of the conductive arm (y-axis), the antenna
shows minimum radiation. For a more intuitive comparison,

Figs. 9(c) and 9(d) show the projections on the 𝐸 plane and
the 𝐻 plane of the three-dimensional gain diagrams of the
antenna under different tensile strains. It can be seen that af-
ter stretching the dipole antenna, the radiation gain does not
change significantly in both 𝐸 and 𝐻 planes. There is only
a slight increase in the orientation of the projection on the 𝐻

plane due to the antenna length change in the stretching direc-
tion.

The performances of the EMI shielding effectiveness and
reflection power for stretchable EMI shielding materials and
antennas after tensile stretch are compared (Fig. 10, Table S4).
To evaluate the signal stability in different reports, the stabil-
ity coefficient σ is defined as the performance value at the
stretched state divided by the performance value at 0% tensile
strain and then multiplied by the square of the corresponding
tensile strain value, i.e.,

σ =
10−0.1SER,ε

10−0.1SER,0
· ε2, (7)

where SER,0 and SER,ε refer to the reflection power for the
composites that are not stretched or at a tensile strain ε , re-
spectively, for EMI shielding or dipole antenna. It is seen that
the steel-wool based conductors can keep stable performance
upon tensile deformation, making them a promising choice for
further applications in electromagnetic stretchable electronics.
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Fig. 9. Stimulated 3D radiation patterns of the stretchable dipole antenna before and after tensile strain. (a) The 3D radiation patterns at 0%
strain. (b) The 3D radiation patterns under 50% tensile strain. (c) The radiation patterns in 𝐸 and 𝐻 planes at 0% strain. (d) The radiation
patterns in 𝐸 and 𝐻 planes at 50% strain.
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Fig. 10. Comparison of (a) EMI shielding effectiveness for stretchable
EMI shielding and (b) return loss for the stretchable antenna.

5. Conclusions and perspectives
In summary, a low-cost, easy fabrication method has been

developed to construct stretchable EMI shielding and stretch-
able antenna devices for wireless strain sensing, using steel
wool mixed with a molten liquid of plasticized SEBS rubber.
Because the arrangement of the short fibers in steel wool is
both anisotropic and elastic, more contact points of this kind
of steel wool-based elastic conductor will generate as the ten-
sile strain increases, causing the non-decayed resistance under
stretching. It avoids the problem of stretch-induced conduc-
tivity attenuation, which is observed for general elastic con-
ductors. Therefore, this kind of elastic conductor can be used
as an ideal candidate for stretchable electromagnetic electronic
devices such as stretchable EMI shielding and antennas. Com-
pared with previous reports, the steel-wool based stretchable
EMI shielding and antennas provide superior stability of emis-
sion efficiency, as well as cost-effectiveness and ease of mass
fabrication. The resonance frequency of the dipole antenna has
an approximately linear relationship with tensile strains, mak-
ing it a preferred choice for wireless strain sensing. This work
provides new inspirations for the structural design of elastic

electromagnetic devices.
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